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The Role of Talker-Specific Prosody in Predictive
Speech Perception

Giulio G. A. Severijnen'
Supervisors: Vitoria Piai', James M. McQueen'

"Radbond University Nijmegen, Donders Centre for Cognition, The Netherlands
*Masc Planck Institute for Psycholinguistics, The Netherlands

One of the challenges in speech perception for listeners is to deal with the huge segmental and suprasegmental
variability in the acoustic signal between different talkers. Most studies have focused on how listeners deal
with segmental variability. In this electroencephalography (EEG) experiment, we investigated how listeners
learn about variability in suprasegmental cues between talkers to recognize spoken words. Participants learned
non-word minimal stress paits (e.g., USk/w?/usKI.OT), and objects to which the non-wotds referred (e.g., the
item USk/t referring to a lamp, the item #KL.OT referring to a train). These non-words were produced by two
different talkers and each talker only used one acoustic cue to signal lexical stress patterns (e.g., Talker A
only used F0 and Talker B only used amplitude). This allowed participants to learn the correct item-to-object
mappings as well as, through perceptual learning, which cues were used by each talker. At test, participants
heard semantically constraining sentences, spoken by either talker, containing these non-words in the
sentence-final position. The sentence-final word could either be produced using the correct cues (e.g., Talker
A using FO0; control condition) or the incorrect cues (e.g., Talker A using amplitude; cue-switch condition). If
participants learned about the talker-specific cues, they would be able to predict upcoming talker-matching
word-forms (e.g., USk/? cued using only F0). We hypothesized that the sentences in the cue-switch condition
would lead to longer RTs and elicit a relatively larger N200 response compared to the control condition.
Results showed that the sentences in the cue-switch condition indeed led to longer RTs compared to the
control condition. This suggests that these sentences created a mismatch between predicted and perceived
word-forms based on the talker-specific cues. In contrast, the N200 amplitude was not modulated by these
sentences. We conclude that these results illustrate talker-specific prediction of suprasegmental cues, picked
up through perceptual learning on previous encounters.

Keywords: individual differences, prosody, talker-specific learning, prediction, ERP

Corresponding author: Giulio G. A. Sevetijnen; E-mail: g.sevetijnen@donders.ru.nl
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One of the challenges in speech perception is
that listeners must deal with the huge variability in
the acoustic signal between different talkers. That is,
even when different talkers produce the exact same
sentence, the acoustic realization of this sentence
is highly variable between talkers. Still, despite this
variability, listeners are able to almost effortlessly
recognise different utterances. In the current study
we assess how listeners deal with this issue. More
specifically, we look into whether listeners learn
about variability in suprasegmental cues between
talkers and use that talker-specific knowledge to
recognise spoken words.

In speech perception, listeners must decode a
message by mapping auditory information in the
speech signal onto stored knowledge about the
sound forms of words in order to recognize each
of the words in that message (McQueen, 2005).
This acoustic signal consists of both segmental
information (such as individual vowels and
consonants) and suprasegmental information (such
as lexical stress, prosodic focus, etc.) that signal
prosodic structures beyond vowels and consonants.
As Eisner and McQueen (2018) point out, speech
perception is about combining both sources of
information to recognise spoken words. To shortly
illustrate this, consider the phrase “The stranger
objects” and the minimal pair that is present in it:
“OBject” and “obJECT” (capitalization indicates
lexical stress). Depending on which member of the
minimal pair is perceived, the interpretation of the
phrase changes (i.e., “The stranger OBjects” with
the nominal meaning “the more unusual OBjects”
or “The stranger obJECTS” with the verbal
meaning “the unknown person objects”). In order
to correctly perceive one of these words (and the
phrase), listeners must use both information about
the vowels and consonants and suprasegmental
information to perceive the correct sentence
(i.e., ignoring either segmental or suprasegmental
information would impede correct recognition).

One of the factors that complicates word
recognition is the large variability in the acoustic
signal. This variability is caused by several factors,
such as coarticulation (i.e., preceding and following
sounds influence the realisation of a given
phoneme) and the position of words and sounds
in the prosodic structure. Furthermore, also the
focus of the current study, the speech signal varies
due to individual differences between talkers, such
as the talker’s sex, age and speaking style (McQueen,
2005). This between-talker variation taxes listeners’
comprehension efforts: When participants are
exposed to multiple talkers in a word identification

Giulio Severijnen

and naming task, identification and naming latencies
for these participants are slower compared to those
for participants who only hear one talker (Mullennix
et al., 1989).

The challenge for listeners is thus to take talker
variabilities into account and use talker-specific
information in order to still correctly perceive
spoken words. That is, while variability in the
acoustic signal might lead to difficulties in speech
perception, several studies have found that listeners
are also able to exploit talker-specific information
that helps them in speech perception. For example,
Nygaard, Sommers, and Pisoni (1994) found
that word identification in noise was higher when
participants heard voices that they had previously
been trained on compared to participants who heard
a new set of untrained voices. They concluded that
listeners who learned to recognise a set of talkers
encoded talker-specific information that facilitated
subsequent perceptual analysis of words produced
by the same talker. But it is not merely the ability
to recognise a voice that facilitates subsequent
perceptual analysis. As demonstrated by Norris,
McQueen, and Cutler (2003), listeners can adapt
to talker-specific pronunciations by using lexical
information to alter their phonetic categories.
Norris et al. (2003) exposed Dutch participants
to Dutch words containing an ambiguous word-
final fricative between /f/ and /s/ and found that
participants adjusted their phonetic categories
of /f, s/ according to whether this ambiguous
sound appeated in /f/-final words (such as witlf,
“chicory”) ot in /s/-final words (such as naaldbos,
“pine forest”). That is, exposure to the ambiguous
sound in /f/-final words biased petception in a
subsequent test on an /f-s/ continuum towards /f/,
while exposute to the ambiguous sound in /s/-final
words biased perception towards /s/. Eisner and
McQueen (2005) followed the same design as Norris
et al. (2003) and applied this to different talkers.
They found that when participants were tested
in a categorization task on stimuli in which both
the vowels and fricatives originated from a novel
talker, the perceptual learning effects concerning
ambiguous fricatives did not generalize to that new
talker, illustrating talker specificity of perceptual
learning.

In contrast to these effects being due to
adaptation to the acoustic input, Zhang and Holt
(2018) illustrated that these perceptual learning
effects are adaptation to talker’s speaking styles.
In their first experiment, they exposed English
participants to English minimal pairs (beer-pier)
with manipulated fundamental frequency (F0) and
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TALKER-SPECIFIC PROSODY IN SPEECH PERCEPTION

voice onset time (VOT) values, and measured the
proportion of piet-responses (/p/ is normally
signalled by a high FO and a long VOT). Participants
were divided into two groups. The first group was
exposed to training stimuli in a low FO range (stimuli
containing an FO of either 130 Hz or 200 Hz) and
the second group was exposed to training stimuli in
a high FO range (stimuli containing an FO of either
200 or 300 Hz). The critical comparison was based
on test stimuli that contained an ambiguous VOT
value (i.e., participants had to base their responses
on IO values) and an FO of 200 Hz. Importantly, this
FO was identical in both groups, the only difference
was the range in which the stimuli appeared. Results
indicated that the proportion of pier-responses
was modulated by this frequency range (i.e., a low
frequency range elicited more pier-responses since
the 200 Hz was perceived as relatively higher). In
two additional experiments following this design,
they presented all stimuli at 200 Hz but induced
the frequency range based on voice quality (ie.,
spoken by either a male or a female talker) or visual
presentation of a male or a female talker. Results
showed that the proportion of pier-responses was
again modulated by these manipulations. In sum,
these findings illustrate that listeners are able to
track distinct coevolving regularities (e.g., different
talkers with their own speaking style) not only based
on acoustic input (as found in the first experiment),
but also based on voice quality and visual talker
identification which allows listeners to rapidly
adapt phonetic categories based on talker-specific
information.

Another mechanism that can help listeners deal
with talker variability is prediction. Several studies
have already shown that listeners use prediction in
speech perception. For example, Marslen-Wilson
(1973) found that participants made errors in a
sentence shadowing task, that were congruent with
the preceding syntactic and semantic context of
that sentence. Also, the semantic properties of a
precursor sentence can affect the identification of
subsequent acoustically ambiguous stimuli (Miller
et al., 1984). Finally, Cutler (1976) illustrated in a
phoneme monitoring task that response times
(RTs) to an initial phoneme of a target word were
modulated by whether the target word was predicted
to be stressed or unstressed (based on the intonation
in the preceding context), illustrating prediction of
prosodic structures. Prediction can also help listeners
deal with talker variability. That is, listeners seem to
use talker information that is present in the context
to predict upcoming speech that is consistent with
that talker. Listeners use prediction both at the lexical
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level (Van Berkum et al., 2005) and the prelexical
level (Brunelliere & Soto-Faraco, 2013).

At the prelexical level, Brunelliére and Soto-
Faraco (2013) found that listeners used information
about a talker’s accent to predict phonological
word-forms that are consistent with that talker. In
their experiment, Catalan participants listened to
semantically constraining sentences spoken in either
an FHastern Catalan accent (which applies vowel
reduction: [pormis] for /permis/, “permission”)
or a Western Catalan accent ([permis|). In these
sentences, the critical word containing the possible
vowel reduction (permis) always occurred in a
sentence-final position (e.g., Fis una familia molt estricta,
abans d'aixecar-te de la tanla has de demanar permis, “It
is a very strict family, before getting up from the
table, you have to ask permission”, allowing for
prediction of the sentence-final word. In some of
these sentences, however, the sentence-final word
contained a mismatch between the expected and the
actual phonetic realisation (i.e., an Hastern Catalan
talker producing [permis] without vowel reduction,
or vice versa). These mismatched sentences elicited
a relatively larger N200 response, an event-related
(ERP)
processing in the phonological stage of word
processing (Connolly & Phillips, 1994), as compared

potential reflecting  acoustic-phonetic

to sentences in which there was no mismatch. The
authors concluded that listeners predicted word-
forms based on the regional accent presented in the
context.

Taken these two
perceptual learning and prediction, can help listeners
deal with talker variability. First, listeners can adapt
for specific

together, mechanisms,

their phonological representations
talkers through perceptual learning cued by auditory
and visual identification of a talker. Second, based on
these altered talker-specific representations, listeners
can predict upcoming word-forms that are consistent
with that talker, facilitating speech perception on
subsequent encounters. However, previous studies
have primarily studied these mechanisms in relation
to segmental information while suprasegmental
variability is also widely present in speech. For
example, Clopper and Smiljanic (2011) illustrated
that prosodic variation (pause distribution and
FO patterns) in American English was affected by
dialect and gender. Similatly, prosodic variation in
Dutch has been found to be affected by dialects
(Gussenhoven & Van Der Vliet, 1999) and sex-
related differences (Haan & Van Heuven, 1999). It
remains unclear however, how listeners deal with
variability in suprasegmental information.

As the earlier “OBject” — “obJECT” example



illustrated, suprasegmental information is crucial
for speech comprehension and several studies have
found that listeners indeed make use of this kind
of information in spoken word recognition. For
example, in the study by Cutler and Van Donselaar
(2001), Dutch participants performed a lexical
decision task with minimal stress paits (I"OORnaan/
voorNAAM, “first name”/”respectable”). Results
showed that when participants were previously
primed with the exact same word (e.g.,, "OORnaan)
their response times were faster when responding
to the target (I"OORnaam). this
facilitation disappeared when they were primed
with the other member of the minimal pair (e.g,
voorNAAM). The authors concluded that the
use of suprasegmental information constrained

However,

word activation so that only the correct member
of the minimal pair was activated. Furthermore,
Reinisch, Jesse, and McQueen (2010) showed that
participants immediately use suprasegmental stress
information to recognize spoken words as soon as
it becomes available. In an eye-tracking study, they
exposed Dutch listeners to segmentally ovetlapping
wotds (OCtopus/okTOber) and found that when
participants were presented with one of these words
(e.g., OCtgpus), they fixated the target word (OCtgpus)
more often as compared to segmentally overlapping
competitors (0&£TOber). Critically, they did so before
the point of
illustrates that when the words are segmentally
identical (until the point of disambiguation), Dutch

segmental disambiguation. This

listeners make use of suprasegmental information
to recognise spoken words. The same effect has
also been found in English listeners for primary-
stress words (Jesse et al, 2017) and in Italian
listeners (Sulpizio & McQueen, 2012). In fact,
Sulpizio and McQueen (2012) showed that Italian
listeners even use abstract knowledge about stress
patterns in Italian in newly learned non-words. In
an eye-tracking study, participants learned reduced-
cue versions (i.e., duration and amplitude were
set to ambiguous values) of trisyllabic non-words
(TOlaco/ tol .Aco). 'Then, participants were tested
on these learned non-words and results showed
that participants fixated penultimate-stress target
words (which is the default in Italian) more often
as compared to antepenultimate-stress target words.
Furthermore, performance on the antepenultimate-
stress target words (but not for the penultimate-
stress target words) was increased when participants
were presented with full-cue versions as compared
to reduced-cue versions. Since participants were
exposed to reduced-cue versions of both stress
patterns at training, this result could not be explained

Giulio Severijnen

through different episodic experiences. Instead, the
improved performance on the full-cue versions was
due to abstract knowledge about the stress cues that
normally signal antepenultimate stress words that
participants applied to the newly learned non-words.
The authors concluded that Italian listeners have
knowledge about stress patterns in Italian (i.e., that
the penultimate stress pattern is default) as well as
about the acoustic cues that normally signal words
without the default stress pattern.

Just as
recognition, suprasegmental variability can also

segmental variability affects word
have large consequences. For example, perception
of lexical tone in Cantonese is influenced by
the fundamental frequency (FO) in surrounding
(preceding and following) context (Sjerps et al.,
2018). Also, the speaking rate in a preceding context
can affect the perception of lexical stress (Reinisch et
al,, 2011). Considering the effect of suprasegmental
variability on the perception of lexical stress (and
consequently word recognition), it is important to
find out how listeners deal with this variability. The
current study was thus concerned with the following
question: How do listeners use information about
talker-specific suprasegmental cues that signal lexical
stress in predictive speech perception?

To address this question, we investigated
whether listeners learned about how different
talkers use different acoustic cues to signal lexical
stress (prosodic cues) and whether listeners used this
information on subsequent encounters with those
same talkers to predict talker-matching word-forms.
However, we were first required to create and select
the stimuli that would be used. In Experiment 1, we
thus created a set of disyllabic non-word minimal
stress pairs (e.g, USklr vs. usKLLOT), produced
by two different talkers, and we manipulated the
suprasegmental cues that signal lexical stress in
Dutch (FO, amplitude and duration; Rietveld & Van
Heuven, 2009) to create cue-specific continua in
which only one cue was altered while the others were
set to ambiguous values. These stimuli were tested
in a categorization experiment.In Experiment 2,
participants performed a word-learning experiment
in which they were tested on those learned words to
find out whether listeners indeed predicted talker-
matching word-forms.

Experiment 1
The objective of Experiment 1 was to select the
stimuli that would be used for Experiment 2. For

this purpose, we created an initial set of 38 minimal
pairs of non-words (e.g., US&lt vs. usKLLOT). For
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Experiment 2, we only used two out of the three cues
(i.e., one talker-specific cue for each talker) to avoid
a too complicated design. Considering the effects
of variation in duration on ERPs in Experiment
2, we decided to drop duration as a talker-specific
cue. Instead, we set duration to ambiguous values in
all the stimuli. Thus, we created — for both talkers,
for both cues (FO and amplitude) — 7-step continua
from a trochaic stress pattern (Strong-Weak; SW)
to a iambic stress pattern (Weak-Strong; WS) using
only one of the three cues while the other two were
set to ambiguous values. Based on the results of
a categorisation experiment, we selected the best
version along the continua that would serve as a SW
item' and the best version that would serve as a WS
item, for two prosodic cues (i.e., FO and amplitude,
with duration set to ambiguous values), for each
talker.

Method
Participants

Thirty native Dutch speakers from the Radboud
University in Nijmegen were recruited from the
SONA participant pool, aged between 18 and 57
(8 male, 22 female, M, = 247, SD = 8.70) All
participated with informed consent and received
course credits for their participation. None of the
participants reported having any hearing problems.

Materials

The stimuli consisted of 38 minimal disyllabic

1 Item is used to refer to one of the members of
a minimal pair (SW or WS). Non-word is used to refer to
(both members of) one minimal pair.

non-word pairs (see Appendix) that were segmentally
identical but differed in whether the first or second
syllable was stressed (e.g., US&l? vs. usKILOT). The
stimuli were recorded twice in a carrier sentence
(e.g., Het woord voor muis is een..., “The word for mouse
is a...”) by two male native Dutch talkers: once with
stress on the first and once with stress on the second
syllable.

We used the recordings to measure three prosodic
cues, that have been shown to be strong perceptual
cues to lexical stress in Dutch (F0O, amplitude and
duration; Rietveld & Van Heuven, 2009). These
were calculated for both syllables, with and without
lexical stress, separately for both talkers (Table 1),
and across both talkers for acoustic manipulation of
the stimuli (Table 2). The data in Table 1 provide
a small illustration of talker variability. Based on
the averaged production data across both talkers,
we derived perceptually ambiguous values for each
prosodic cue by calculating average values for the
first and second syllable separately (Table 2). We
applied these ambiguous settings using PSOLA in
Praat (Boersma & Weenink, 2019) to recordings
from SW members of all pairs from both talkers.
The resulting sounds were acoustically ambiguous in
lexical stress and were taken as midpoint stimuli of
all the acoustic lexical stress continua.

As mentioned eatlier, we decided not to include
duration as a talker-specific cue in Experiment 2
based on acoustic duration measurements. Hence,
a duration-continuum was also not included in
Experiment 1 (i.e., the duration issues would persist
regardless of perceptual data of Experiment 1). Still,
we needed to set duration to an ambiguous value
since it could inform listeners about stress patterns.
For each non-word separately, we chose the most
ambiguous duration value based on evaluation by
the first and second author of the current study,

Table 1. Acoustic measures of prosodic cues for two talkers separately.

Strong-Weak (SW) Weak-Strong (WS)
First syllable Talker 1 Talker 2 Talker1 Talker 2
Duration (ms) 233 276 176 193
FO (Hz) 119 171 116 131
Amplitude (dB) 67 72 65 66
Second syllable
Duration (ms) 360 392 397 407
FO (Hz) 94 121 104 152
Amplitude (dB) 58 65 62 68
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Table 2. Mean acoustic measures and step sizes (across talkers) of prosodic cues for both syllables.

Strong-Weak (5W) Ambiguousstress Weak-Strong (WS)  Step sizes

First syllable

Duration (ms) 254 202 184 17.5
288

FO (Hz) 145.6 134.9 1241 8.1

Amplitude (dB) 70.01 68.1 66.20 25

Second syllable

Duration (ms) 376 395 402 6.5
362

FO (Hz) 108.3 118.5 128.6 7.6

Amplitude (dB) 62.2 64.0 65.9 24

Note. Two duration values are provided as being ambiguous. These correspond to the two different values
used for different subsets of non-words. Also, the values of the endpoints (Strong-Weak and Weak-Strong)
are the acoustically observed values; the ambiguous values were calculated based on the production data
and selected based on evaluation by the first and second author. Step sizes were used to create the 7-step

continua.

which resulted in different ambiguous values for
two subsets of the stimuli (one set with 202 ms
[first syllable] and 395 ms [second syllable|, and the
second set with 288 ms [first syllable] and 362 ms
[second syllable]; see Appendix) and set the duration
of all the stimuli to these values.

Starting from these ambiguous stimuli, one
7-step continuum for each remaining prosodic cue
(FO, amplitude) was created using Praat ranging
from most SW-like (step 1) to most WS-like (step
7), with the ambiguous stimulus in the middle. In
each continuum, one prosodic cue was altered while
all other cues were kept constant. For each cue, we
calculated a step size (separately for the first and
second syllable) based on the difference between the
average values of stressed vs. ambiguous syllables.
The resulting endpoints of the continua were
subsequently auditorily evaluated by the first and
second author. Manipulations were performed in an
inverse manner in the two syllables: To create SW
stimuli, we increased the value of the first syllable by
its step size and decreased the value of the second
syllable by its step size (and did the opposite to
create the WS stimuli).

Furthermore, to reduce between-item variability
in FO contours and at the same time preserve FO
declination, we replaced the original FO contours
with linear FO contours containing an FO declination.
Note that we did not include the FO declination as a
variable but made these contours to make the stimuli
sound as natural as possible.

We calculated a plausible magnitude for the FO
declination based on the average maximum and
minimum values in each syllable, which yielded a
mean FO declination value for the first and second
syllable separately (syllable 1: 23.5 Hz, syllable 2:
38.2 Hz). We then took the mean FO values in each
syllable as midpoint and added half of the mean FO
declination value to obtain the maximum FO value
(setat the first FO point in the syllable), and vice versa
for the minimum FO value (set at the last FO point
in the syllable). We interpolated the other FO points,
yielding a linear contour between the maximum and
minimum value. Spectrograms of the most SW-like
and the most WS-like stimuli for one non-word are
depicted in Figure 1.

Procedure

Participants were seated in front of a 531 mm
299 mm computer screen. Audio was presented
through SONY MDR-7506 headphones at a fixed
comfortable level. Every trial started with a fixation
cross in the middle of the screen. After 500 ms, a
fixed lead-in sentence was presented (Hez woord voor
mis is een..., “The word for mouse is a...”) with the
target word at the sentence-final position. At sound
offset, two response options appeared on the screen
(e.g., USklot vs. usKLLOT; with the stressed syllable
capitalized). The response options always appeared
in the same place, such that the non-word with word-
initial stress always appeared on the left and the
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Figure 1. Spectrograms (containing the fundamental frequency (FO) tracks) of the most Strong-Weak
(SW)-like and the most Weak-Strong (WS)-like stimuli of one non-word in the two continua.

non-word with word-final stress on the right. If no
response was given after 4 s, the trial was recorded
as a missing data point. The next trial began 1 s after
the response (or time out) of the previous trial.
Furthermore, items were presented in a randomised
order. To keep the experimental session as short as
possible, we divided the non-words into three lists
that were rotated across participants. Hach participant
would thus be presented with every possible version
along the continua — for both talkers, for both cues
— of a subset of the non-words.

Participants were instructed to listen carefully
to the sentences and to respond by pressing a
button (left button for the left word, right button
for the right word), indicating whether they heard
word-initial or word-final stress on the last word
of the sentence. Participants received four practice
sentences, followed by the experimental trials.

Results

We recorded the classification responses (..,
SW or WS) on each trial and calculated the mean
percentage of SW responses for each step on the
continua. Analyses were based on 10640 observations
(10 observations for each step on one continuum,
separated by talker and cue). Overall percentages
(Fig. 2) showed that the number of SW responses
decreased (i.e.,, the number of WS responses
increased), with higher steps on the continua (Step
1; SW: M = 79.1%, Step 4; ambiguous: M = 55.1%,
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Step 7; WS: M = 31.9%). These results indicated
that, overall, the acoustic manipulations had the
intended effect of creating SW, WS and ambiguous
versions of the stimuli.

Next, we calculated the mean percentages of SW
responses on each step, for each non-word separately.
Results showed that while the mean percentages
showed the intended decrease in SW responses, the
maximum and minimum values also show variability
within the same steps between different non-words
(Table 3). Based on the mean percentages for each
non-word, six non-words were excluded because
they failed to show a perceptual switch across the
continua (see Appendix).

Lastly, we required two tokens of each non-word
to be used in Experiment 2 as clear SW and WS
items for each cue (FO and amplitude). Moreover,
the selected items were required to fulfil two criteria.
First, the SW and WS items had to be most distinct
from each other for each non-word. Second, the items
had to be comparable in perception between both
continua (e.g., SW cued by F0 had to be comparable
to SW cued by amplitude) and between talkers (e.g,
the SW token of Talker A should be comparable to
the SW token of Talker B). Since the percentages
showed large variability between non-words (Table
3), we made non-word specific selections instead of
choosing the same two steps across all non-words.
We thus recalculated the previous mean percentages
for each non-word, separated by talker and by cue,
and for each individual non-word, we manually
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Figure 2. Mean percentages of SW categorization responses on each step across both continua, based on
the entire dataset (Figure 2A) and based on the selected non-words (Figure 2B).

inspected the categorization curves and selected the  difference between the SW items and the WS items,

best tokens. while the variation between talkers and cues was
As a final check, we calculated the mean kept to a minimum.

difference of the percentages between the selected

SW items and the WS items (Mmf = 51.0%, SD Discussion
= 16.8) as well as the mean percentages of SW
responses of the selected SW items and the WS In Experiment 1, we manipulated prosodic

items. To check whether this was comparable across  cues to create stimuli in which stress patterns were
talkers and cues, these were calculated separately for  signalled by only one cue (ie., only using FO or
cach cue, for each talker (see Table 4). The results  amplitude while other acoustic cues to stress were
indicated that overall, there was a clearly perceivable  set to ambiguous values), and tested these stimuli in

Table 3. Minimum, mean and maximum percentage of Strong-Weak (SW) responses on each step.

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7
Max 97.5 92.5 95.0 95.0 82.5 67.5 75.5
Mean 79.1 76.4 68.6 55.1 432 371 31.9
Min 65.0 45.0 47.5 25.0 20.0 10.0 10.0
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Table 4. Mean percentages of Strong-Weak (SW) responses of the selected stimuli.

SwW WS
Talker1
Amplitude 76.9 26.9
FO 788 30.0
Talker 2
Amplitude 81.3 284
FO 81.6 28.8

a categorization task. The categorization responses
informed us on several issues.

First, the overall percentages showed that the
manipulations had the intended effect of creating SW
and WS versions by only changing one prosodic cue.
This indicated that even when Dutch listeners only
had one cue available (since the other two cues were
set to ambiguous values), this one cue was enough to
pick up on lexical stress patterns, which was crucial
for Experiment 2. Second, related to the stimulus
selection for Experiment 2, the mean percentages of
SW responses on each step showed that there was
large variability between non-words. This indicated
that even though the manipulations were successful
overall, the effects were highly dependent on the
segmental information of the non-words. For this
reason, we opted for a non-word specific selection
of the appropriate steps along the continua, instead
of selecting the same steps across all non-words.

Despite this variability, we managed to select 32
minimal pairs that met the two criteria for selection
(a large perceivable difference between the SW
and WS tokens, which was comparably different
across cues and talkers), as illustrated by overall
mean percentages of SW responses of the selected
stimuli. We used the selected stimuli in Experiment
2 to find out if Dutch listeners can learn about
how different talkers use prosodic cues differently
and how listeners use this information in predictive
speech perception on subsequent encounters with
that same talker.

Experiment 2

In Experiment 2, we used the stimuli from
Experiment 1 in a word-learning experiment, in
which the novel words were signalled using talker-
specific cues. This means each talker would signal
lexical stress patterns using only one cue (e.g., Talker
A only using FO and Talker B only using amplitude).
We then tested whether listeners would learn about
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the talker-specificity of the suprasegmental cues, and
if they would use this newly acquired information
in predictive speech processing on subsequent
encounters with the talkers producing those words.
The experiment consisted of a training phase and a
test phase.

In the training phase, participants were exposed
to the minimal pairs, produced by both talkers in
a series of two-alternative forced choice (2AFC)
and typing tasks. The goal of these tasks was for
participants to learn two kinds of information.
First, the tasks were designed to teach participants
all the item-to-object mappings (e.g., that an USk/?
was the word for “lamp” and #sKLOT was the word
for “train”). Second, since participants heard both
talkers producing these items, they could learn which
prosodic cue was used by either talker to signal
lexical stress (i.e., learn that Talker A only used FO
while Talker B only used amplitude).

For the test phase, we followed the design
used in the study by Brunelliere and Soto-Faraco
(2013). Participants were exposed to semantically
constraining sentences, allowing for prediction of
the sentence-final word (e.g, “The word for lamp
is USkl?’) while behavioural responses and their
electroecephalography (EEG) data were recorded.
We predicted that if participants had learned the
correct item-to-object mappings and the talker-
specific cues, they would be able to predict talker-
matching word-forms (i.e., the correct sentence-final
word and which cues would be used by the talker to
signal its stress pattern). The experiment contained
several conditions that differed in the sentence-final
target word (Table 5). First, a control condition
contained the correct critical item, produced using
the correct cues for a given talker (e.g., USkl? for
“lamp” by Talker A using F0). Second, there was
a cue-switch condition which still contained the
correct critical item, produced by the same talker,
but using the wrong cues (e.g., USklt for “lamp”
by Talker A using amplitude). Third, a stress-switch



Table 5. Different conditions in Experiment 2.

Giulio Severijnen

Condition Talker Cue Cue- Semantic Correct
switch incongruency response

Control A FO No No Yes

Het woord voor lamp 1s een USklot

“The word for lamp is a USklot”

Cue-switch A Amplitude Yes No Yes

Het woord voor lamp 1s een USklot

“The word for lamp is a USklot”

Stress-switch A FO No Yes No

Het woord voor lamp 1s een usKLOT

“The word for lamp is a usKLOT”

Word-switch A FO No Yes No

Het woord voor lamp 1s een BOLdep
“The word for lamp is a BOLdep”

Note. Only Talker A is being depicted in Table 5 even though participants hear both talkers (so the same
conditions hold for Talker B). Also, ‘Yes’ and ‘No’ in Cue-switch and Semantic incongruency refer to whether
the conditions contain a cue-switch or a semantic incongruency. ‘Yes’ and ‘No’ in Correct response refers to

which behavioral response was the correct one.

condition, which contained the wrong member of
the minimal pair but produced using the correct
cues (e.g., #sKLOT for “lamp” by Talker A using
FO0). Finally, a word-switch condition containing one
of the other learned items (e.g., BOLdep for “lamp”
by Talker A using FO). Importantly, the cue-switch
condition never contained a semantic incongruency
(the sentence-final word in the cue-switch condition
only differed in which cues were used to signal lexical
stress) while the stress-switch and the word-switch
condition never contained any cue incongruency
(the sentence-final word was always produced using
the correct prosodic cues for a given talker).

We had two primary hypotheses. First, we
hypothesized that the sentences in the cue-switch
condition would create a mismatch between the
predicted word-forms (i.e, the talker-matching
word-forms) and the perceived word-forms. This
would lead to longer RTs and, as in the study by
Brunelliere and Soto-Faraco (2013), elicit a relatively
larger N200 response in the cue-switch condition
as opposed to the control condition. As Connolly
and Phillips (1994) point out, the N200 is related
to processing at the phonological stage of word
processing, which is to be distinguished from the
N400 that results from semantic violations. Since
the target words in the cue-switch and the control
condition are segmentally identical and have the
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same stress pattern, any difference in processing
(cither in RTs or ERPs) can be attributed to
predicted phonological representations based on
the suprasegmental cues. This would indicate that
participants learned about the talker-specific cues
and used this information in predicting upcoming
speech on subsequent encountets.

Second, we hypothesized that since the stress-
switch and the word-switch conditions contain a
semantic mismatch between the predicted” and
perceived sentence-final words, these would elicit
a relatively larger N400 response as compared to
the control condition. As reported by Kutas and
Hillyard (1984), the N400 is an ERP reflecting
the semantic relationship between a word and the
context it appears in. Concerning RTs, we did not
have any specific predictions for these conditions.
On the one hand, RTs could increase compared to
the control condition since the mismatch between
the sentence and the sentence-final word causes
slowing down of the response. On the other
hand, RTs could also decrease in the word-switch
condition: The decision to reject an incongruent

2 Note: The current design does not allow us to
distinguish between prediction and integration accounts
of the N400. Still, the N400 has previously been found to
reflect predictive processing (Mantegna et al., 2019), and
we will adopt this view in the current study.
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word in the word-switch condition could be faster,
since the mismatching segmental information
becomes apparent more quickly compared to the
control condition. Alternatively, there could also be
no difference in RTs: In the stress-switch condition,
participants need the same amount of acoustic input
as in the control condition to base their decision on.
Note that the behavioral task required participants to
make a different behavioural response in the word-
switch and the stress-switch condition compared to
the control condition (Table 5). More specifically,
participants were instructed to respond to whether the
meaning of the sentence-final word is correct given
the lead-in sentence, which means that the behavioral
response in the word-switch and the stress-switch
condition required a ‘no’- response while the control
condition required a ‘yes’- response. This needs to
be taken into consideration when comparing RTs
between the control condition and the word-switch
and stress-switch conditions. Together, these results
(both RTs and ERPs) comparing the word-switch
and the stress-switch conditions to the control
condition would serve as a sanity check, and inform
us on the learning behaviour of the participants and
whether they would predict the sentence-final words
in the first place.

Method
Participants

Twenty-three native Dutch participants were
recruited from the Max Planck Institute for
Psycholinguistics (MPI) participant pool, aged
between 18 and 62 (6 male, 17 female, Mage = 26.6,
SD,, =10.3). All participants gave informed consent
and were paid for their participation. One participant
was excluded because of low accuracy scores on
the behavioural task, another because of reported
left-handedness and another because of noisy EEG
data. The 20 remaining participants were right-
handed and did not have any hearing and/or reading
problems (5 male, 15 female, age range: 18-48; M
=255, SD”g“ = 7.6). Note that the intended number
of participants was 32. Hence, the results based on
the current dataset are preliminary.

Design

The experiment consisted of a training phase
(divided over three sessions) and a test phase. To
keep the experimental sessions as short as possible,
we divided the sessions over three consecutive
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days (Fig. 3). The learning process also benefited
from this choice since newly learned spoken words
are subject to overnight consolidation (Dumay &
Gaskell, 2007)its engagement in lexical competition
requires an incubation-like period that is crucially
associated with sleep. Words learned at 8 p.m. do not
induce (inhibitory. Participants performed a series
of 2AFC tasks and typing tasks to learn the item-to
object mappings and the talker-specific cues. After
the third training session, participants were tested on
the items they had learned during training while we
recorded behavioural responses and EEG.

Materials

The stimuli consisted of the selected 32 minimal
pairs of non-words based on the outcomes of
Experiment 1, as well as various carrier sentences
that were used in the different phases of Experiment
2. All the speech materials were recorded by the
same male native Dutch talkers as in Experiment 1
in the same recording session. The carrier sentences
for the training phase were recorded separately from
the non-words, which allowed for utilisation of one
token for all trials, for each talker.

For Experiment 2, we needed different carrier
sentences for the training phase and the test phase.
First, the training phase required carrier sentences
for exposure to the items: Di is een..., “This is a...”.
The items were placed in the sentence-final position
of these sentences. To increase exposure to talker-
specific prosodic cues, we also placed the items in
an additional carrier sentence containing disyllabic
words (Dit object is een voorbeeld van een..., “This object s
an example of a...””) which allowed for manipulation
of the prosodic cues in the two disyllabic words
(object having word-final stress in Dutch and voorbeeld
having word initial-stress). The suprasegmental cues
in these two words were also manipulated in a talker-
specific manner but, in this case, the syllables were
set to the corresponding values of syllables in the
extreme steps (i.e., step 1 and 7) of the production
data obtained in Experiment 1. Furthermore, we
recorded feedback sentences for the training phase
(Goed, dit is een... | Fout, dit is een..., “Right, this is a...”” /
“Wrong, this is a...”).

For the test phase, we needed semantically
constraining sentences that allowed for prediction
of the sentence-final word (Het woord voor lamp is
een USklot, “The word for lamp is an USklot”). We
thus recorded the carrier sentence (“The word for
.. i1s a ..”) and the objects (“lamp”) separately, and
spliced the objects as well as the sentence-final item
in the carrier sentence. We avoided any lexical stress
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Figure 3. Schematic overview and accuracy scores of the learning tasks of Experiment 2.

cues in these sentences, since we desired participants
to predict talker-specific word-forms based on
previously learned knowledge, instead of based on
cues that were present in the sentence itself. Hence,
the words referring to the objects (e.g. lamp, “lamp”)
were all monosyllabic words.

Lastly, sixty-four coloured line drawings were
selected from the Multilingual Picture (MultiPic)
databank (Dufiabeitia et al., in press). These pictures
would be used as visual references for the objects
during the training and testing phase. We attempted
to minimise phonological as well as semantic overlap
between the labels of the objects. Lastly, we selected
coloured line drawings of two standing men from
the MultiPic databank which would be used to
visually cue the two talkers’ identities.

Procedure

As mentioned before, the experiment consisted
of a training phase (divided over the first three
days) and a test phase that followed the last training
session. On the first two days, participants were
seated in front of a 326 mm 244 mm sized monitor
and audio was presented through Sennheiser HD-
250 headphones at a fixed comfortable level. On the
last day, participants were seated in front of a 337
mm 270 mm sized monitor and audio was presented
through Canton speakers.

Training phase

Following the study by Sulpizio and McQueen
(2012), we used 2AFC tasks. Furthermore, we added

12

three typing tasks to the training phase and divided
these over the sessions (Fig. 3). Participants did
not receive explicit familiarisation onto the items
beforehand. Before the start of the experiment,
participants were instructed that they would
be learning words from an unknown language.
Additionally, they were instructed to pay attention
to the non-words being minimal pairs (i.e., we stated
that just as in “OBject” and “obJECT”, the meaning
of the members of the pairs depended on which
syllable was stressed), as well as to the pronunciation
of the two talkers (i.e., that both talkers produced
these words in their own way without explicitly
mentioning that this concerned prosodic cues).
Before the first block, participants received four
practice trials with items that were not included in
the experimental list.

Each item was paired with one particular object.
To avoid any potential effects of item-specific or
cue-specific learning difficulties (e.g., due to some
item-to-object mappings being more difficult to
learn than others, or some cue-talker combinations
being harder to learn than others), half of the
participants were tested on a second experimental
stimulus list in which the item-to-object mappings
were reversed within each minimal pair (e.g. a
second list in which #KILLOT would refer to “lamp”
and USklt to “train”) and the cue-talker mapping
was switched (e.g., Talker A using amplitude instead
of FO and vice versa for talker B).

All the tasks (except for Training Block 6°)
consisted of 128 experimental trials and only

3 Training Block is used to refer to the different
blocks during the training phase, test block is used to refer
to different blocks during the test phase
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Training Block 1 was preceded by four practice trials
with items that did not appear in the experimental
stimulus list. In Training Block 6, the number of
trials depended on the number of errors made in
Training Block 5 (see 2AFC tasks). Furthermore,
trials were presented in a randomised order.

2AFC tasks

In the 2AFC tasks, participants were auditorily
exposed to the items in carrier sentences (e.g,
Dutch versions of “This is a...” / “This object is
..”), produced by both talkers,
and were visually presented with two coloured line

an example of a .

drawings after the sentence had finished. They were
instructed to choose which of the two line drawings
was the correct referent for a particular item. This
allowed participants to gradually learn the correct
item-to-object mappings. Every trial started with a
fixation cross. After 500 ms, participants heard one
of the carrier sentences containing the items (Fig. 4).
To emphasize which talker produced each sentence,
we displayed an image of the talker surrounded by
cither a blue or a red square (the colour was talker-
specific) during the carrier sentence. At sound
offset, two response options (two coloured line
drawings) from which participants had to choose
appeared on the screen . To ensure that participants
would learn the correct label for each line drawing
and not a synonym or a super- or subordinate word
(e.g. “bulb” instead of “lamp”), the correct Dutch
labels were presented together with the pictures.
Participants were instructed to respond with button
presses (left or right) to indicate which object was

the correct referent for the item. If no response was
given after 4 s, the trial was recorded as a missing data
point. After the response, we presented a feedback
sentence (Goed, dit is een..., “Correct, this is a...”
ot Fout, dit is een..., “Wrong, this is a...”) followed
by the correct item. Also, we displayed the correct
object together with the correct orthography of the
item (e.g. USkl?) on the screen. Note that explicit
feedback was given for the correct object while no
feedback was given for the talker-specific prosodic
cues (participants were supposed to implicitly learn
the talker-specific cues). The next trial began 1 s
after the feedback sentence of the previous trial.

In Training Block 1, we never presented the
coloured line drawings of the minimal pairs together,
allowing participants to familiarize themselves with
the segmental information of the non-words. During
all the other 2AFC tasks, however, we presented the
minimal pairs together, directing the participants’
attention to the suprasegmental information, which
has been found to be necessary for participants to
be able to learn minimal stress pairs (Sulpizio &
McQueen, 2011). In Training Block 6, participants
completed a conditional 2AFC task in which we
presented only the items on which participants made
a mistake during Training Block 5. For each item on
which participants had made a mistake, they received
both versions of the minimal pair (e.g. USklot and
usKLOT) spoken by both talkers. This increased the
efficiency of the learning procedure by using a more
participant-specific learning task. In all 2AFC tasks,
participants would hear each item four times; once
in the carrier sentence and once in the feedback
sentence, for both talkers.

A B
" 4
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‘\\ i 1000 ms ™
500ms ™ -
o LAMF  TRAIN
Carrier wl— E‘ e &
sentence \\\ 300ms ™
Sound “ Usklot Carrier  of) .
duration Ifg -~ sentence ‘\\
\\\ i "
\‘\‘ .ﬁ . [TT T
Feedback i) 200 ms\\‘
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Figure 4. Illustration of a trial in the two-alternative forced choice (2AFC) task (Figure 4A) and in the test

phase (Figure 4B).
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Typing tasks

In the typing tasks, participants were presented
with a line drawing of one of the objects and were
instructed to type out the correct item. The aim of
the typing tasks was for participants to recall the item
cued by the object (which was also close to their task
at test). Since a spoken production task could lead to
interference from the prosodic cues in those spoken
productions to the talker-specific prosodic cues in
the stimuli, we decided to use a typing task. Every
trial started with a fixation cross in the middle of the
screen. After 500 ms, participants were presented
with a line drawing of one of the objects for 2 s.
Afterwards, participants were instructed to type out
the correct item of that object with the stressed
syllable being capitalized. Accuracy was assessed by
comparing the response to the correct string for each
trial. Additionally, to adjust for small typing errors,
the incorrect responses were checked afterwards
and the accuracy scores were adjusted if the
intended answer was correct. As in the 2AFC tasks,
participants heard feedback sentences together with
the correct object and the correct label was displayed
after their response. The next trial began 1 s after the
feedback sentence of the previous trial.

Test phase

After the final training phase and the electrode
preparation for the EEG session, the test phase
started in which participants were tested on the
items they had learned in the training phase. Every
trial started with a fixation cross in the middle of
the screen (Fig. 4B). After 1000 ms, we displayed the
image of the talker producing the sentence during
that trial, surrounded by the corresponding coloured
square (as in the training phase) for 500 ms. Then,
we presented the carrier sentence auditorily (e.g. Her
woord voor lamp is een USklot, “The word for lamp is
an USklot”) together with the line drawing of the
object in that sentence (e.g, a lamp). Participants
were instructed to respond as quickly and accurately
as possible with button presses from target word
onset onwards (i.e., the sentence-final word; US&/o7).
The critical judgement was based on whether the
meaning of the sentence-final word matched the
sentence (right button for a correct word, left button
for an incorrect word). For example, “The word for
lamp is an USklot” is correct since USk/t refers
to “lamp”. If no response was given after 4 s, the
trial was recorded as a missing data point. After the
response (or time out) a blank screen was displayed
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for 200 ms followed by a 1.5 s window during which
participants could blink (cued by four asterisks on
the screen). The next trial (starting with the fixation
cross) began immediately after this window.

Recall that we assessed performance on all four
conditions (control, cue-switch, word-switch, and
stress-switch). However, as opposed to the training
phase (in which the prosodic cues were always
talker-congruent), participants also received talker-
incongruent versions of the items in the test phase.
Since these could potentially induce unlearning
of the talker-specificity of the cues (and affect
performance at test), the sentences in the word-
switch, stress-switch and the control condition
all contained the correct cues for a specific talker.
This ensured that the proportion of trials on which
participants experienced a cue-switch (25% of all
the trials) did not exceed the number of trials on
which participants did not experience a cue-switch.
Furthermore, we wanted to minimise the effects
of the different experimental conditions on the
participants’ representations of the learned items
(i.e. only hearing incorrect versions of the item at
test might confuse participants). To achieve this, we
made sure that the trials were presented in a fixed
order within items. That is, for each item participants
always first received the cue-switch version (e.g,
USklot by Talker A using amplitude), followed by the
control version (i.e. correct version; USk/r by Talker
A using F0) and lastly the stress-switch version (e.g,,
usKLOT using FO). The word-switch version (e.g,
BOL dep using FO) was not included in this constraint
and could thus appear anywhere. This constraint
ensured that participants still heard a correct version
of each item in between the conditions in which
a deviant version of that item was presented (i.e.,
the cue-switch and the stress-switch condition).
Furthermore, since the cue-switch condition was the
condition that should elicit the ERP component in
which we were mostinterested, we decided to present
those sentences first. This order of presentation
restriction was not applied between items (e.g. the
talker-incongruent version of BOLdep could appear
after the talker-congruent version of US&/?) as long
as it did not violate the within-item constraint.

Lastly, the experimental stimulus list consisted
of two test blocks, with 128 trials in each test
block (32 trials per condition). All 64 items were
divided among these blocks. In the first test block,
we randomly selected half of the non-words
for which we presented the SW version of the
minimal pair (e.g., USkl?) and for the other half
of the selection we presented the WS version. In
the second test block we presented the other pair
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such that participants eventually received both
pairs of all the non-words. Furthermore, since the
carrier sentence in the cue-switch and the control
condition was identical, we wanted to rule out any
possible amplitude modulations of the ERPs due
to repetition effects (i.e., a smaller amplitude in the
control condition caused by repetition of the same
carrier sentence and item). For this reason, the order
in which the cue-switch and the control trials were
presented in the second test block was reversed (i.c.,
we first presented the control condition, followed by
the cue-switch and the stress-switch condition, again
within items).

EEG recording

EEG signal was recorded using 59 electrodes
on an Acticap standard 10/20 cap, amplified with
a BrainAmps (Brain Products) DC amplifier (500
Hz sampling rate, 10-1000 Hz cut-off). We used
an on-line reference placed on the left mastoid
and electrooculography (EOG) was recorded from
two electrodes placed at the temples, one electrode
placed below the left eye and the Fpl electrode.
Impedance levels were kept below 25 kQ.

Preprocessing and analyses were performed
using the Fieldtrip toolbox (Oostenveld et al., 2011).
The signal was re-referenced offline to the average
of the left and the right mastoid and a low-pass filter
at 30 Hz was applied. Subsequently, the signal was
cut into epochs of 500 ms pre-stimulus and 800
ms post-stimulus (with the onset of the sentence-
final target word taken as the stimulus). Noisy trials
and consistently noisy channels were rejected prior
to independent component analysis (ICA). Eye
blinks were removed using ICA (if the number
of trials containing eye-blinks exceeded four in at
least one condition). Afterwards, noisy channels
were interpolated based on the weighted average
of neighbouring channels. Trials still containing eye
blinks or noisy channels (that could not be fixed)
were then eventually rejected (1.5% of the total
data). Finally, we applied a baseline-correction from
500 to 0 ms before stimulus onset.

ERP analyses

After baseline correction, we selected the trials
on which participants responded correctly and
computed average ERPs time-locked to stimulus
onset (the sentence-final word) for each subject. To
assess the differences between the conditions, we
performed cluster-based permutation analyses (Maris
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& Oostenveld, 2007). This nonparametric method
tests whether two conditions differ significantly
from each other by drawing random permutations
from
distribution of a test statistic. We took the sum
of fvalues of the largest cluster as test statistic by

the observed data, creating a permutation

performing paired-samples #tests on each data point.
Next, we clustered adjacent time-points and electrode
sites (thus controlling for multiple comparisons) of
data points exceeding a threshold (o« = .05). The test
statistic was then calculated by taking the sum of
-values of the largest resulting cluster. All the values
of the test statistic that were obtained from 1000
random permutations resulted in the permutation
distribution for the test statistic. Next, we calculated
the p-value under the permutation distribution
(using a Monte Carlo estimate) that informed us on
the probability (under the null hypothesis that the
two conditions are from the same distribution) of
observing a cluster-level statistic that is larger than
the observed statistic (again, based on a threshold of
o =.05). In other words, the analysis reveals whether
two conditions originate from the same distribution
(i-e., are interchangeable) or not while controlling for
multiple comparisons.

For all conditions, we performed a cluster-
based permutation analysis over the entire epoch
(i.e., -500 ms to 800 ms relative to stimulus onset).
This allowed us to observe significant differences
between the conditions that would coincide with
the N400 time-window (between 200 ms and 600
ms poststimulus; Kutas & Federmeier, 2011) or
the N200 time-window (between 285 and 335 ms;
Brunelliere et al., 2013).

Results
Behavioural

To test the behavioural results during the test
phase, we analyzed participants’ accuracy and
reaction times (RTs) of participants’ button presses.
Since participants were instructed to respond from
target word onset onwards, we calculated RTs time-
locked to the onset. Also, we log-transformed the
RTs (to obtain a more normal distribution in number
of observations) and excluded incorrect responses
in the RT analysis (17.5%), which resulted in 4216
observations. Mean RTs and accuracy percentages
are displayed in Table 6.

The behavioural data were analyzed using a linear
mixed-effects model with the ImerTest package
(Kuznetsova, Brockhoff & Bojesen Christensen,
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Table 6. Mean (SD) response times (from correct trials only) and percentages of correct answers during

the test phase.

Condition RT (ms) Accuracy (%)
Control 1161 (460) 92 (27)
Cue-switch 1221 (496) 90 (31)
Word-switch 894 (349) 99 (11)
Stress-switch 1516 (593) 50 (50)

Table 7. Results from the linear-mixed effects model with Log-transformed RTs as dependent variable.

Fixed effect B SE t p

Intercept 6.99 0.04 160.21 p <.001
Word-switch -0.26 0.01 20.76 p <.001
Stress-switch 0.26 0.02 15.84 p <.001
Cue-switch 0.03 0.01 2.65 p =.008
Trial number -0.02 0.01 -1.37 p<.171
Word-switch * Trial number -0.06 0.01 -3.86 p <.001
Cue-switch * Trial number -0.03 0.01 -2.23 p=.026
Stress-switch * Trial number -0.03 0.02 -1.69 p=.091

Table 8. Results from the GLMM with the binomial accuracy of the categorization response as dependent

variable.

Fixed effect B SE T P
Intercept 2,65 0.21 12.41 p<.001
Word-switch 1.98 0.28 7.19 p <.001
Stress-switch -2.65 0.13 -20.65 p<.001
Cue-switch -0.29 0.14 -2.10 p=.037
Trial number -0.16 0.15 -1.11 p=.269
Word-switch * Trial number 0.29 0.29 1.00 p=.318
Stress-switch * Trial number 0.17 0.16 1.05 p=.292
Cue-switch * Trial number 0.10 0.17 0.66 p=.507
2016) in R (R Core Team, 2014). The model with  condition (a “no” — response) compared to the

the best fit to the data (as tested using log-likelihood
model comparisons) contained the following factors
(see Table 7): as fixed factors, we included Condition
(categorical predictor with four levels, with the
control condition at the intercept) and Trial number
(continuous predictor that has been scaled to
z-scores) and their interaction. As random factors,
we included Participant and Item.

As mentioned above, the control condition was
mapped onto the intercept which means that all
the following effects should be compared to the
control condition. The model revealed a significant
effect for the word-switch condition (B = -0.20,
SE = 0.01, # = -20.76, p <.001), indicating faster
responses when participants were presented with
a segmentally differing word. Also, a significant
effect was revealed for the stress-switch condition
(8 =0.20, SE = 0.02, 7 = -15.84, p <.001), indicating
slower responses when they were presented with
the wrong member of the minimal pair. As noted
catlier, the task required participants to respond
differently to the word-switch and the stress-switch
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control condition (a “yes”- response) so these RTs
should be interpreted with caution. Lastly, and most
importantly, the model revealed a significant effect
for the cue-switch condition (8 = 0.03, SE = 0.01 7=
2.65, p = .008). This indicated that when participants
were presented with the correct word but produced
using unexpected prosodic cues, they were slower
compared to when the expected cues were used to
produce that word.
Second, the model did not show evidence for a
main effect of Trial number (8 = -0.02, SE = 0.01,
=-1.73, p = .171), suggesting that the RTs on the
control condition did not change as the experiment
progressed. However, we did observe a significant
interaction between the word-switch condition
and Trial number (8 = -0.06, SE = 0.01 7 = -3.80,
p <.001) and between the cue-switch condition and
Trial number (8 = -0.03, SE = 0.01, # = -2.23, p =
.0206). These interactions indicated that the difference
in RTs between the word-switch and the control
condition grew larger, while the difference between
the cue-switch condition and the control condition
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Figure 5. Interaction between Trial number and the cue-switch and the word-switch condition compared
to the control condition based on the estimates of the linear mixed effects model.

grew smaller based on Figure 5, we can observe
that RTs in the word-switch condition became even
lower compared to the control condition, while RTs
in the cue-switch condition converged with RTs in
the control condition.

Third, we ran a General Linear Mixed Model
(GLMM) with a logistic linking function to
test whether the accuracy of the categorization
responses was different for the four conditions (see
Table 8). The binomial dependent variable was the
accuracy on the categorization response to whether
the meaning of the sentence-final word was correct
given the lead-in sentence (1 for correct answers, 0
for incorrect answers). We further included the same
predictors as in the linear mixed-effects model we
used for the RT data.

The model revealed significant effects for the
word-switch condition (8 = 1.98, SE = 0.28, r =
7.19, p <.001), the stress-switch condition (3 =
-2.65, SE = 0.13 = -20.65, p <.001) and the cue-
switch condition (3 = -0.29, SE = 0.14 # = -2.10, p
<.037). This indicated that the number of correct
responses was higher in the word-switch condition,
while it was lower in the stress-switch condition and
the cue-switch condition compared to the control
condition. The model revealed no significant effects
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of (or interactions with) Trial number, indicating
that the accuracy was stable across the experiment.

Fourth, considering the relatively
performance on Training Block 8 compared to
Training Block 9, we ran additional analyses to
find out whether the test phase results differed
depending on performance in Training Block 8. For
RTs, we ran the same linear mixed-effects model
(see Table 7) but added performance on Training
Block 8 (scaled to z-scores) for each participant as a
fixed factor to the model (with interactions between
Condition and Trial number and between Condition
and performance on Training Block 8). The model
revealed only a significant interaction between
Training Block 8 and the word-switch condition (8
= -04, SE = 0.12 # = -3.48, p <.001), illustrating
that those participants who achieved high accuracy
on Training Block 8 also responded faster to the
segmentally incongruent word. No such interactions
with Training Block 8 were found for the remaining
conditions (control, cue-switch and stress-switch),
illustrating that the ability to distinguish the minimal
pairs acoustically did not affect RTs in these
conditions.

Lastly, the of the
categorization responses, we wanted to look into

low

concerning accuracy

17



the unexpectedly low mean correct responses on the
stress-switch condition in more detail. To this end,
we first correlated performance on Training Block 8
and Training Block 9 during training to the number
of errors made in the stress-switch condition. We
found that performance in Training Block 8 show
a strong negative correlation with the number of
errors in the stress-switch condition (r = -.60, p =
.004) while the performance in Training Block 9 was
only weakly negatively correlated with the number
of errors in the stress-switch condition (= -.16, p =
.51). In addition to the correlation analyses, we ran
a GLMM with a logistic linking function containing
the same dependent variable and predictors as
the model for the accuracy on the categorization
responses (see Table 8) and we added performance
in Training Block 8 (scaled to z-scores) as a fixed
factor to the model (again, with interactions between
Condition and Ttrial number and between Condition
and performance in Training Block 8). The model
revealed only a significant interaction between the
accuracy on Training Block 8 and performance on
the stress-switch condition (3 = 0.42, SE = 0.13, ¢
= 3.05, p =.002). This suggests that with increasing
accuracy on Training Block 8, performance in the
stress-switch condition at test improved.

EEG results

First, the cluster-based permutation analysis
revealed a significant difference between the word-
switch condition and the control condition (p =
.022). To illustrate the location and latency of the
difference, we plotted topographical maps of the
statistical analysis which revealed a cluster between
214 ms and 442 ms in which the word-switch and
cue-switch condition differed from each other (see
Fig. 6A). Based on the ERPs of both conditions
from one of the channels in this cluster (see Fig
6C) we were able to infer the direction of the effect
in this time-window. Based on these results, we
concluded that the word-switch condition elicited
a relatively larger N400 response compared to the
control condition.

Second, the cluster-based permutation analysis
revealed a significant difference between the stress-
switch condition and the control condition (p =
.007). Again, we plotted topographical maps of the
statistical analysis (see Figure 6B) and ERPs of the
channels in the resulting cluster (see Fig. 6D) which
illustrate that the stress-switch elicited a relatively
larger N400 response compared to the control
condition between 300 ms and 700 ms.

Third, the cluster-based permutation analysis
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revealed that there was no significant difference
between the cue-switch condition and the control
condition (p = .713). This indicated that both
conditions are from the same probability distribution
(.e., the conditions are interchangeable) which
implies that the cue-switch condition did not elicit
a relatively larger N200 response compared to the
control condition (see Fig. 6E).

Discussion

This study tested whether listeners learned
talker-specific prosodic cues that signal lexical stress
and if they used that information to predict talker-
consistent upcoming word-forms on a subsequent
encounter. After a training phase, during which
participants learned minimal pairs of non-words and
these talker-specific cues, we presented participants
with semantically constraining sentences allowing
for prediction of talker-specific word-forms (i.c., the
correct word given the sentence, and produced using
the correct cues given the talker). We hypothesized
that when participants were presented with talker-
mismatching prosodic cues to lexical stress (i.e.,
sentences containing the unexpected cues for a
specific talker), this would slow down RTs and
elicit a relatively larger N200 response compared to
control sentences. Results indicated that participants
responded more slowly and less accurately to these
mismatching sentences. However, the amplitude of
the N200 was not modulated by these sentences.

Talker-specific learning of prosodic cues

The central finding of the current study concerns
the cue-switch condition. We found that sentences
in the cue-switch condition led to longer RTs and
more errors compared to the control condition.
Since the target words in these two conditions
were identical with regard to the stress pattern, the
segmental information and which talker produced
the words, the only mismatching factor in these
sentences were the talker-specific prosodic cues that
were used to produce these words. This indicates
that participants were slowed down when they
experienced a cue-switch. In addition to longer RTs,
we found lower accuracy scores in the cue-switch
condition compared to the control condition. This
suggests that, even though the sentence-final word
in the cue-switch condition was correct (given the
lead-in sentence), the mismatch in talker-specific
prosodic cues led participants to make more errors
These behavioural results

on those sentences.
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Figure 6. Figure 6A and 6B. Topographical maps of the summed t-values. Figure 6C, 6D and 6E. ERP of

one of the channels in the resulting cluster.

imply that participants had learned the talker-
specific prosodic cues during training and used that
information to predict talker-specific word-forms.
Furthermore, since there were no talker-specific
cues in the carrier sentences at test, this effect did
not arise due to a locally induced contrast (between
the carrier sentence and the sentence-final target
word). Instead, participants activated their talker-
specific knowledge based on talker identification and
predicted talker-specific word-forms accordingly.
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These findings are in line with Eisner and
McQueen (2005), who found evidence for talker-
specific perceptual learning, and with Zhang and
Holt (2018), who illustrated that these talker-specific
learning effects are not simply due to adaptation
to the acoustic signal. Instead, listeners can track
co-evolving regularities (i.e., different talkers with
their own speaking style) and adapt perceptual
categories based on those talkers. The current
study shows for the first time that listeners also
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use these talker-specific learning mechanisms with
regard to prosodic cues. In other words, we show
that listeners are able to learn how different talkers
use prosodic cues to a different extent and activate
(and use) this information, based on voice quality
and visual presentation of (icons of) those talkers,
on subsequent encounters.

In addition to these main effects, we found an
interaction between the cue-switch condition and
Trial number, illustrating that during the course of
the experiment, the difference in RTs between the
control and cue-switch condition became smaller.
This convergence of the RTs in the two conditions
shows that the talker-specific effect gradually
reduced throughout the experiment, even though we
tried to minimize any potential effects of unlearning.
A possible source of unlearning is the prosodic cues
that were presented in a subset of the trials in the
test phase. That is, while participants only heard
correct talker-specific prosodic cues during training
(i.e., Talker A always using FO and Talker B always
using amplitude), the test phase also contained the
opposite cues (i.e., Talker A also using amplitude
and Talker B also using FO). These conflicting
cues can in turn lead participants to unlearn the
talker-specific information they had learned during
training. A similar effect of unlearning, but this
time for segmental perceptual learning, has also
been found by Kraljic & Samuel (2005), who trained
participants on perceiving an ambiguous sound on
an /s-f/ continuum as either /s/ or /[/. After the
training phase, they found that when participants
were exposed to conflicting information from the
same speaker (hearing the ambiguous sound, learnt
as /s/,inan /[/ wotd), the perceptual learning effect
disappeared rather rapidly.

Also, Kurumada, Brown, Bibyk, Pontillo, and
Tanenhaus (2014) studied pragmatic interpretation
based on prosodic structures presented in sentences.
More specifically, they presented participants with
two types of sentences in an eye-tracking study.
Either sentences containing a high pitch accent
on the final noun (e.g., “It looks like a ZEbra) or
sentences with a high pitch accent on “looks” (e.g.,
“It LOOKS like a zebra...” (but it is not)) and found
that these different prosodic structures atfected the
proportion of fixations to target pictures. Crucially,
they manipulated how consistently the talker used
the pitch accent correctly and found that when the
reliability of the use of these cues decreased, the
prosodic structures did not affect the proportion
of fixations anymore. The authors concluded that
the low reliability of the prosodic cues led to down-
weighting of these cues. Together, these studies offer
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an explanation for the interaction between the cue-
switch condition and Trial number. That is, since the
cue-switch condition contained talker-specific cues
that were opposed to what listeners had learned
during training, these cues served as ‘correcting’
cues. Furthermore, since the other conditions
(control, word-switch and stress-switch) did contain
the correct talker-specific cues, both talkers did not
produce either prosodic cue consistently, decreasing
the reliability with which both talkers used their
talker-specific prosodic cues which could have led
participants to down-weight these cues in perception.
Importantly, this interaction does not only illustrate
that talker-specific perceptual learning effects were
unlearned when listeners were presented with
correcting cues, but also supports the notion that a
learning effect was present in the first place. That is,
if participants did not learn the talker-specific cues
at training, presenting correcting cues would not
have led to unlearning,

Further, we did not find an interaction between
performance in Training Block 8 and RTs in the
cue-switch condition. At first, this suggests that the
talker-specific prosodic cue effect is not affected
by performance in the training phase. However,
performance in Training Block 8 may not be
the ideal predictor for learning of these talker-
specific cues. That is, even though there were some
differences between participants in performance
in Training Block 8, every participant received the
same amount of exposure to the talker-specific cues
(i.e., next to having to distinguish the minimal pairs
acoustically, participants still could pick up on the
talker-specific prosodic cues). Also, performance on
Training Block 8 can be high even if participants
do not learn the talker-specific prosodic cues.
Therefore, performance in Training Block 8 is not
the best predictor for the RT model. Furthermore,
this suggests that participants could be learning
two distinct types of information. On the one
hand, participants were learning the item-to-object
mappings. On the other hand, independently of the
correct mappings, participants were supposed to
learn the talker-specific prosodic cues.

Concerning EEG results, we did not find a
difference in the N200 response between the cue-
switch and the control condition. Following the logic
in Brunelliere et al. (2013) and previous theoretical
accounts of the N200 (Connolly & Phillips, 1994),
this would suggest that there is no mismatch between
the predicted word-forms and the perceived word-
forms in the current study. These findings are not
in line either with our behavioural results (longer
RTs and lower accuracy in the cue-switch condition
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compared to the control condition) or with the
results in Brunelliere et al. (2013), who did find a
modulation of the N200 amplitude for segmentally
mismatching word-forms. This raises the question
whether the current finding is a true null result, or
whether we were simply unable to obtain valid ERPs
with the learned stimuli in the current study. To be
able to look into this latter possibility, we included
two conditions as a sanity check that informed us
on whether participants would successfully learn the
non-words in the current study and whether these
items would indeed elicit valid ERPs.

Learning segmental information in the
items

The first sanity check would inform us on whether
participants learned the segmental information
in the items, which was tested in the word-switch
condition. Concerning behavioural results, we found
that sentences in the word-switch condition led to
shorter RTs compared to the control condition.
This indicated that participants were faster to
reject an incorrect word compared to accepting
a correct word based on segmental information.
As mentioned in the Introduction, we did not
have a specific hypothesis concerning RTs for this
condition. Nevertheless, shorter RTs in the word-
switch condition could be an illustration that the
decision in this condition was easier compared to the
control condition. Alternatively, the decision in the
word-switch condition could simply be taking place
at an earlier time point because of an earlier point
of disambiguation. Indeed, 60 out of 64 items in the
word-switch condition had a segmental deviation
at the first phoneme and the remaining four items
deviated at the second phoneme. In contrast, the
items in the control condition required participants
to process both syllables in order to make a decision
on the stress patterns, which resulted in longer RTs.
We also found higher accuracy scores in the word-
switch condition compared to the control condition.
In sum, these results illustrate that participants had
correctly learned the segmental information in the
non-words.

Next, concerning EEG results, we found a
relatively larger N400 response in the word-switch
condition compared to the control condition. This
indicated that semantic integration of the predicted
sentence-final words presented in the word-switch
condition was more difficult compared to the
control condition. Note that our behavioural result
in the word-switch condition might seem in contrast
to the ERP result (shorter RTs while we observed
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a relatively larger N400O response). Indeed previous
studies (Brown & Hagoort, 1993; Peeters et al., 2013)
found longer RTs for incongruent words (that also
elicited a relatively larger N400 response). However,
these studies all used a lexical decision task which
requires the same behavioural response to congruent
and incongruent words (slowing down responses to
incongruent words) while in the current study (as
mentioned before), the behavioural task was different
between these conditions, leading to shorter RTs to
incongruent words. Thus, even though RTs in the
word-switch were shorter compared to the control
condition, they are still in line with the relatively
larger N400.

In addition to the behavioural result, this
confirms that participants learned the segmental
information of the non-words and the correct item-
to-object mappings. Also, since the incongruent
sentences elicited a relatively larger N400 response,
we can conclude that we were able to obtain valid
ERPs in our current design and with the current
stimuli based on segmental information.

Learning suprasegmental information
in items

The second condition that was included as a
sanity check concerned the stress-switch condition.
This would inform us on whether participants
successfully learned the suprasegmental information
in the non-words. We found that sentences in the
stress-switch condition led to longer RTs compared
to the control condition. In contrast to the word-
switch condition (that resulted in shorter RTs), this
illustrated that participants were slower to reject
the wrong member of the minimal pair compared
to accepting the correct member in the control
condition. The difference between the
switch and the word-switch condition can (as with
the difference between the word-switch and the
control condition) be explained by the type of

stress-

information the decision was based on. That is,
the point of disambiguation of the target words
in the word-switch condition (based on segmental
information) was much earlier compared to the
stress-switch condition (based on suprasegmental
information). Still, it is surprising that RTs in the
stress-switch condition were much higher than in
the control condition (since this condition required
the same suprasegmental decision). This increase
in RTs in the stress-switch condition compared to
the control condition could be due to the order
of presentation of the different conditions. More
specifically, the within-item controlled order ensured
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that participants were first presented with the cue-
switch and the control condition of a specific item
before receiving the stress-switch condition. Even
though this was intended to help participants and
slow down unlearning of the talker-specific prosodic
cues, this may have caused confusion and slowed
down participants in the stress-switch condition.
This could also explain why there was no effect
of performance in Training Block 8 on RTs in the
stress-switch condition. That is, one might expect
that with increasing performance in Training Block
8, RTs in the stress-switch condition would decrease
since it could be easier to make that decision. Again,
participants could have experienced interference
from the cue-switch condition leading to longer RT's
in the stress-switch condition.

In addition to longer RTs, accuracy scores in
the stress-switch condition were also much lower
compared to the control condition. This could partly
be explained by performance in the training phase.
That is, the lower accuracy scores on Training Block
8 (2AFC) compared to Training Block 9 (typing
task) suggested that while participants did correctly
learn the item-to- object mappings (tested in the
typing task of Training Block 9), they still struggled
to distinguish the minimal pairs acoustically (tested
in the auditory 2AFC task in Training Block 8). In
fact, the correlation between the accuracy scores
on Training Block 8 and performance on the
stress-switch condition, as well as the result of the
additional GLMM (containing accuracy scores of
Training Block 8) illustrate that participants who
performed better in Training Block 8 also performed
better in the stress-switch condition. A second
possible explanation for the low accuracy scores in
the stress-switch condition is the absence of talker-
specific prosodic cues in the carrier sentences at
test. Recall that during training, the carrier sentences
contained disyllabic words that also contained talker-
specific prosodic cues. However, at test, the carrier
sentences only contained monosyllabic words and
thus, the lack of confirmation of talker-specific cues
could have impeded perception of stress patterns in
the target words which affected the accuracy scores
in the stress-switch condition. Third, low accuracy
scores on the stress-switch condition could also
be explained by the presence of the word-switch
condition at test. Recall that during the training
phase, we always presented two referents of the
minimal pairs together in the 2AFC tasks (except for
Training Block 1), directing participants’ direction
to suprasegmental cues. During the test phase,
presentation of segmentally different words (in the
word-switch condition) could have led participants
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to pay less attention to the suprasegmental cues
(Sulpizio & McQueen, 2011) and base their
responses more on segmental information. If
participants indeed followed this strategy, this led
to more ‘yes’- responses (which led to incorrect
responses in the stress-switch condition but correct
responses in the cue-switch and control condition).
Note that still, there was a difference between
participants who performed better during training
and participants who performed worse. Thus, the
possible explanations offered above could have had
different effects on different levels of proficiency in
Training Block 8.

Concerning EEG results, we found a relatively
larger N40O response for the stress-switch condition
compared to the control condition which illustrates
that semantic integration of the predicted sentence-
final word was also harder for the wrong member of
the minimal pairs. Keep in mind that we only included
trials on which participants responded correctly,
so the previous conclusion can only be drawn
regarding these particular items. Also, the analyses
revealed that the time-window of the N400 in the
stress-switch condition was slightly later compared
to the word-switch condition. As in the behavioural
result, this later time-window can be assigned to
the point of disambiguation of the target words
(i.e., the point of disambiguation being later for the
words in the stress-switch condition compared to
the words in the word-switch condition). Also, note
that the ERPs were much noisier compared to the
word-switch condition which is due to the number
of trials we were able to include in this condition
(being half of the number of trials we included in
the word-switch condition because of low accuracy).

In sum, behavioural findings (longer RTs and
lower accuracy) illustrate that participants still
struggled to distinguish the minimal pairs acoustically.
Also, the presence of the word-switch condition
and the order of presentation could have confused
participants in the test phase and contributed to
these results. Still, for the correct trials, we were
able to obtain valid ERPs based on suprasegmental
information. Together, these sanity checks might
suggest that the result in the cue-switch condition
(no modulation of the N200 amplitude) was not due
to the stimuli that were used in the current study.
Instead, other explanations should be considered.

Effect size of the mismatch
An alternative explanation for the lack of the

N200 amplitude modulation is that the effect size
in the current study is much smaller compared to
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the effect size in Brunelliere et al. (2013). A possible
source for this effect size is that the sample size in
the current experiment could have been too small
to achieve an appropriate power for our effect size.
That is, in this preliminary dataset, we included
20 participants as opposed to the intended 32
participants. Still, Brunelliere et al. (2013) included
a similar number of participants (21 participants)
which did modulate the N200 amplitude. This
suggests that in addition to the sample size being too
small in the current study, the effect in Brunelli¢re et
al. (2013) was also much larger.

This larger effect in Brunelliere et al. (2013) can
be explained by a more salient mismatch between
the carrier sentence and the sentence-final word
in Brunelliere et al. (2013). There are several
differences with the current study that could have
contributed to this larger mismatch. First, in the
current study, we used acoustically manipulated non-
words that contained fewer prosodic cues (since two
out of three prosodic cues were set to ambiguous
values) as opposed to naturally produced real words
in Brunelliere et al. (2013). Even though the word-
switch and the stress-switch condition illustrated
that these stimuli were able to elicit valid ERPs based
on semantic information, our acoustically reduced
stimuli could still have caused difficulties regarding
phonological predictions compared to natural
speech (i.e., prior knowledge of stress patterns
normally being signaled by multiple cues could
interfere with the reduced stimuli in the current
study). Second, there is a large difference concerning
the amount of experience participants have had with
the cues leading to the mismatch. More specifically,
in the current experiment, participants went through
a three-day learning paradigm while participants in
Brunelliere et al. (2013), being speakers of Hastern
Catalan, already had substantial experience with the
accents prior to the experiment. Possibly, the amount
of exposure in the current study was too little to
modulate the amplitude of the N200 compared to
Brunelliere et al. (2013). In addition, the mismatch
in the current study could be harder for participants
to detect (i.e, only one mismatching prosodic
cue, related to one specific talker) compared to
Brunelliere et al. (2013) in which the mismatch is
much more general (i.e., a vowel reduction that is
general across all talkers of a certain dialect). Third,
one important difference relates to the presence of
the mismatch in the carrier sentence at test. Recall
that in the current study, we avoided talker-specific
prosodic cues in the carrier sentence at test because
we wanted participants to predict talker-specific
word-forms based on previously learned knowledge.
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However, the carrier sentences in Brunelliére et
al. (2013) did contain other words with a vowel
reduction which means that the mismatch (i.e.,
vowel reduction in the carrier sentence vs. no vowel
reduction in the sentence-final word) is much more
apparent compared to the current study. Finally, the
mismatch in Brunelliere et al. (2013) resulted in a
larger mismatch regarding phonological categories
to which the sound belongs compared to the
mismatch in the current study. More specifically, the
mismatch in prosodic cues in the current study leads
to a within-category mismatch (the resulting stimuli
still contain the same phonemes and lexical stress
patterns but are cued differently). In contrast, the
vowel reduction in Brunelliere et al. (2013) leads to a
between-category mismatch (the words containing a
vowel reduction result in a different vowel compared
to the words that do not contain a vowel reduction).
This could again have resulted in a larger mismatch
in Brunelliere et al. (2013) compared to the current
study which, in addition to the other differences,
could explain the lack of an N200 amplitude
modulation in the current study.

Is the N200 sensitive to phonetic detail?

Alternatively, we should consider the possibility
that the current study could not modulate the
N200 at all. That is, previous studies (Brunelliere
et al., 2013; Connolly & Phillips, 1994), relied on a
mismatch based on segmental information while the
sentences in the current study contain a mismatch
only concerning prosodic cues (i.e., phonetic detail).
To our knowledge, an N200 response to mismatching
prosodic cues has not been found in previous studies.
Hence, there is no evidence yet indicating that the
N200 is sensitive to phonetic detail. In addition,
Diaz and Swaab (2007) even failed to modulate
the N200 amplitude to segmentally mismatching
word-forms in sentence processing (despite there
being a phonological mismatch) while there was a
modulation of the N200 in word list perception.
The authors concluded that phonological processing
has a different role in sentence processing due to the
presence of a semantic context.

This touches upon an issue that has previously
been discussed regarding the N200. Namely, even
though several studies have reported an N200
response to phonologically mismatching word-
forms, it remains N200
component can be functionally dissociated from the
N400 component (for review, see Nieuwland, 2019)
various studies claim that word form prediction
manifests itself in ‘early’, pre-N400 brain responses

unclear whether the
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(e.g, ELAN, M100, P130, N1, P2, N200/PMN,
N250. An alternative account is that the N200
actually reflects an eatly onset of the N400 instead
of a distinct component. To shed more light on
this possible distinction, Poulton and Nieuwland
(2019) examined the scalp distribution of the two
components, since a distinct N200 component has
a more frontal and widely distributed topography
while the N400 component has a more posteriorly
distributed topography, and aimed at dissociating
both components based on their topography. They
measured EHRP responses to auditorily presented
sentences containing sentence-final words that
were either highly predictable, partially overlapping
(semantically unpredictable but with phonological
overlap) or without overlap
unpredictable and without phonological overlap)
which allowed for identification of the different
components. The authors then compared the scalp

(semantically

distributions of the early and late time-window
and found that both negativities (in the early and
in the late time-window) had a more postetior
distribution. They concluded that the N200 is not a
distinct component that is sensitive to phonological
mismatch but is simply an early onset of the N400.

The current study could also contribute to
this discussion by examining the scalp distribution of
the EEG results in the word-switch condition. More
specifically, in addition to the semantic mismatch, the
sentence-final words in the word-switch condition
also contained a phonological mismatch (the items
were segmentally different compared to the control
condition). Hence, we can observe whether there is a
different scalp distribution (more frontal and widely
distributed) for the earlier time-points compared
to the later time-points. Keep in mind that the
current study was not designed to test the different
accounts of the N200. Still, by examining the scalp
distributions at different time-points in the word-
switch condition, we observed a clear posterior
distribution throughout the entire time-window.
As in Poulton and Nieuwland (2019), this finding
supports the notion that the N200 is an eatly onset
of the N400.

Future directions

Despite these considerations, the behavioural
results in the current study do illustrate that listeners
experienced a mismatch between predicted and
perceived word-forms in the cue-switch condition,
demonstrating that listeners are sensitive to these
differences between talkers. However, a possible
argument against this result concerns performance
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on the stress-switch condition at test. That is, one
might ask whether participants paid attention
to the prosodic cues at all considering their low
performance on distinguishing the minimal pairs
their
at test, the accuracy scores on Training Block 8
illustrate that participants did not fully ignore the

acoustically. Regardless of performance

prosodic cues but used those cues in learning the
non-words. Given that participants were required to
pay attention to the prosodic cues during the 2AFC
blocks in the training phase (i.e., in order to give
the correct response, participants had to resort to
the prosodic cues), this suggests that participants
also picked up on the talker-specific prosodic cues
that were used to signal those words. That is, if
participants ignored the talker-specific prosodic
cues, it would not have been possible to detect
lexical stress patterns (since the other cues were
set to ambiguous values). Indeed, the difference in
RTs and accuracy scores between the control and
the cue-switch condition suggest that even though
participants struggled to distinguish the minimal
pairs acoustically in the stress-switch condition, they
still learned how both talkers would signal those
non-words. In other words, regardless of whether
the non-word is SW or WS, they knew that Talker A
would produce either of the non-words with FO and
Talker B with amplitude.

While at first sight the incongruency between
these conditions may appear as a limitation to the
current study, it could actually provide insights into
how talker-specific prosodic information is stored.
Namely, it might suggest that the information
about talker-specific prosodic cues is not necessarily
attached to only the learned non-words, but is
instead represented on a more general, abstract level
which may speculatively even be applied to new
words. However, the design of the current study was
not able to look into these proposed representations
since the participants were tested on the same non-
words as those learned in the training phase. The
question thus remains open whether listeners would
also generalize learned information about talker-
specific prosodic cues to other instances (i.e., other
words). Future experiments could therefore look
into whether the obtained result can be replicated
in an experiment in which the test phase includes
different words than the training phase. This will
allow for differentiation between whether listeners
had learned about how two talkers use prosodic
cues in specific words, or how two talkers use
prosodic cues in general, informing us on the level
of representation of this information.

Another question that arises, is how the current
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findings generalize to natural speech. That is, in
natural speech, stress patterns are signaled using
multiple cues (the stressed syllable has a higher FO,
increased amplitude and longer duration; Rietveld &
Van Heuven, 2009). On the other hand, the stress
patterns in the current study were signaled using
one cue (e.g., FO or amplitude while the rest was set
to ambiguous values). One might wonder how the
mechanisms that have been found in the current
study, perceptual learning and prediction, are used to
deal with variability in multiple prosodic cues. Future
experiments could thus extend the current finding
by creating stimuli that incorporate these other cues
and resemble natural speech to a greater extent.

Other directions for future research could focus
on finding converging evidence from other measures
(e.g., eye-tracking, EEG) to support the behavioural
result in the current study. More specifically, eye-
tracking experiments are beneficial since it would
allow for use of fewer non-words (since there are
fewer issues with repetition of items compared to
EEG). In turn, the use of fewer non-wotrds allows for
more exposure within a given period of time which
optimizes the learning procedure (higher accuracy
scores, more exposure to talker-specific cues). In
addition, eye-tracking offers a more valid measure of
predictive speech perception. That is, eye-tracking
paradigms (Altmann & Kamide, 1999; Kamide et
al., 2003) have been used to measure anticipatory eye-
movements which can be taken as a more sensitive
measure of prediction in speech perception. Lastly,
future experiments could focus on modifications
to the experiment that might modulate the N200
amplitude. For example, by using carrier sentences
in the test phase in which the talker-specific
prosodic cues are present (similar to the sentences in
Brunelliere et al., 2013), a more salient mismatch is
introduced. Hence, this could also shed more light on
the sensitivity of the N200 to mismatching prosodic
cues. These future experiments could provide more
supporting evidence and extend the findings of the
current study in discovering how listeners deal with
talker variability in prosodic cues.

Conclusion

In sum, the current study investigated how
listeners use talker-specific prosodic
predictive speech perception. We conclude that the
absence of the amplitude modulation of the N200 in
the current experiment is due to the effect size being

cues In

too small. Our behavioural results illustrate that
listeners can adjust their perceptual representations
in a talker-specific manner not only for segmental
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information as previously shown (Brunelliere &
Soto-Faraco, 2013; FEisner & McQueen, 2005;
Zhang & Holt, 2018), but also for the first time
for suprasegmental information. It appears that
listeners can predict upcoming word-forms based
on those talker-specific prosodic representations.
Applying this to the aforementioned “The stranger
objects” example, the current study illustrates that
when listeners encounter two different talkers
who produce this phrase, listeners learn about the
prosodic cues that each talker uses to signal the
lexical stress patterns in “stranger” and “objects”.
Then, based on this learned information, listeners
can predict how each talker will signal those words
on subsequent encounters which helps listeners to
correctly perceive the words and the phrase despite
the large variability in prosodic cues between talkers.
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Giulio Severijnen

Additional information on the disyllabic non-words used as stimuli for Experiment 1.

Table A1l. Non-words (given in Dutch orthography) that were used as stimuli. Capitalization indicates

lexical stress.

AMpo ! amPO !
BLImoek ! bliMOEK !
ELpat ! elPAT !
KLAfos ! klaFOS 1
LOsep ! 1oSEP !
OELfem ! oelFEM 1
ORlos ! orLOS 1
PLOsim ! ploSIM !
PRAbop ! praBOP !
TOEsa ! toeSA 1
USklot ! uskLOT !
WAsol ! waSOL !
BOLdep 2 bolDEP 2
DEMTrof 2 demROF 2
DREpos 2 drePOS 2
FLARda 2 flarDA 2
GAloe 2 gal OE 2
GLErak 2 gleRAK 2
NILtaf 2 nilTAF 2
NOEfa 2 noeFA 2
NORbul 2 norBUL 2
KAlom 2 kaLOM 2
KESto 2 kesTO 2
KLIwo 2 kliWO 2
LENdon 2 lenDON 2
Odran 2 oDRAN 2
PALro 2 palRO 2
ROSkil 2 rosKIL 2
RUNKa 2 runkA 2
SKALtra 2 skalTRA 2
STOLpaf 2 stolPAF 2
STRAdot 2 straDOT 2
AALsoi -3 aalsor 1.3
BANwem 23 banWEM 2.3
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MiInok 23 miNOK 23
POLmo -3 poIMO 1.3
SLEvor 23 sleVOR 23
TRApal 23 traPAL 23

1) Subset of items with 202 ms (first syllable) and 395 ms (second syllable) as ambiguous duration values.
2) Subset of items with 288 ms (first syllable) and 362 ms (second syllable) as ambiguous duration values.
3) Items that were excluded from the Experiment 2.
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To determine the longitudinal effects of symptom dimensions in attention-deficit/hyperactivity disorder
(ADHD) on white matter microstructure, we obtained diffusion magnetic resonance imaging (dIMRI) data
from 99 participants (17-21 years of age, from 65 families) at two time points. Tract Based Spatial Statistics
(TBSS) was used to obtain global fractional anisotropy (FA) measures. Effects of symptom dimensions on
global FA were analysed using linear mixed-effects models. Permutation-based voxel-wise analyses were
performed using Permutation Analysis of Linear Models (PALM). We found that combined symptom
dimension score remission is significantly negatively associated with FA at follow-up in the left superior
longitudinal fasciculus and the left corticospinal tract (p = .038 and p = .044, respectively). This substantiates
earlier findings, where the same effect was shown in an earlier time window within an overlapping cohort.
Our results indicate that, in specific white matter (WM) tracts, greater symptom improvement results in less
FA at follow-up. We have found no evidence of ADHD-related longitudinal WM alterations at the global brain
level.
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EFFECT OF SYMPTOM REMISSION ON WHITE MATTER IN ADHD

Attention-deficit/hyperactivity disorder (ADHD)
is a common neuropsychiatric disorder characterized
by developmentally inappropriate levels of
inattention (IA) and/or hyperactivity-impulsivity
(HI) with an estimated prevalence of 5% in children
and adolescents and 2.5% in adults (Faraone et al.,
2015; Polanczyk, Willcutt, Salum, Kieling, & Rohde,
2014). An important source of heterogeneity in
the long term outcome of ADHD is the course
of the disorder across development. Prospective
longitudinal studies suggest that although 15%
of people with ADHD continue to meet the full
set of diagnostic criteria in adulthood, 60-70% of
them retain impairing symptoms of the disorder in
adulthood while staying below threshold (Faraone et
al., 2015). The question then remains whether there
is a particular developmental chronology in the
relationship between symptom improvement and
changes in the brain. Through the examination of
those alterations in relation to disorder progression,
we may work towards disentangling the heterogenous
nature of ADHD.

Symptom remission can be driven by several
neurodevelopmental mechanisms which are neither
incompatible nor mutually exclusive. In a remitted
individual, symptom improvement may involve
brain maturation or normalization, compensation or
reorganization, and/or a permanent ‘mark’ or ‘scat’
(Sudre, Mangalmurti, & Shaw, 2018). Further, the
underlying neural mechanisms that drive symptom
remission may generally be dissimilar from those
that drive onset. Thus, the brain of an individual with
persistent symptoms could be discretely different
from the brain of one who has remitted from ADHD
(Halperin & Schulz, 20006). The various pathways to
remission can be manifest in white matter (WM)
microstructure — the foundation of efficient neural
communication — and captured longitudinally with
diffusion magnetic resonance imaging (dMRI),
wherein changes in WM microstructure may be
observed as a prediction, concurrence, or product
of symptom improvement.

Inherent in the concepts of remission and
persistence is the factor of time, underscoring the
necessity of longitudinal studies. The upstream,
parallel, or downstream development of WM in
reference to symptom remission can only be dissected
through longitudinal analyses and not through
conventional cross-sectional designs. Compared to
a cross-sectional approach, a longitudinal design
provides not only increased
through reduction of the confounding effect of

statistical power

between-subject variability, but also unique insights
into the temporal dynamics of underlying biological

Nijmegen CNS | VOL 15 | ISSUE 2

processes (Thompson, Hallmayer, & O’Hara, 2011).
Between-subject variability is often greater than
within-subject differences (i.e., longitudinal effects
of interest). Longitudinal studies also reduce within-
subject noise and measure within-subject changes
directly so that each subject is his/her own control
(Reuter, Schmansky, Rosas, & Fischl, 2012). Despite
these advantages, a longitudinal dMRI study requires
greater attention to methodology in both image
processing and statistical modeling.

Past dMRI studies in ADHD have been occluded
by a shared set of drawbacks. First, despite the
considerable number of studies on the relationship
between ADHD and WM microstructure, most
are cross-sectional and preclude inferences about
the longitudinal trajectory of the disorder. Second,
categorical case-control study designs do not
account for the continuous nature of ADHD
symptoms (van Ewijk et al., 2014). Third, amongst
the neural mechanisms that determine the course of
a disorder (i.e., symptom remission or persistence),
we can make a distinction between moderators and
mediators (Baron & Kenny, 1986). Moderators atre
pre-existing conditions that predict the likelihood
of symptoms to remit or persist. Mediators are
characteristics whose change over time occurs in
parallel to symptom change. A moderator determines
when certain effects will take hold, whereas a
mediator determines in what way such effects occur.
A change in mediating factors is co-occurring and
necessary to achieve symptom remission (Baron &
Kenny, 1986). The identification of and distinction
between moderators and mediators can neither be
achieved through traditional case-control designs nor
in cross-sectional comparisons of persistent versus
remittent ADHD patients, but requires longitudinal
investigations.

dMRI related ADHD to
abnormalities in WM microstructure, specifically via
fractional anisotropy (FA), which is the metric we
focus on here (Aoki, Cortese, & Castellanos, 2018;
Francx, Oldehinkel, et al., 2015; Shaw et al., 2015;
Sudre et al., 2018; van Ewijk, Heslenfeld, Zwiers,
Buitelaar, & Oostetlaan, 2012; van Ewijk et al,
2014). dMRI reveals information about anatomical

studies have

connectivity in the brain in vivo by measuring the
directionality of water diffusion in white matter
tracts, thus enabling deductions about underlying
brain mechanisms through the quantification of
associated changes in (inter)cellular space (Beaulieu,
2002; van Ewijk et al., 2014). An FA value of zero
indicates fully isotropic diffusion while one indicates
fully anisotropic diffusion (Pierpaoli & Basser,
1996). FA is a summary measure of microstructural
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integrity that is highly sensitive to myelination.
Elevated FA thus represents greater directional
coherence of local diffusion (Chang et al., 2017).
As it is a computable voxel-wise scalar value that is
independent of local WM fiber orientation, FA is a
useful quantity to compare across subjects (Smith et
al., 2000). A systematic meta-analysis of dMRI studies
in individuals with ADHD and typically developing
participants found that lower FA in ADHD has
mostly been reported in interhemispheric, frontal
and temporal regions — however, higher FA has
also been found in similar areas (Aoki et al., 2018).
Notably, the direction of effects was not consistent
across brain regions and studies. The diversity of
locations and mixed direction of effects may be
caused by differences in sample characteristics, study
design and statistical methods (van Ewijk et al., 2012).
Consequently, there has been little consensus about
the associations of white matter microstructure
with different aspects of ADHD such as symptom
severity, long-term trajectory, and familiality.

During typical development, WM maturation
is greatest during the first few years of life, but
adulthood,
mirrored by differential increases in fractional

myelination continues throughout
anisotropy in various brain regions from childhood
through adulthood (Dennis & Thompson, 2013). As
an ADHD patient develops into adulthood, symptom

remission may be underpinned by WM alterations.

Anne Leenders

Not many longitudinal studies have examined
the neurobiological underpinnings of symptom
remission — and none have included more than
one dMRI acquisition. A follow-up dMRI analysis
three decades after diagnosis supports the theory
of the disorder being an enduring neurobiological
trait independent of syndromic remission; Probands
had widespread reduced FA compared to those
who did not have childhood ADHD (Cortese et al.,
2013). Nonetheless, a resting-state functional MRI
analysis pointed to the presence of compensatory
mechanisms that aid symptomatic remission in
prefrontal regions and the executive control network
(Francx, Oldehinkel, et al., 2015). The current study
aims to longitudinally investigate properties of WM
microstructure throughout the trajectory of ADHD.
Specifically, we examine changes in FA between two
time points and its role in symptom remission. In
an overlapping sample from an earlier time window,
Francx and colleagues found that less HI symptom
remission was associated with more global FA at
follow-up in the left corticospinal tract ICST); They
found no association between IA symptom remission
and FA (Francx, Zwiers, et al,, 2015). While this
previous study included clinical data from two time
points and only one dMRI time point, our study here
is a continuation at a later time window and consists
of both clinical and dMRI data from two time points
(see Fig. S1 for a graphical representation of how

IMAGE MNeuroIMAGE1 NeuroIMAGE2
Francx (2015) Present study
Change in CFRS
symptom score
FA NeurolMAGE1 FA NeurolMAGE2 Change FA

Figure S1. Schematic diagram of the relation of this study to the study of Francx, Zwiers, et al. (2015)
(top panel) and a composition of the six different models (bottom panel). Arrows point bi-directionally.
Models 1, 2 and 3 have differences in CPRS as the predictor variable. The outcome variables of these
models are, respectively, FA TP1, FA TP2 and change in FA. Models 4, and 5 and 6 have the same
outcome variable: change in combined CPRS score. Their predictors are respectively FA TP1, FA TP2

and change FA.
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our study chronologically relates to that of Francx
et al. (2015)).

Recently, in the largest sample to date, we showed
that continuous symptom measures of ADHD may
be more sensitive to FA than diagnostic categories
and that associations of FA with ADHD are not
uniformly distributed across WM tracts (Damatac
et al, 2020). Against this background, we here
employ a dimensional approach with Tract Based
Spatial Statistics (ITBSS) in a longitudinal fashion
to solve issues of cross- and within-subject data
alignment, while keeping in mind that ADHD is a
complex set of symptoms continuously distributed
throughout the population (Smith et al., 2006; Smith
et al, 2004). Additionally, we use linear mixed-
effects modeling and Permutation Analysis of Linear
Models (PALM), a newly available permutation-
based analysis technique that restricts permutations
to respect family structure in the sample (Winkler,
Ridgway, Webster, Smith, & Nichols, 2014; Winkler,
Webster, Vidaurre, Nichols, & Smith, 2015). The
sample we use is from the NeuroIMAGE cohort
including ADHD patients, their unaffected siblings
as well as healthy individuals (von Rhein et al., 2015).
The project started with a baseline wave (TPO), the
International Multicenter ADHD Genetics study
(IMAGE), and was followed by two more waves in
the Netherlands only, NeuroIMAGE1 (TP1) and
NeuroIMAGE2 (TP2). During TPO, only clinical and
phenotypic data was collected, various MRI measures
started from TP1.

Methods

Participants

Data were collected from probands with childhood
ADHD, their first-degree relatives, as well as healthy
families (Miller et al., 2011a, 2011b; von Rhein et
al., 2015). The current study focused exclusively on
individuals that participated in both TP1 and TP2 and
have dMRI data available for both time points (IN =
120). Individuals with a diagnosis of autism, epilepsy,
general learning difficulties, known genetic disorders,
brain disorders or 1QQ < 70 at either time point were
excluded. After exclusion for incidental findings, head
motion (+3SD), visual quality control, and outliers
in global FA (£3SD), the final sample consisted of
99 subjects from 65 families. Normalization of head
motion was performed after exclusion of outliers.
Global FA at TP1 and TP2, as well as the difference,
were normally distributed. Demographic and clinical
characteristics of the sample are presented in Table 1.
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Clinical measurements

To measure symptom changes over time, semi-
structured interviews were conducted using the
Conners Parent Rating Scale (CPRS) (Conners
et al,, 1999) at both TP1 and TP2, assessing the
severity of IA and HI symptoms (maximum of 27
per subdomain). The CPRS thus provided us with
HI and IA CPRS symptom scores, as well as the
combined CPRS symptom score (sum of HI and
IA) per subject per time point. Raw CPRS scores
were used for this analysis. Symptom change is
defined as the difference in CPRS score (ACPRS =
CPRS_, — CPRS,,; thus, symptom improvement is
a positive value). 1Q was estimated based on WISC
or WAIS-III vocabulary and block design subtests at
both time points (Wechsler, 2002; Wechsler, 2000).

Data acquisition and pre-processing

Acquisition parameters of the dMRI data are
described in detail elsewhere (Damatac et al., 2020;
Francx, Oldehinkel et al, 2015). MRI data were
acquired with a 1.5 Tesla Siemens Avanto scanner
(Siemens Erlangen). The scanner was equipped
with an 8-channel phased-array head coil. Whole-
brain diffusion-weighted images were collected
(twice refocused PGSE EPI; 60 diffusion-weighted
directions; b-factor 1000 s/mm? 5 non-diffusion
weighted images; intetleaved slice acquisition; TE/
TR = 97/8500 ms; GRAPPA-acceleration 2; phase
full Fourier; voxel size 2 x 2 x 2.2 mm).

To minimize movement during acquisition,
all participants were trained to keep their head
still and received feedback when they moved
too much. During pre-processing, the diffusion
weightedimages were realigned and corrected for
residual eddy current and for artefacts from head
and/or cardiac motion using robust tensor modeling
(PATCH) (Penny, Friston, Ashburner, Kiebel,
& Nichols, 2011; Zwiers, 2010). Head motion is
reported in mm frame-wise displacement. All dMRI
scans were visually inspected to assess the quality of
the data. When the quality was insufficient, data of
the subject were excluded (IN = 4). Diffusion tensor
characteristics, including diffusion eigenvectors,
cigenvalues and FA, were calculated for each voxel
(Behrens et al., 2003).

Statistical analysis

We performed global FA analyses, followed
by voxel-wise analyses. Six mixed-effects models
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Table 1. Demographic and clinical characteristics of the sample at the time of dMRI acquisition of

NeuroIMAGE1 (TP1) and NeuroIMAGE2 (TP2).

TP1 TP2 Test Statistic  (P)
Mean (SD) Mean (SD)
Age 1691  (347) 2057  (3.52)
Sex (female) 42% N =42 42% N =42
Estimated Q* 1052  (15.02) 1064  (1638) 11704 0.2447
Head motion 051  (025) 047  (0.22) 052714 0.5993
Global FA 0466  (0.02) 0471  (0.02) 37386 0.0003114
CPRS by group
Combined 1276 (12.11) 926  (10.20)
1A 805  (7.65) 602  (6.65)
HI 471  (530) 325  (4.23)

Note. Mean and standard deviation are presented. Combined CPRS symptom score is the sum of two

separate subdomains IA and HI.
*Estimated IQ missing for 2 subjects at follow-up.

were composed (Fig. S1). The difference in CPRS
symptom score was used as either the predictor
(model 1, 2 and 3) or the outcome variable of the
models (model 4, 5 and 6). The effects of and on FA
at baseline (TP1), follow-up (TP2), and the difference
between TP1 and TP2 were tested separately. Fixed
effects included gender, normalized head motion at
the respective time point, age at TP1, age difference
between TP1 and TP2, and CPRS symptom score at
TP1. Family was included as a random effect.

Global FA analysis

Global FA was investigated with each of the six
models using the package ‘Ime4’ version 1.1-21 in
R3.5.1. (Bates, Michler, Bolker, & Walker, 2015; R
Core Team, 2017). In the context of longitudinal
dMRI analysis, where within-subject changes are
of potentially greater influence than the between-
subject changes, we adapted the analysis pipeline
according to earlier longitudinal TBSS studies
(Engvig et al., 2012; Madhyastha et al., 2014).
Longitudinal intra-subject data alignment brings
extra difficulty compared to cross-subject nonlinear
space. Intra-subject

registration to common
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longitudinal differences are at risk of being removed
when different nonlinear warps are used for the same
subject at multiple time points. Therefore, using
a nonbiased individual subject template has been
recommended by Engvig et al. (2012). Madhyastha
etal. (2014) provided a script of their pipeline, which
is used as the template-pipeline for this study. Figure
1 presents the visualization of this analysis pipeline
and the procedure is as follows:

1. Initial registration is a solid automated linear
registration using FLIRT with an appropriate
optimization schedule validated for accurate
longitudinal studies (Jenkinson & Smith, 2001;
Smith et al., 2007). Volumes of both time points are
resampled into the space halfway between the two
(Smith, De Stefano, Jenkinson, & Matthews, 2001),
which requires only a single registration per volume,
minimizing the registration bias towards one of the
time points.

2. The two halfway registered FA-maps are
averaged to generate a subject-wise mid-space
template (base FA template).

3. A second adaptation of the pipeline smoothens
the base FA templates. We added extra mode-dilation
and erosion, thus preventing the base FA templates
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Figure 1. Diagram of the steps performed to process longitudinal dMRI data. (1) FA volumes for each
time point for each subject were linearly registered to a space halfway between TPl and TP2 using FLIRT.
(2) From these halfway registered FA volumes, base FA templates were calculated for each subject by
averaging the two time points. (3) Then the dilation and erosion took place, (4) and TBSS transformed
all smoothened FA images to FMRIB58 FA standard-space. (5) The warped FA templates are used to
generate a mean FA map of all subjects and is thinned to create the mean FA skeleton, common to all
subjects. (6) The skeleton is thresholded at FA > 0.20 and binarized to reduce the likelihood of partial
voluming effects. (7) After warping individual FA volumes to standard space, the mean FA skeleton is
projected to the individual volumes for each time point for use in the statistical analyses. (8) Finally, the
voxel-wise difference in FA is calculated by subtracting the 4D skeletonised FA images from TP1 from

Projecting skeleton
on individual
FA |mages

time point 2

Al TP2
skeletonised

L]

Reg FAimages

FAimages

those of TP2.

of inflation of voxels with a value of zero and the
disruption of the resultant FA skeleton — giving us
an improved, better-connected FA skeleton.

4. TBSS non-linearly registers the base FA
template of each subject automatically to FMRIB58
FA standard-space.

5. The mean FA image is created and thinned into
a mean FA skeleton, which represents the centers of
all tracts common to the sample.

6. The skeleton is thresholded at FA > 0.20 and
binarized to suppress areas of low mean FA and/or
high inter-subject variability.

7. Aligned FA data of each subject from both
time points is projected onto this skeleton.

8. Voxel-wise difference in FA is calculated by
subtracting the 4D skeletonised FA images of TP1
from those of TP2.

Voxel-wise analysis

PALM was used to account for the lack of
independence in the data due to sibling relationships
and shared variance between families; permutation
tests between families of the same sizes were
constrained (Winkler et al., 2014). In preference for
classical permutation methods, we designed multi-
level exchangeability blocks which did not allow
permutation amongst all individuals; Permutations
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were constrained both at the whole-block level (i.e.,
permute between families of the same size) and the
within-block level (i.e., permute within families) (Fig.
S2). We corrected for multiple testing by running
5000 permutations and threshold free cluster
enhancement (TFCE) as implemented in PALM
(Smith & Nichols, 2009; Winkler et al., 2014, 2015).
The Johns Hopkins University Diffusion Tensor
Imaging (DTI)-based white-matter atlas from FSL
was used to label white matter tracts (Hua et al.,
2008).

We tested three different voxel-wise models. The
first model tested for the effect of difference in
combined CPRS score on FA at TP1, corrected for
gender, head motion at TP1, baseline age, difference
in age and baseline combined CPRS score. This is the
equivalent of model one for the global FA analysis.

The second voxel-wise model tested for the
effect of the difference in combined CPRS score
on FA at TP2, corrected for gender, head motion at
TP1, baseline age, difference in age and combined
CPRS score of TP2. This is the equivalent of model
two for the global FA analysis.

The third voxel-wise model tested for the effect
of the difference in combined CPRS score on
the difference in FA, corrected for gender, head
motion at TP1 and TP2, baseline age, difference in
age and combined CPRS score of TP2. This is the
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Figure 2. Scatterplots with regression line and 95% confidence interval show the residuals of the linear
model of the mixed models without the predictor variable. None of the six models for global FA yielded

a significant result (p > .1).

equivalent of model three for the global FA analysis.
TFCE corrected p < .05 were considered statistically
significant. All tests used the standard parameter
settings for height, extent and connectivity: H = 2,
E=1,C=26.

Results

Clinical outcome

Mean symptom scores, separated into the sub
scores of HI, IA, and combined (HI + IA) symptom
scores, are presented in Table 1. The combined
number of symptoms decreased significantly over
time (#(98) = 4.88, p < .001). This was driven by the
IA symptom scores (A(98) = 4.23, p < .001) as well
as the HI symptom scores (4(98) = 4.39, p < .001).
Mean decrease in IA symptom domain was 2.04 (5§D
= 4.80), this was 1.46 (§D = 3.30) in the HI domain.
There was no gender difference in the combined
CPRS scores at TP1 (p = .062) and at TP2 (p = .064).
There was no significant difference in the estimated
IQ between TP1 and TP2 (197) = -1.17, p > .1).

MRI results

Global FEA  analysis. Figure 2 presents the
outcome of models 1-6. None of the six models
for global FA vyielded a significant result (p

uncorrected
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> .1). Therefore, neither global mean FA at TP1 or
TP2 nor the difference in FA showed a significant
association with change in ADHD symptom scores
(Porcomecea = - 1)- However, all models had effects,
though non-significant, in the same direction which
could implicate that permutation-based voxel-wise
analyses may be more sensitive to location specific
results.

Voxcel-wise analysis. Model one, two and three were
tested in the permutation-based voxel-wise analysis.
Model one did not show a significant negative
association between combined CPRS symptom
score remission and FA at TP1 (Fig. 3A).

Model two resulted in an association for the
effect of combined CPRS symptom score remission
and FA at TP2. This negative association was found
in two different clusters, presented in Table 2. The
locations of the clusters are shown in Figure 3B
in red; It is the left superior longitudinal fasciculus
(ISLF) and the left corticospinal tract (ICST).
According to a post-hoc analysis, this negative effect
at TP2 is mainly driven by the HI subdomain of the
CPRS symptom score; Two clusters are presented in
Table 2. The locations of the clusters are shown in
Figure 3C in red, mainly located in the ICST.

Model three showed a trend towards a significant
negative association between combined CPRS
symptom score remission and change in FA (p =
.079). However, since the effects in model two
were mainly driven by the HI domain, a post-hoc
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Figure 3. Dimensional TBSS analyses showing associations of the effect of combined CPRS symptom
remission on FA at the different time points. Mean FA skeleton across all subjects (green) was overlaid
on a Montreal Neurological Institute template image for presentation (x = -25, y = -25, z = 31). All
associations are in the same direction, different colours are to differentiate between the different models. A.
Dimensional TBSS analysis showing no significant associations of the effect of combined CPRS symptom
remission on FA at TP1. B. Dimensional TBSS analysis showing a significant negative association of the
effect of combined CPRS symptom remission on FA at TP2 in the left superior longitudinal fasciculus
(ISLF) (p = .036) and the left corticospinal tract (ICST) (p = .044). C. Dimensional TBSS analysis showing
a significant negative association of the effect of the hyperactive/impulsive domain of CPRS symptom
remission on FA at TP2 in the left corticospinal tract (ICST) (p = .049). D. Dimensional TBSS analysis
showing a significant negative association of the effect of the hyperactive/impulsive domain of CPRS
symptom remission on the change in FA at several widespread clusters. See Table 2 for the statistics and
locations of the clusters.

analysis has been done on the HI subdomain. We
found a negative effect of HI on change in FA.
More HI symptom remission is thus associated with
decreased FA over time. This effect has been found
in ten different clusters, mainly in prefrontal parts of
the brain. The locations of the clusters are showed
in Figure 3D in blue, they are located in the uncinate
fasciculus.

Discussion

We did not find a global signdifiature in WM
microstructure that can be interpreted as a possible

moderator or mediator of remission. However,
our results identify more local neural mediators A

of symptom severity in the longitudinal trajectory ¢
of ADHD: Greater combined CPRS symptom
remission is significantly associated with less
follow-up FA in the ISLF and ICST. This effect is
magnified in HI symptom scores, although only
in the ICST. These findings are a longitudinal

Figure S2. Visual representations for the multi-
level notation of the family structure. The four
branches represent the size of each family (i.e.,
three families with four children each). The levels
can be depicted as branching from the central red

replication of Francx etal. (2015) in the same cohort
in a later time window and are partly in line with
past reports of ADHD-related alterations in WM
microstructure (Francx, Oldehinkel et al, 2015;
Onnink et al., 2015; Schweren et al., 2016; van Ewijk
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node, akin to a tree in which the most peripheral
elements (leaves) represent the observations. The
nodes from which the branches depart can be
labelled as allowing permutations (blue) or not

(red).
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et al., 2014). Notwithstanding, given the inclusion
of two diagnostic and two dMRI time points, the
current study has a more suitable design to detect

in ADHD
progression. Although a follow-up analysis comes

neural moderators and mediators
with an increased risk of type I errors and therefore
spurious findings, we decided to further examine
the HI dimension based on previous investigations
that have found, as we did ,that effects of ADHD
symptoms on WM microstructure are driven by
HI (Damatac, Zwiers, Chauvin, Rooij, & Sophie,
2019; Francx, Oldehinkel et al., 2015; van Ewijk
et al., 2012). HI symptom remission may thus be
associated with stronger decrease in FA over time.
The longitudinal design here allows us to infer
causality: Lower FA in some tracts is a downstream
result of symptom remission driven by brain
maturation, reorganization, or compensation in
other areas, which finally results in less stimulation
of those tracts. Others have found the same
distinction in persistent and remittent ADHD in
various neuroimaging modalities (Clerkin et al,
2013; Francx, Oldehinkel et al., 2015; Francx, Zwiers
et al,, 2015; Marcos-Vidal et al.,, 2018; Wetterling
et al., 2015). Through the lens of reorganization,
lower FA can be attributed to seemingly opposed
mechanisms: more axonal sprouting or axonal

Anne Leenders

pruning. Most of the associations we found were
clustered in prefrontal regions of the brain. Higher
functional connectivity in prefrontal networks in
young adults is associated with more improvement
in symptoms over time (Clerkin et al., 2013; Francx,
Zwiers et al., 2015). Likewise, Halperin and Schulz
(2006) hypothesized, based on neuropsychological,
imaging and lesion studies, that the prefrontal
cortex and its connections are especially important
in the persistence of ADHD symptoms. Although
several neural factors are known to contribute to the
onset of ADHD, they may be largely distinct from
those associated with the persistence of symptoms
into adulthood (Onnink et al, 2015). As the
prefrontal cortex develops, there is potential for it to
compensate for the initial causes of ADHD through
its connectivity with subcortical regions such as the
striatum.

This is not the first time that the SLF and
CST have been implicated in ADHD. The SLF
generally subserves a wide variety of functions
related to language, attention, memory, emotion,
and visuospatial function; Many studies have
pointed to its function in visuospatial awareness,
as well as attentional selection of sensory content
(Conner et al., 2018). Here, the effect of overall
ADHD symptom change in follow-up SLF FA

Table 2. Peak voxels and localization of significant (p <.05) clusters of voxel-wise permutation-based

dimensional analyses.

MNI (Peak voxel)

WM NVoxels X (COG) Y(COG) Z(COG) tmax p value
FA_TP2 ~ ICST 723 -21 -27 44 7554 .044
ACPRScombined
ISLF 579 -33 -20 38 8810 .038
FA_TP2 ~ ACPRSHI  ICST 17 -18 -25 52 9810 .049
FA_Change ~ 1IFOF 508 -29 24 17 4414 .041
ACPRSHI
IIFOF 376 -17 31 -10 6127 .035
Fmin 339 -18 50 0 5854 .042
1UF 174 -25 17 -8 5635 .045
ICST 158 -22 -13 8 5624 .047
Fmin 22 -20 38 21 5629 .049
CingGyr 17 -17 32 23 5619 .049
IIFOF 11 -28 15 -1 5627 .049
Fmin 11 -18 46 17 5659 .049
Fmin 9 -12 41 -17 5625 .049

Note. MNI, MontrealNeurological Institute; WM, name of the white matter tract; 1CST, left cortico-spinal
tract; ISLF, left superior longitudinal fasciculus; lIFOF, left inferior fronto-occipital fasciculus; Fmin, forceps
minor; IUF, left uncinate fasciculus; CingGy, cingulum (cingulate gyrus).
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may be related to the development of attentional
selection. A cross-sectional study of response time
variability in a sustained attention task found that
reduced right SLF FA was associated with a higher
frequency of excessively long response times in
ADHD participants (Wolfers et al., 2015). The CST
integrates cortical and lower brain processing centres
in the motor system and has an important role in
modulating sensory information, especially in those
with ADHD because of the motor hyperactivity
that they exhibit (Moreno-Lopez, Olivares-Moreno,
Cotrdero-Erausquin, & Rojas-Piloni, 2016). Altered
modulation of sensory information could potentially
be involved in HI remission as the CST contains
fibers running from the primary motot, premotor,
supplementary motor, somatosensory, parietal and
cingulate cortex to the spine and, thus, is involved in
the control of complex voluntary distal movements
(Welniarz, Dusart, & Roze, 2017).

We only found effects locally and exclusively with
a dimensional approach. This is in line with recent
findings in a large overlapping cohort in which no
evidence was found for altered FA in association
with categorical ADHD diagnosis (Damatac et al.,
2020). Our use of symptom count as a continuous
variable maximizes power to detect symptom-
related changes, thus presenting a clearer insight
into both symptom severity as well as variation in
individuals who do not reach diagnostic threshold.
Additionally, we utilized more newly developed
and suitable techniques with permutation-based
voxel-wise analysis, an improved statistical method
to correctly account for the family structure in the
data (Winkler et al., 2015). Our time window allowed
us to investigate both the differences in symptom
score and FA over time. Hence, we confirm earlier
findings, regardless of the increase in age and even
when taking family relatedness more closely into
account.

To date, there is no reliable method to predict the
likelihood of ADHD remission that could inform
treatment options, clinical planning, and lifestyle
choices. New hypotheses about prefrontal circuits
as mediators in the long-term trajectory of ADHD
can be operationalized in animal research and their
activity can be experimentally manipulated in human
research via techniques such as transcranial magnetic
stimulation —and  neurofeedback  (Holtmann,
Sonuga-Barke, Cortese, & Brandeis, 2014). These
experimental applications could be informative for
the development of new treatments, but currently
lack
targets. According to our results, the prefrontal

evidence-based effective neuroanatomical

cortex might be an interesting target. Identification
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of moderators of remission could help the clinical
practice in moving towards precision medicine and
tailor treatments to individual patients based on their
likelihood of remission. Identification of mediating
mechanisms of ADHD remission could provide
new treatment targets, which are driven by proven
mechanisms underlying successful recovery. Our
study contributes to the search for neural moderators
and mediators.

Conclusion

This is the first time two dMRI time points have
been used in a longitudinal study of ADHD. Our
results indicate that, in specific WM tracts, greater
symptom improvement results in less FA at follow-
up. We have found no evidence of ADHD-related
longitudinal WM alterations at the global brain
level. These findings confirm earlier findings in
an overlapping sample and support hypotheses of
neural compensation and the role of the prefrontal
cortex in the remission of ADHD.
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Investigating the relation between delayed recall and
familiarity-based recognition using atlas-based LSM

Tabas Shuja

Every year millions of people are affected with post-stroke deficits. These deficits comprise episodic verbal
memory processing. Although, extensive research has been done to examine verbal long-term memory, the
underlying mechanisms of recall and familiarity-based recognition are not well understood. Therefore, the
present study examined the influence of ischemic stroke on recall and recognition memory performance
in 115 stroke patients. Verbal long-term memory was examined using Dutch version of the Rey Auditory-
Verbal Learning Test and atlas-based LSM analysis was performed to identify neural correlates in white
and grey matter underlying recall and recognition memory performance. The current study demonstrated
an association between delayed recall and familiarity-based recognition memory, which could suggest
they depend on similar processes. Atlas-based LSM did not reveal brain regions that were related to both
performances. These results suggest that recall and recognition memory may not depend on one specific
neural locus but could be attributed to a complex neural network that could not be detected by LSM.
Future studies could gain more insight in the underlying neural mechanisms of verbal episodic memory by
investigating brain networks.
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