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A B S T R A C T

Previous neural studies have supported the hypothesis that statistical learning mechanisms are used broadly
across different domains such as language and music. However, these studies have only investigated a single
aspect of statistical learning at a time, such as recognizing word boundaries or learning word order patterns. In
this study, we neutrally investigated how the two levels of statistical learning for recognizing word boundaries
and word ordering could be reflected in neuromagnetic responses and how acquired statistical knowledge is
reorganised when the syntactic rules are revised. Neuromagnetic responses to the Japanese-vowel sequence (a,
e, i, o, and u), presented every .45 s, were recorded from 14 right-handed Japanese participants. The vowel
order was constrained by a Markov stochastic model such that five nonsense words (aue, eao, iea, oiu, and uoi)
were chained with an either-or rule: the probability of the forthcoming word was statistically defined (80% for
one word; 20% for the other word) by the most recent two words. All of the word transition probabilities (80%
and 20%) were switched in the middle of the sequence. In the first and second quarters of the sequence, the
neuromagnetic responses to the words that appeared with higher transitional probability were significantly
reduced compared with those that appeared with a lower transitional probability. After switching the word
transition probabilities, the response reduction was replicated in the last quarter of the sequence. The responses
to the final vowels in the words were significantly reduced compared with those to the initial vowels in the last
quarter of the sequence. The results suggest that both within-word and between-word statistical learning are
reflected in neural responses. The present study supports the hypothesis that listeners learn larger structures
such as phrases first, and they subsequently extract smaller structures, such as words, from the learned phrases.
The present study provides the first neurophysiological evidence that the correction of statistical knowledge
requires more time than the acquisition of new statistical knowledge.

1. Introduction

1.1. Statistical learning in language acquisition

How do humans learn a novel structure without explicit knowledge?
It is well known that the mother language is acquired without explicit
instruction of grammatical categories. Several earlier studies have
suggested that learners can extract statistical regularities embedded
in speech sequences, a phenomenon called statistical learning (Saffran
et al., 1996; Saffran, 2003). Even awake and sleeping neonates and
infants can extract words from speech sequences using the statistical
learning strategy of word segmentation after only two minutes of
listening experience, implying that the general ability of statistical
learning may be innate in humans (Saffran et al., 1996; Teinonen et al.,
2009; Kudo et al., 2011). Statistical learning used for locating word
boundaries can also be used to acquire syntax (Saffran, 2001, 2002;

Thompson and Newport, 2007). Furthermore, a behavioural study
demonstrated two aspects of linguistic statistical learning of word
segmentation and word order (Frost and Monaghan, 2016). This
implies that statistical learning is broadly used across different tasks
in language acquisition (Morgan and Newport, 1981; Mintz et al.,
2002). However, how/when statistical learning contributes to language
acquisition and how learning effects are reflected in neurophysiological
responses remains an open question. One of the problems is that most
previous studies have investigated only a single aspect of language
learning at a time, such as the acquisition of words (Abla et al., 2008;
Paraskevopoulos et al., 2012) or grammatical structure (Furl et al.,
2011; Daikoku et al., 2014, 2015). In our real-world learning environ-
ments, when humans listen to language sequences, they are exposed to
linguistic traits of word boundaries and word order patterns. Therefore,
to understand the statistical learning mechanism in our real-world
language learning environments and how/when statistical learning
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contributes to language acquisition, it is necessary to investigate how
these two levels of statistical learning of speech-tone sequences
embedding both words and patterns from the word order can be
reflected in neuromagnetic responses.

According to recent studies, the strategies for language acquisition
can be shifted from domain-general statistical learning to domain-
specific native-language perception between 6 and 12 months, a critical
period for language acquisition (Hauser et al., 2002; Kuhl, 2011; Peña
et al., 2012). A young infant (birth from 37 weeks to 8 months) uses a
statistical learning strategy to recognize boundaries between words in
speech sequences (Saffran et al., 1996; Teinonen et al., 2009; Kudo
et al., 2011). As they grow, they begin to show a narrowing in their
language perception by at least by 12 months of age. For example,
using oddball paradigms, Bosseler et al. (2013) demonstrated that in 6-
month-old infants, brain oscillations in the theta band (4–8 Hz), which
can reflect increases in attention and cognitive effort, increased when
exposed to both native and non-native language stimuli that appeared
in the experiment at higher probabilities compared to those appearing
at lower probabilities, suggesting a capability to perform statistical
learning for language acquisition, regardless of language status (native
or non-native). In contrast, adults showed increased brain oscillations
in the theta band specifically for non-native language stimuli, regard-
less of the probability of appearance during the experiment. The 12-
month-old infants showed increased brain oscillations in the theta
band specifically for native language regardless of the probability of
appearance during the experiment, whereas adults showed increased
theta to non-native language. The author suggested that 12-month-old
infants attend to the detailed characteristics of native language to
develop representations in knowledge, implying a pattern in the
transition of learning strategies from 6-month-old infants to adults.
These results may be consistent with the fact that the perceptual
narrowing occurs by 12 months of age. Importantly, this shift in
learning strategy may be particularly related to statistical learning for
language, rather than statistical learning in general. These studies
suggested that the language learning strategies could inevitably be
shifted from domain-general statistical learning to domain-specific
native-language perception because there is a critical period for
language acquisition. This notion may, on the other hand, raise the
question of whether adults retain the ability for statistical learning even
after they have shifted to domain-specific native-language perception
such as syntax and words. Regarding this question, the previous studies
demonstrated that adults who had acquired native language also
performed statistical learning when they tried to learn an unknown
language (Saffran et al., 1999; Gómez, 2002; Peña et al., 2002; Daikoku
et al., 2015): adults can extract statistical regularities such as transi-
tional probabilities included in speech sequences and can recognize
both word boundaries and word order in speech sequences (i.e., word
segmentation and syntax, respectively) (Frost and Monaghan, 2016).
However, previous studies have suggested that learners had difficulty in
extracting grammatical-like regularity based on non-adjacent depen-
dency included in speech sequences, and the discovery of the gramma-
tical system appears to require a different type of computation as well
as transitional probability (Gomez, 2002; Peña et al., 2002). Taken
together, recent studies suggest that adults perform statistical learning
to acquire words and simple syntax when they try to learn an unknown
language, while different types of learning strategies are additionally
required to acquire the grammatical system.

One of the most essential abilities in learning is to constantly
modify and update the acquired knowledge. The neural mechanisms
underlying the modification of motor memories have been examined in
earlier studies (Birbaumer, 2010; Censor et al., 2010). In a behavioural
study, Gebhart et al. (2009) investigated how changes in statistical
information affected learning when learners were presented with
speech sequences with an embedded statistical structure. They demon-
strated that past statistical knowledge blocked statistical learning and
that participants learned changed statistical structure when exposed to

the changed structure for an extended duration vis-à-vis the duration
of the first statistical structure. On the other hand, to the best of our
knowledge, none of these studies investigated the neural representation
underlying the modification of linguistic statistical learning. To gen-
erally understand how statistical learning contributes to language
learning, the neural basis underlying the modification of statistical
knowledge needs to be examined. In the present study, using magne-
toencephalography (MEG), we verified how the modification of
acquired statistical knowledge as well as statistical learning is reflected
in neural responses.

1.2. Neurophysiological markers of statistical learning

Previous studies on auditory statistical learning, using a second-
order Markov chain (Markov, 1971, reprinted in 1971; Furl et al.,
2011; Daikoku et al., 2014, 2015) or a word segmentation task (Abla
et al., 2008; Paraskevopoulos et al., 2012), have shown that auditory
statistical learning can be reflected in neural responses. Previous
studies using two different experimental paradigms have shown similar
results: neural responses to tones that appear frequently in reference to
the most recent tones are more rapidly reduced than responses to tones
that appear infrequently. In addition, these statistical learning effects
reflected in neural responses could be observed in both the ERPs and
the magnetic counterparts of ERPs. This neural effect could be
observed in the responses at approximately 50 ms (i.e., P1/P1m)
(Paraskevopoulos et al., 2012; Daikoku et al., 2016), 100 ms (i.e.,
N1/N1m) (Abla et al., 2008; Furl et al., 2011; Daikoku et al., 2014,
2015; Koelsch et al., 2016), and 200 ms (i.e., P2/P2m) (Furl et al.,
2011) after stimulus onset.

A previous study on learning reported that adaptation effects on the
N1m and P2m responses to repeated stimuli were detected at different
time scales and polarities. In that study, the participants attended two
experimental sessions on different days. The N1m amplitudes were
attenuated during each session and were recovered between the two
sessions. In contrast, the P2m amplitudes were fairly constant within a
session but increased from the first to the second session (Ross and
Tremblay, 2009). This suggests that the P2 response resists adaptation
more than the N1 response. Due to this long time constant of P2
response modification, in our previous study, when participants
listened to auditory sequences for 5 min, statistical learning effects
were reflected in the N1 but not the P2 responses (Daikoku et al., 2014,
2015). By training for voice-onset-time perception, the N1-P2 peak-to-
peak amplitude increased over a long time scale of 10 days, whereas the
P1-N1 peak-to-peak amplitude had no significant difference at any
time scale (Tremblay et al., 2001). In these studies, the temporal
dynamics of P1m, N1m, and P2m amplitudes could be interpreted as a
reflection of neuroplastic changes along different time scales. The
present study aimed to investigate how adults can extract statistical
structure contained in words and syntax during short-term exposure to
auditory sequences in which an original artificial grammar was
embedded and how short-term statistical learning can modulate the
early neuromagnetic components of P1m and N1m, reflecting the pre-
attentive processing of short-term memory.

1.3. The purpose of the present study

How statistical learning contributes to language acquisition re-
mains highly controversial. Previous neurophysiological studies have
investigated only a single aspect of language learning at a time, such as
the acquisition of words (Abla et al., 2008; Paraskevopoulos et al.,
2012) or grammatical structure (Furl et al., 2011; Daikoku et al., 2014,
2015). In our real-world learning environments, when humans listen to
language sequences, they are exposed to the linguistic traits of word
boundary and word order patterns. Therefore, to understand the
statistical learning mechanism in our real-world language learning
environments, we investigated how these two levels of statistical
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learning of speech-tone sequences embedding both words and patterns
from the word order could be reflected in the neuromagnetic responses,
and we verified the hypothesis that statistical learning contributes to
recognition of both word boundaries and word ordering.

To the best of our knowledge, none of these studies have neurolo-
gically investigated how adults learn statistical structures contained in
words and syntax during short-term exposure to speech sequences in
which an original artificial grammar was embedded, and none have
neurologically determined how statistically acquired knowledge is
modified or corrected. In the present study, using the magnetic
counterparts of event-related potentials (ERPs), we simultaneously
verified neurophysiological evidence of two aspects of linguistic statis-
tical learning (word segmentation and word ordering) during listening
to linguistic sequences and how the knowledge was reorganised when
the syntactic rules are revised.

According to previous studies on statistical learning that used a
Markov stochastic model or a word segmentation task, tones that
appear with higher transitional probability (i.e., more-predictable
tones) lead to reduced amplitude and shortened neural response
latencies, whereas tones that appear with lower transitional probability
(i.e., less-predictable tones) preserve the neural response amplitude
(Abla et al., 2008; Furl et al., 2011; Paraskevopoulos et al., 2012;
Daikoku et al., 2014, 2015). In the present study, using both the
Markov stochastic model and a word segmentation task, we hypothe-
sized that the amplitudes for the final tone within words would be
significantly reduced compared to those for the initial tone, after
learning word borders (i.e., word segmentation), and that the ampli-
tudes for words that appeared with higher transitional probability
would be significantly reduced compared with those with lower
transitional probability. In addition, we hypothesized that the ampli-
tudes of the responses to words that appear with higher and lower
transitional probabilities in the first half of the sequence should be
switched in the latter half, when the word transition probabilities (80%
and 20%) assigned in the first half of the vowel sequences were
switched. If participants can modify and update previously acquired
statistical knowledge, the amplitudes of the responses to words that
appear with higher and lower transitional probabilities in the first half
of the sequence should also be switched in the latter half.

2. Methods

2.1. Participants

Fourteen right-handed (Edinburgh handedness questionnaires; the
laterality quotient ranged from 52 to 100; Oldfield, 1971) healthy
Japanese participants were included (7 males, 7 females; age range:
22–50 years). All of the participants self-reported that they had no
history of neurological or audiological disorders. All of the participants
were monolinguals. None of the participants had experiences with
living abroad, and none of the participants possessed absolute pitch
according to self-reported responses. This study was approved by the
Ethics Committee of The University of Tokyo. All participants were well
informed of the protection of personal data as well as the purpose and
safety of this experiment, and they provided written informed consent
prior to the study.

2.2. Stimuli

2.2.1. Sounds
Using a cascade-Klatt type formant synthesizer (Klatt, 1980) called

HLsyn (Sensimetrics Corporation, Malden, MA, USA), we generated
five Japanese vowels with different fundamental frequencies (F0s) in a
five-tone equal temperament (F0=120×2(n-1)/5 Hz, n =1–5): /a/(F0:
120, F1: 780, F2: 1200 Hz), /o/(F0: 138, F1: 610, F2: 700 Hz), /e/(F0:
158, F1: 600, F2: 1500 Hz), /u/(F0: 182, F1: 430, F2: 1000 Hz), /i/
(F0: 209, F1: 420, F2: 1800 Hz). The duration of each vowel was

400 ms, including a rise and fall of 10 and 200 ms, respectively.

2.2.2. Sequences
The stimuli for this study consisted of a sequence of 1800 vowels

with a stimulus onset asynchrony of 450 ms. The order of the vowels
was statistically defined according to two criteria. First, at the word
level, each subsequent set of three vowels had to follow the order of one
of five nonsense words (/aue/, /eao/, /iea/, /oiu/, and /uoi/). Second,
at the syntactic level, the order of these nonsense words was deter-
mined by a second-order Markov model: the probability of the forth-
coming word was statistically defined (80% for one word; 20% for the
other word) by the two most recent words (Fig. 1). The transitional
probabilities of 80% and 20% for all of the words were switched in the

Fig. 1. The word transition matrix of the Markov chain used in the study. The two most
recently presented words (rows) statistically defined the words that could appear next
(columns). In the first half of the sequence, the two words (columns) could follow the
most recent two words (rows) with an 80% (filled cells) or 20% (hatched cells)
probability. All of the word transition probabilities were switched in the middle of the
sequence. Thus, in the latter half, the two words (columns) could follow the most recent
two words (rows) with an 80% (hatched cells) or 20% (filled cells) probability.
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middle of the 1800-vowel sequences. The vowel sequence could be
divided into four quarters (first, second, third, and fourth phases) with
450 vowels (i.e., 150 words) each (Fig. 2). By comparing neuromag-
netic responses in the first and second phases, we estimated the effect
of the statistical learning of new knowledge. Furthermore, by compar-
ing neuromagnetic responses across the switching of transitional
probabilities, we verified the process of modification of learned
statistical knowledge. A one-second silent period was pseudo-randomly
inserted within every set of 40 successive vowels in the sequence, and
the participants were instructed to raise their right hand at every silent
period in the sequence to confirm that they attended to the vowel
sequences.

2.2.3. Measurement
We recorded MEG signals from participants as they listened to the

1800-vowel sequence. Auditory stimuli were sequenced with the
STIM2 system (Compumedics Neuroscan, El Paso, TX, USA) and were
binaurally delivered to participants' ears at 80 dBSPL through ER-3A
earphones (Etymotic Research, Elk Grove Village, IL, USA). MEG
signals were recorded in a magnetically shielded room using a 306-
channel neuromagnetometer system (Elekta Neuromag Oy, Helsinki,
Finland) with 204 planar first-order gradiometers and 102 magnet-
ometers at 102 measuring sites on a helmet-shaped surface that
covered the entire scalp. Auditory stimulus-triggered epochs were
filtered online with a .1–200 Hz band-pass filter and were then
recorded at a sampling rate of 600 Hz.

2.2.4. Behavioural test
After the MEG measurements, participants completed a behaviour-

al test in which they were presented with 30 series of 15 vowels.
Participants then reported whether each 15-vowel series sounded
familiar or not in a binary fashion. The 30 series of 15 vowels could
be categorised into three types. In ten of these series, the vowels were
transitioned with the same statistical constraints as those in the latter
half of the vowel sequence in the MEG measurement (word-ordered
series). In an additional ten of the 30 series, the between-word
constraint (i.e., the order of the words) was relaxed from Markov to
random, while the within-word constraint remained unchanged (ran-
dom word series). For the remaining ten of the 30 series, the within-
word constraint was also relaxed so that the order of vowels was
random (random vowel series). The presentation order of the 30 series
was randomised across the entire test. The behavioural test following
each MEG measurement was completed within six minutes. The logit
transformation was applied to normalize the ratios of answers stating
that the vowel series sounded familiar (familiarity ratios). We con-
ducted analysis of variance (ANOVA) with the logit values of the
familiarity ratios for each series. When we detected significant effects,
Bonferroni-corrected post-hoc tests were conducted for further analy-
sis. Statistical significance levels were set at p=.05 for all analyses.

2.2.5. Data analysis
Epochs with artefacts that exceeded 3 pT/cm or 3 pT for any MEG

channel were excluded from the analyses. Contamination from envir-
onmental noise was reduced by using the temporally extended signal
space separation method with a buffer length of 10 s and a correlation

limit of .980 (Taulu and Hari, 2009). Selective response averaging was
conducted separately for the first, second, third, and final phases of the
sequence (Fig. 2) to extract learning effects from the neuromagnetic
responses during the entire 1800-vowel sequence. In addition to
selective averaging, all responses to the vowels in the sequence were
averaged for each participant to evaluate the reliability of the individual
components of the evoked responses. The averaged responses were
filtered offline using a 2–40-Hz band-pass filter. The baseline for the
magnetic signals in each MEG channel was defined by the mean
amplitude in the pre-stimulus period from −100 to 0 ms. The analysis
window was defined as 0–400 ms. The P1m, N1m, and P2m responses
were separately modelled as single equivalent current dipoles (ECDs)
in each hemisphere. The ECDs for the P1m, N1m, and P2m responses
to all of the vowels were separately estimated at the peak latencies
using the 66 temporal channels for each participant (Fig. 3a).
Participants who demonstrated poor ECD estimation, with a good-

Fig. 2. Experimental design. The vowel sequence consisted of 1800 repetitions of the five
vowels presented with a stimulus onset asynchrony of 450 ms. To extract learning effects
from the neuromagnetic responses during the entire 1800-vowel sequence, selective
response averaging was performed separately for the first, second, third, and final phases
of the sequence with 450 vowels (150 words) each.

Fig. 3. a. The 66 selected channels in each hemisphere for ECD and source-strength
calculations are bordered with dotted lines. b. Source-strength waveforms for the N1m
responses in a representative subject. c. The ECD locations (dots) and orientations (bars)
for the N1m responses superimposed on the MR images (1.5 T, TR/TE =2030/4.38 ms).
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ness-of-fit below 75% in either the left or right hemisphere, were
excluded from further analysis. Consequently, learning effects on the
P1m, N1m, and P2m components were studied in 13, 12, and 11
participants, respectively. For one participant, only P1m was excluded.
For another participant, only N1m was excluded. For an additional
participant, both N1m and P2m were excluded. In two other partici-
pants, only P2m was excluded.

To confirm the time course of learning effects from the neuromag-
netic responses during the entire 1800-vowel sequence, selective
response averaging was conducted separately for the first, second,
third, and final phases (450 vowels per phase) and for the initial,
middle, and final vowels within each word with high and low transi-
tional probability. In each phase of the sequence, the responses to each
vowel were selectively averaged from the beginning of the phase until
the average number reached the same times for each vowel and was
distinguished according to the order within the words and the
transitional probabilities of the words. The source-strength waveforms
for the P1m, N1m, and P2m in each hemisphere were calculated by
using the ECDs as templates (Fig. 3). Then, we performed a 2
(hemisphere: right and left) ×3 (vowels: initial, middle, and final) ×2
(probability: high and low) repeated-measures ANOVA with the peak
amplitude and latency of the source strength of each P1m, N1m, and
P2m component in each phase. When we detected significant effects,
Bonferroni-corrected post-hoc tests were conducted for further analy-
sis. The statistical significance levels were set at p=.05 for all analyses.

3. Results

3.1. Behavioural data

The results of the two-tailed t-tests indicated that the familiarity
ratios were significantly above the chance level of 50% in the word-
ordered (t[13] =3.84, p=.002, mean =70.7%) and random word series
(t[13] =2.49, p=.03, mean =58.6%) and were significantly below
chance level in the random vowel series (t[13] =−2.46, p=.03, mean
=40.0%) (Fig. 4).

The ANOVA with the familiarity ratios for the three different
categories detected a significant difference (F[2,26] =20.34, p=.0001,
partial η2 =.61). The Bonferroni-corrected post hoc test revealed that
the familiarity ratios were significantly higher in the word-ordered
series than in the random word (p=.049) and random vowel (p=.0001)
series. The familiarity ratios were significantly higher in the random
word series than in the random vowel series (p=.007) (Fig. 4). No other
significant results were detected in the behavioural tests. These results
indicated that participants acquired both word boundary and word
order knowledge.

3.2. Magnetoencephalographic data

We confirmed that all participants correctly raised their right hand
at every silent period in the sequences and that they attended to the
vowel sequences. The averaged peak amplitudes and latencies of the
P1m, N1m, and P2m are shown in Table 1. We performed a repeated-
measures ANOVA with the peak amplitude and latency of the source
strength of each P1m, N1m, and P2m component in each phase.
Significant differences were detected in each phase of the vowel
sequence, as shown in Fig. 4.

3.2.1. First phase
We performed a 2 (hemispheres: right and left) ×3 (vowels: initial,

middle, and final) ×2 (probability: high and low) repeated-measures
ANOVA with the peak amplitude and latency of the source strength of
each P1m, N1m, and P2m component in each phase. As a result, the
main probability effect on the P1m peak amplitudes was significant
(F[1,12] =7.93, p=.016, partial η2 =.40, mean: high probability =9.98,
low probability =13.09). The P1m peak amplitudes for words with
higher transitional probabilities were significantly reduced compared
to those for words with lower transitional probabilities (Fig. 5),
suggesting that the word order could be detected in the first phase.
The main hemisphere effect on the P1m peak amplitudes was
significant (F[1,12] =20.34, p=.001, partial η2 =.63, mean: left
=13.42, right =9.65). The P1m peak amplitudes were significantly
greater in the left hemisphere than the right hemisphere. There was no
effect of vowel placement within a word on P1m (F[2,24] =.45, p=.64,
partial η2 =.036), N1m (F[2,22] =1.51, p=.24, partial η2 =.12), and
P2m (F[2,20] =.053, p=.95, partial η2 =.005) amplitudes in the first
phase, suggesting that word segmentation could not be detected in the
first phase. No other significant differences in P1m, N1m, or P2m were
detected.

3.2.2. Second phase
The main probability effect on the P1m peak amplitudes was

significant (F[1,12] =5.57, p=.036, partial η2 =.32, mean: high prob-
ability =11.72, low probability =13.77). The P1m peak amplitudes for
words with higher transitional probabilities were significantly reduced
compared with those for the words with lower transitional probabilities
(Fig. 5), suggesting that word order could be detected in the second
phase. The main hemisphere effect on the P1m peak amplitudes was
significant (F[1,12] =13.10, p=.0040, partial η2 =.52, mean: left
=14.87, right =10.62). The P1m peak amplitudes were significantly
greater in the left hemisphere than the right hemisphere. The main
probability effect on the P1m peak latencies was significant (F[1,12]
=8.70, p=.012, partial η2 =.42, mean: high probability =61.18, low
probability =64.56). The P1m peak latencies for words with higher
transitional probabilities were significantly earlier than those for words
with lower transitional probabilities. The probability-vowel interaction
of the N1m peak latencies was significant (F[2,22] =5.23, p=.014,
partial η2 =.32). Further statistical analysis of the probability-vowel
interaction revealed two significant results. First, among the three
vowels within a low-transition-probability word, the N1m peak laten-
cies for the middle vowel were significantly earlier than those for the
initial vowel (p=.015, mean: initial vowel =128.13, middle vowel
=115.08). Second, the N1m peak latencies for an initial vowel with
high transitional probability were significantly earlier than those for an
initial vowel with low transitional probability (p=.004, mean: high
probability =117.58, low probability =128.13). There was no effect of
vowel placement within a word on the P1m (F[2,24] =.29, p=.75,
partial η2 =.023), N1m (F[2,22] =1.28, p=.30, partial η2 =.10), or P2m
(F[2,20] =1.22, p=.32, partial η2 =.11) amplitudes in the second phase,
suggesting that word segmentation could not be detected in the second
phase. No other significant differences in the P1m, N1m, and P2m were
detected.

Fig. 4. The ratios of behavioural responses indicating that the series sounded familiar to
the participants. The bars indicate the standard error of the mean.
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3.2.3. Third phase
The word transition probabilities of 80% and 20% assigned in the

first half of the 1800-vowel sequences (first and second phases) were
switched in the latter half (third and last phases). The main hemisphere
effect on the P1m peak amplitudes was significant (F[1,12] =7.16,
p=.020, partial η2 =.37, mean: left =15.72, right =11.16). The P1m
peak amplitudes were significantly larger in the left hemisphere than
the right hemisphere. There was no effect of vowel placement within a
word on P1m (F[2,24] =1.13, p=.34, partial η2 =.086), N1m (F[2,22]

=.25, p=.78, partial η2 =.022), or P2m (F[2,20] =2.57, p=.10, partial η2

=.20) amplitudes in the third phase, suggesting that word segmenta-
tion could not be detected in the third phase. Although the P1m peak
amplitudes for words with higher transitional probabilities were
significantly reduced compared to those for words with lower transi-
tional probabilities in the first and second phases, this difference could
not be detected in the third phase, where transitional probabilities were
switched (P1m: F[1,12] =.003, p=.96, partial η2 =.0001, N1m: F[1,11]
=1.62, p=.23, partial η2 =.13, and P2m: F[1,10] =.24, p=.63, partial η2

Table 1
The averaged peak amplitudes and latencies of the P1m, N1m, and P2m responses that were distinguished according to the order within the words and the transitional probabilities of
the words in each phase of the sequence.

a Left hemisphere

Initial vowel Middle vowel Final vowel

Phase Probability High Low High Low High Low

First P1m Amplitude 11.4 ± 1.7 15.1 ± 2.3 15.3 ± 2.8 13.2 ± 2.2 9.8 ± 1.0 15.8 ± 2.5
Latency 60.5 ± 2.8 61.9 ± 3.9 62.2 ± 3.7 61.0 ± 4.1 60.5 ± 4.5 63.5 ± 4.8

N1m Amplitude 16.8 ± 3.5 17.6 ± 4.8 18.8 ± 4.3 15.8 ± 3.5 18.3 ± 4.0 15.4 ± 4.3
Latency 112.3 ± 3.0 118.1 ± 3.3 114.1 ± 3.3 116.9 ± 3.8 113.5 ± 3.7 117.1 ± 3.9

P2m Amplitude 17.3 ± 5.0 19.1 ± 4.7 17.1 ± 4.1 16.2 ± 2.5 14.2 ± 3.0 17.0 ± 3.7
Latency 189.1 ± 6.2 192.7 ± 6.6 191.1 ± 9.0 192.2 ± 7.9 184.4 ± 7.3 189.8 ± 6.4

Second P1m Amplitude 13.7 ± 3.0 17.2 ± 2.9 13.1 ± 1.7 14.6 ± 2.7 13.6 ± 2.9 17.0 ± 2.5
Latency 59.7 ± 4.2 63.7 ± 5.2 64.9 ± 6.8 66.4 ± 6.1 62.8 ± 3.0 65.6 ± 1.8

N1m Amplitude 16.5 ± 3.5 18.7 ± 4.6 15.6 ± 4.1 15.0 ± 3.4 14.8 ± 3.1 15.0 ± 4.1
Latency 116.0 ± 5.5 130.1 ± 6.9 117.2 ± 2.8 114.9 ± 3.5 111.8 ± 2.7 113.8 ± 3.5

P2m Amplitude 16.6 ± 4.7 17.6 ± 4.5 18.0 ± 3.6 17.8 ± 5.0 17.8 ± 4.5 19.5 ± 6.1
Latency 184.7 ± 9.3 191.3 ± 7.0 184.5 ± 7.0 187.4 ± 7.7 185.5 ± 8.0 179.8 ± 6.4

Third P1m Amplitude 16.0 ± 2.6 15.6 ± 3.4 16.1 ± 2.0 17.4 ± 4.3 15.9 ± 2.3 13.3 ± 3.2
Latency 62.2 ± 6.4 66.5 ± 4.3 66.1 ± 4.1 65.9 ± 4.6 67.1 ± 5.1 67.5 ± 5.2

N1m Amplitude 12.7 ± 3.7 14.6 ± 3.7 14.7 ± 3.5 14.2 ± 3.0 12.3 ± 2.8 14.8 ± 2.7
Latency 116.0 ± 3.4 120.8 ± 4.5 120.1 ± 4.4 119.3 ± 4.8 112.9 ± 2.8 122.3 ± 5.1

P2m Amplitude 19.6 ± 5.0 17.4 ± 3.9 21.4 ± 5.5 24.8 ± 7.1 18.9 ± 4.8 22.0 ± 5.0
Latency 186.6 ± 6.7 182.0 ± 8.3 182.6 ± 6.9 184.4 ± 7.3 185.6 ± 7.3 186.7 ± 7.9

Last P1m Amplitude 16.6 ± 3.3 17.5 ± 3.2 14.0 ± 2.7 18.0 ± 3.1 15.7 ± 3.2 18.7 ± 2.5
Latency 61.1 ± 5.9 59.5 ± 5.7 6.5 ± 3.9 66.9 ± 3.8 63.7 ± 3.9 6.5 ± 5.7

N1m Amplitude 11.8 ± 2.2 16.9 ± 3.9 12.2 ± 3.1 13.7 ± 3.4 9.0 ± 3.1 12.4 ± 2.8
Latency 110.1 ± 6.5 129.3 ± 3.8 115.1 ± 4.8 119.9 ± 5.2 109.8 ± 5.5 119.4 ± 3.9

P2m Amplitude 17.6 ± 4.0 17.8 ± 4.0 17.4 ± 3.4 18.1 ± 4.1 16.9 ± 2.9 19.2 ± 3.5
Latency 189.8 ± 8.1 188.3 ± 7.5 178.2 ± 5.4 187.7 ± 5.9 183.2 ± 6.0 186.6 ± 6.8

b Right hemisphere

Initial vowel Middle vowel Final vowel

Phase Probability High Low High Low High Low

First P1m Amplitude 7.9 ± 1.3 12.0 ± 2.6 9.1 ± 1.7 10.4 ± 2.0 6.4 ± 1.8 12.2 ± 1.5
Latency 63.6 ± 4.7 60.9 ± 3.8 61.5 ± 2.7 66.4 ± 3.3 63.3 ± 3.1 59.2 ± 3.2

N1m Amplitude 17.3 ± 3.4 19.5 ± 4.7 22.7 ± 5.0 20.2 ± 4.6 19.1 ± 4.5 19.0 ± 4.8
Latency 114.3 ± 2.5 118.9 ± 5.1 113.4 ± 3.8 115.1 ± 3.4 116.9 ± 4.0 114.3 ± 4.2

P2m Amplitude 11.7 ± 2.8 10.4 ± 2.1 11.1 ± 1.7 14.4 ± 2.2 11.8 ± 1.9 14.1 ± 2.6
Latency 189.0 ± 5.9 188.9 ± 6.1 181.8 ± 4.9 183.5 ± 5.9 185.5 ± 7.7 181.5 ± 5.8

Second P1m Amplitude 11.5 ± 3.3 11.0 ± 1.4 9.5 ± 1.6 12.3 ± 2.5 8.9 ± 1.8 10.4 ± 1.7
Latency 62.8 ± 3.4 63.5 ± 4.1 59.3 ± 3.5 65.0 ± 3.2 57.5 ± 5.7 63.2 ± 4.2

N1m Amplitude 19.5 ± 4.2 18.9 ± 4.5 17.5 ± 4.3 18.7 ± 4.2 15.8 ± 2.8 18.7 ± 4.0
Latency 119.2 ± 3.7 126.2 ± 6.2 118.0 ± 4.8 115.3 ± 2.9 119.5 ± 4.4 123.2 ± 4.9

P2m Amplitude 12.7 ± 2.5 9.7 ± 2.8 12.9 ± 2.0 14.1 ± 2.2 15.6 ± 3.0 11.1 ± 1.9
Latency 183.5 ± 2.9 183.9 ± 6.5 184.3 ± 4.4 184.4 ± 5.5 185.0 ± 6.9 188.1 ± 6.0

Third P1m Amplitude 11.5 ± 1.8 12.5 ± 3.0 10.2 ± 1.6 11.6 ± 2.3 11.0 ± 3.0 10.1 ± 2.2
Latency 64.5 ± 3.8 65.1 ± 3.7 61.0 ± 4.4 65.7 ± 2.8 63.8 ± 3.8 63.2 ± 4.0

N1m Amplitude 17.1 ± 4.0 15.5 ± 4.1 14.9 ± 2.8 18.1 ± 3.8 15.1 ± 3.5 16.0 ± 2.8
Latency 118.8 ± 4.7 124.4 ± 5.1 117.1 ± 7.0 119.1 ± 3.9 112.3 ± 4.1 118.6 ± 5.4

P2m Amplitude 12.1 ± 1.8 12.1 ± 2.3 14.5 ± 2.0 13.3 ± 2.5 13.3 ± 2.7 13.7 ± 2.0
Latency 190.3 ± 8.2 184.7 ± 7.8 18.5 ± 3.5 186.1 ± 6.2 178.6 ± 7.3 188.6 ± 8.9

Last P1m Amplitude 12.5 ± 2.8 13.4 ± 2.1 10.9 ± 2.1 11.0 ± 2.0 1.5 ± 2.7 13.0 ± 1.9
Latency 64.1 ± 4.2 61.8 ± 4.4 65.5 ± 3.2 65.5 ± 4.0 71.2 ± 4.0 67.0 ± 2.2

N1m Amplitude 17.6 ± 3.6 17.7 ± 3.7 10.9 ± 3.6 19.0 ± 3.3 14.9 ± 3.5 13.4 ± 3.0
Latency 120.9 ± 4.3 117.9 ± 3.7 121.7 ± 5.6 127.1 ± 7.0 114.2 ± 3.0 120.3 ± 4.6

P2m Amplitude 14.1 ± 3.0 11.1 ± 2.1 12.9 ± 2.1 12.9 ± 2.2 11.0 ± 1.7 15.7 ± 2.4
Latency 182.2 ± 4.4 188.8 ± 9.5 180.8 ± 6.9 184.1 ± 5.6 181.7 ± 4.5 179.6 ± 5.7

mean ± standard error of the mean (amplitude: nAm; latency: ms)
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=.024), suggesting that word order could be confused in the third phase
because of the switch. No other significant differences in P1m, N1m, or
P2m were detected.

3.2.4. Last phase
The main probability effect on the P1m and N1m peak amplitudes

was significant (P1m: F[1,12] =5.47, p=.037, partial η2 =.31, mean:
high probability =13.37, low probability =15.27, N1m: F[1,11] =7.01,
p=.023, partial η2 =.39, mean: high probability =12.74, low probability
=15.52). The P1m and N1m peak amplitudes for words with higher
transitional probabilities were significantly reduced compared with
those for words with lower transitional probabilities (Figs. 5 and 6),
suggesting that word order could be detected in the last phase for the
first time after switching the word transition probabilities. The main
hemisphere effect on the P1m peak amplitudes was significant (F[1,12]
=11.32, p=.0060, partial η2 =.49, mean: left =16.76, right =11.88). The
P1m peak amplitudes were significantly larger in the left hemisphere
than the right hemisphere. The main vowel effect on the N1m peak
amplitudes was significant (F[2,22] =4.12, p=.0030, partial η2 =.27).
The N1m peak amplitudes for the final vowel were significantly reduced
compared with those for the initial vowel (p=.042, mean: initial vowel
=15.99, final vowel =12.46) (Fig. 6), suggesting that word segmenta-

tion was detected in the last portion for the first time during the 1800-
vowel sequence. The main probability effect on the N1m peak latencies
was significant (F[1,11] =5.34, p=.041, partial η2 =.33, mean: high
probability =115.32, low probability =122.32). The N1m peak latencies
for words with higher transitional probabilities were significantly
earlier than those for words with lower transitional probabilities
(Fig. 6). No other significant differences in the P1m, N1m, and P2m
were detected.

4. Discussion

4.1. Event-related responses as an index of statistical learning

When learners perform statistical learning of tone sequences, they
can predict a tone that will follow certain preceding tones (Abla et al.,
2008; Furl et al., 2011; Paraskevopoulos et al., 2012; Daikoku et al.,
2014, 2015). With this prediction, tones that appear with higher
transitional probability (i.e., more-predictable tones) lead to a reduc-
tion in amplitude and an earlier latency of neural responses. In
contrast, with the violation of this expectation, tones that appear with
lower transitional probability (i.e., less-predictable tones) preserve the
neural response amplitude. As a result, the differences in the amplitude
and latency of the responses to tones between higher and lower
transitional probabilities could occur during statistical learning. In
previous studies, such differences could be detected in P1m
(Paraskevopoulos et al., 2012; Daikoku et al., 2016) and N1 responses
(Abla et al., 2008) when participants listened to a continuous con-
catenation of tone words. Because tone transitions between words were
more variable than within words, the amplitudes for the final tone
within words were significantly lower than those for the initial tone,
after learning word borders (i.e., word segmentation). However, word
segmentation is not sufficient to account for all levels of the language
learning process, such as the acquisition of phrase structures involved
in grammatical categories (Saffran et al., 1999; Hauser et al., 2002). In
the present study, the time course of learning both word orders and
word borders was investigated by embedding hierarchical statistical
rules in the vowel sequence. In addition, all of the word transition
probabilities (80% and 20%) assigned in the first half of the vowel
sequences were switched in the latter half. If participants were able to
modify and update their previously acquired statistical knowledge, the
amplitudes of the responses to the words that appeared with higher
and lower transitional probabilities in the first half of the sequence
could also be switched in the latter half.

As a result, the findings on statistical learning in the present study
are consistent with those in the previous studies: the P1 and N1
responses to tones that appear with lower transitional probability are
greater than the responses to tones that appear with higher transitional
probability (Abla et al., 2008; Furl et al., 2011; Paraskevopoulos et al.,
2012; Daikoku et al., 2014, 2015). Furthermore, the P1m amplitudes
were significantly higher in the left hemisphere than the right hemi-
sphere, whereas we could not detect significant laterality in the N1m.
According to previous studies, the P1 response could be attenuated
along with the repetition of identical stimuli due to adaptation of the
auditory cortical neurons (Erwin and Buchwald, 1986; Lu et al., 1992;
Javitt, 2000). However, if auditory responses to stimulus repetition
with changing frequency were investigated, P1 responses could be
increased with repetition (Dyson et al., 2005; Haenschel et al., 2005),
particularly in the left hemisphere (Chakalov et al., 2012). The
difference in behaviour of the P1 and N1 responses to stimulus
repetition with changing frequencies suggests that the neural mechan-
isms underlying the auditory adaptation reflected in the P1 and N1 may
be partially different.

4.2. Syntax learning and word segmentation

A summary of the learning effects on the neurophysiological

Fig. 5. Grand-averaged source-strength waveforms for the P1m responses to words. The
responses in the left and right hemispheres are located on the left and right sides,
respectively. The solid and dashed lines indicate 80% and 20% transitional probabilities,
respectively.
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markers detected in the present study is shown in Fig. 7. Two types of
significant results relevant to learning word boundaries and ordering
were detected, and they apply to distinct time scales. One shows that in
the first, second, and final phases, the amplitudes of the responses to
the words that appeared with higher transitional probability were
significantly lower than the responses to the words that appeared with
lower transitional probability. In the second phase, an early neural
response latency was detected. These results suggest that learners
could extract phrase structures from the vowel sequences. The other
significant result is that in the last phase, the amplitudes for the final
vowels within words were significantly lower than those for the initial
vowel. This finding suggests that listeners were able to learn word
borders and extract words from the vowel sequences. Although the
previous behavioural study also demonstrated linguistic statistical

learning of both word segmentation and word ordering simultaneously
(Frost and Monaghan 2016), the present study detected these effects
neurophysiologically. The present study may suggest that listeners
learn larger structures such as phrases first, and they subsequently
extract smaller structures such as words from the learned phrases.
According to a previous study, when learners listen to a novel linguistic
sequence, the sequence that is transitioned with high probability can be
perceived as an invariant larger structure, such as a phrase (i.e., chunks
of words) (Gómez, 2002). Considering that learners cannot recognize
word boundaries without variability in word ordering, our results may
be a logical consequence. In the second phase, among the three vowels
within a low-transition-probability word, the N1m peak latencies for
the middle vowel were significantly earlier than those for the initial
vowel. The present study showed such a neurophysiological time course
for statistical learning. Our results may reflect a more hierarchical set
of learning mechanisms than previous studies on statistical learning.
Before switching the transitional probabilities, the learning effect for
word segmentation was only detected in the words that appeared with
lower transitional probabilities. When the transitional probabilities
were switched, these effects were also detected in the words that
appeared with both higher and lower transitional probabilities. These
results suggest that they could not recognize word boundaries without

Fig. 6. Grand-averaged source-strength waveforms for the N1m responses to words (a) and to three vowels within words (b). The responses in the left and right hemispheres are located
on the left and right sides, respectively. (a) The solid and dashed lines indicate 80% and 20% transitional probabilities, respectively. (b) Thick lines represent the responses to the initial
vowel within a word, thin lines the responses to the middle vowel, and dashed lines the responses to the final vowel.

Fig. 7. Summary of the learning effects on the neurophysiological markers in each phase
of the sequence.
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variability in word ordering. Word segmentation could be facilitated by
listening to the vowel sequence that included variability in word
ordering.

In the behavioural tests, the familiarity ratios were significantly
above chance level both in the word-ordered series in which the vowels
were transitioned with the same statistical constraints as those in the
latter half of the vowel sequence in the MEG measurements and in the
random word series in which the five words were pseudo-randomly
ordered. Furthermore, the familiarity ratios were significantly higher in
the word-ordered session than in the random word and random vowel
sessions. These results suggest that the statistical knowledge involved
in both the word and phrase structures was essential to consolidating
linguistic knowledge. According to the previous study, while listening
to a sequence that is transitioned with a low probability, learners will
seek alternative sources such as nonadjacent dependencies (Gómez,
2002). Because the sequence in the present study did not include
nonadjacent regularity and was insufficient to represent the whole
linguistic structure, the results in the present study may not be
generalized to language acquisition. Further research is necessary to
shed light on all of the aspects of the language learning process.

According to recent studies, infants perform domain-general sta-
tistical learning to acquire a language (Saffran et al., 1996; Saffran,
2001, 2002; Thompson and Newport, 2007), and the strategies for
language acquisition can be shifted from domain-general statistical
learning to domain-specific native-language perception (i.e., grammar
and syntax that is specific to a native language) between 6- and 12
months of age, a critical period for language acquisition (Hauser et al.,
2002; Kuhl, 2011; Peña et al., 2012). In contrast, the present study
demonstrated that even adults could perform statistical learning when
they were presented with vowel sequences that embedded novel
grammar based on transitional probabilities: they could recognize
word boundaries and word order (i.e., syntax) by employing statistical
learning strategies.

4.3. Modification of syntactic knowledge

In the present study, the word transition probabilities in the first
half of the vowel sequences were switched in the latter half. The
amplitudes of the responses to the words that appeared with higher
and lower transitional probabilities in the first half of the sequence
were also switched in the latter half. On the other hand, the learning
effects in the within-word ordering tended to be retained because the
five words remained unchanged in the 1800-vowel sequence (Fig. 6).
These results suggest that learners can specifically modify their
statistical knowledge of between-word ordering (e.g., phrase struc-
tures) while retaining the statistical knowledge of the within-word
ordering of vowels (i.e., words). The learning effects were detected
earlier in the first half of the sequence than in the latter half. Before
switching the transitional probabilities, the P1m peak amplitudes for
words with higher transitional probabilities were significantly lower
than those for words with lower transitional probabilities in the first
phase of the sequence. After switching the probabilities, this effect was
detected in the last phase of the sequence (Fig. 7). This finding suggests
that statistical learning may be affected by prior statistical knowledge,
which is consistent with the results of a previous study (Gebhart et al.,
2009). They investigated how changes in statistical information
affected learning when learners were presented with speech sequences
with an embedded statistical structure. They demonstrated that past
statistical knowledge blocked statistical learning. They also demon-
strated that participants learned changed statistical information when
exposed to the changed statistical information for the same duration as
that of the initial statistical information.

The temporal resolution of the detection of short-term statistical
learning effects reflected in neuromagnetic responses is a limitation of
the present study. The statistical learning time courses were confirmed
from the neuromagnetic responses during the 1800-vowel sequence. In

each phase of 450 vowels (150 words), there were 30 tones (6 vowel×5)
transitioned with lower probability that commonly appeared in the
initial, middle, and final vowels of a word. According to our preliminary
experiment and previous studies (Daikoku et al., 2014, 2015), at least
30 rounds of averaging were needed to extract source-strength wave-
forms with a sufficient signal-to-noise ratio.

5. Conclusion

The present study provides the first neurophysiological evidence
that both within- and between-word statistical learning can be reflected
in neural responses when listening to a novel-linguistic sequence and
that the correction of statistical knowledge requires more time than the
acquisition of new statistical knowledge. Our results support the
hypothesis that listeners learn larger structures, such as phrases, first,
and they subsequently extract smaller structures, such as words, from
the learned phrases.
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