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Printed text can be decoded by utilizing different processing routes depending on the familiarity of the
script. A predominant use of word-level decoding strategies can be expected in the case of a familiar
script, and an almost exclusive use of letter-level decoding strategies for unfamiliar scripts. Behavioural
studies have revealed that frequently occurring words are read more efﬁciently, suggesting that these
words are read in a more holistic way at the word-level, than infrequent and unfamiliar words. To test
whether repeated exposure to speciﬁc letter combinations leads to holistic reading, we monitored both
behavioural and neural responses during novel script decoding and examined changes related to repeated exposure. We trained a group of Dutch university students to decode pseudowords written in an
unfamiliar script, i.e., Korean Hangul characters. We compared behavioural and neural responses to
pronouncing trained versus untrained two-character pseudowords (equivalent to two-syllable pseudowords). We tested once shortly after the initial training and again after a four days' delay that included
another training session. We found that trained pseudowords were pronounced faster and more accurately than novel combinations of radicals (equivalent to letters). Imaging data revealed that pronunciation of trained pseudowords engaged the posterior temporo-parietal region, and engagement of
this network was predictive of reading efﬁciency a month later. The results imply that repeated exposure
to speciﬁc combinations of graphemes can lead to emergence of holistic representations that result in
efﬁcient reading. Furthermore, inter-individual differences revealed that good learners retained efﬁciency more than bad learners one month later.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
How do we become skilled readers? In order to read a word, we
need to be able to map the prints to the corresponding sounds, a
process that is referred to as decoding. Multiple models have been
proposed to understand how we translate orthography to phonology (e.g. Ans et al. (1998), Coltheart (2005), Coltheart et al.
(1993), Plaut et al. (1996), Seidenberg (2007) and Share (2008)).
The Dual Route Cascaded model (DRC; e.g. Coltheart (2005)) assumes that there are two routes to word reading. One route, referred to as the lexical route, is based on holistic word decoding,
where the orthography on the word-level is linked to the phonology on the word-level (addressed phonology). The other route,
referred to as the non-lexical route, relies on letter-by-letter conversion, where each grapheme-level representation is converted
to a phoneme-level representation, and assembled as a word
n
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(assembled phonology). Lexical decoding can only be applied in
the presence of word-unit representations.
If we assume that word-level representations emerge through
repeated exposure, every combination of letter strings encountered for the ﬁrst time is always unfamiliar. With repeated
experience, the status of the word (or the experienced letter
strings) gradually changes from unfamiliar to familiar. Frequent
words would be more familiar than infrequent words since the
probability of the exposure to frequent words is higher. Empirical
ﬁndings have revealed that naming speed is greatly inﬂuenced by
word frequency (e.g. Forster and Chambers (1973)). Correct pronunciation is predicted by the regularity and frequency of words
(Waters and Seidenberg, 1985). There is even an interaction between frequency and regularity, such that irregular words, if frequently encountered, are read with ease (Seidenberg and
McClelland, 1989). One could assume that with repeated experience of reading a word, a clearly speciﬁed holistic orthographic
representation and its associated phonological representation becomes available (Share, 1995; Ziegler et al., 2014). According to
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Share (2008), the unfamiliar-to-familiar transition with experience
can be interpreted as the transition from non-lexical (assembled)
to lexical (addressed) route of the DRC model of reading. In a similar vein, it can be assumed that a lexical representation becomes available for a frequently occurring word to enable holistic
processing once the word has become familiar after repeated
occurrence.
If experience leads to emergence of holistic orthographic representations, beginning readers with very few exposures to
written words would be expected to rely on grapheme-level decoding at the initial stage of reading. Evidence to support this idea
comes from developmental studies examining decoding skills.
During the early stages of word reading, the length of a word is
closely related to its reading speed - the longer the word length,
the longer the time it takes to read (Spinelli et al., 2005). This
length effect, however, diminishes with proﬁciency (Zoccolotti
et al., 2005) suggesting a shift from serial to parallel/holistic processing (van den Boer and de Jong, 2015). This is because when
grapheme-level conversion is applied, the number of letters/graphemes constitutes the number of units to be decoded. In contrast,
in a lexical approach, there is only one unit, the whole word, to be
converted. These behavioural ﬁndings indicate that children initially apply grapheme-level conversion, but with experience, frequently occurring words are decoded holistically, leading to a diminished length effect. There is also evidence from studies with
adults reading nonwords in familiar scripts that the length effect
can be eliminated by only a small number of repetitions as few as
four times within a session (Maloney et al., 2009). Interestingly,
repeated training on decoding disyllabic pseudowords in Greek as
a less familiar script by Dutch university students led to more efﬁcient pronunciation not only of trained words but also of recombined words using the same syllables in different order. This
suggests that syllable representations are also strengthened
through repeated exposure to multi-syllable words (Takashima
et al., 2014b).
If repeated occurrence of a speciﬁc letter combination leads to
the emergence of a holistic representation, then we would expect
neural responses also to be different once holistic decoding becomes possible through experience. From an energy-saving perspective of brain processing (Friston, 2010), it would be more efﬁcient if the brain stored a pattern or a code for frequently occurring combinations of letters as one unit, such that every time
this pattern is encountered again, there is no need to inefﬁciently
decode serially. But does the brain actually code for holistic representations for frequently occurring words? And if so, can we
observe differential neural decoding processes between holisticlevel units and grapheme-level units? Tracking the developmental
changes in children's brain activity is challenging. To circumvent
this obstacle, one can simulate the developmental process over
time and experience by training adults on decoding a novel script,
and tracking changes both in behaviour and brain responses as a
function of training. Although it should be acknowledged that
adults have a well established reading system and there may be
differences in the acquisition of developmental (ﬁrst language)
and second language lexical representations, a common underlying process change through experience can also be expected. The
current study aimed to establish whether repeated exposure to a
speciﬁc combination of letters is the key to the emergence of
holistic representations (both on the word and syllable levels) in a
healthy adult sample, and to track brain areas involved in holisticand grapheme-level decoding processes. To this end, we trained
participants to read aloud a set of two-syllable pseudowords
written in an unfamiliar script, namely the Korean Hangul
characters.
Unlike Chinese, Japanese, or Korean Hanja characters, Hangul
characters are comprised of radicals that have a transparent
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orthography-phonology relationship, such that once the radicalphoneme association is learned, one can derive the sound of the
characters through converting each of the radicals to their associated phonemes. Even though Hangul characters look like logograms to those unfamiliar with Korean scripts, the radicals function like letters and characters function like syllables. By recruiting
participants without any knowledge of Korean, and teaching them
the radical-phoneme correspondence of Hangul characters, we can
measure the initial stage of decoding, when grapheme-to-phoneme conversion and compilation processes are assumed to take
place. After repeated exposure to a small set of two character(equivalent to two syllable-) pseudowords, we would expect holistic representations of these trained pseudowords to emerge. If
indeed the frequently occurring combination is extracted and coded as a sub-word level unit through experience, representations
on the character-level unit (equivalent to the syllable unit) will
also be expected to emerge as a result of training on two-character
pseudowords.
In which areas of the brain do we expect to see changes? In a
meta-analysis, Jobard and colleagues mapped two different brain
networks for the two reading routes suggested in the DRC model
(Jobard et al., 2003). More speciﬁcally, for the lexical route, the coactivation of the visual word form area (VWFA) in the left fusiform
gyrus and semantic areas, including the basal inferior temporal
area, the posterior part of the middle temporal gyrus, and the
triangular part of the inferior frontal gyrus seems to take place. For
the non-lexical grapheme-phoneme conversion reading process,
predominantly left lateralized areas in the superior temporal, supramarginal, and the inferior frontal gyrus (pars opercularis) were
shown to be more involved. The distinction seemed to be based on
the availability of the semantic information in these two routes.
A more recent meta-analysis by Cattinelli et al. (2013) reports
three different networks involved in reading. First, the word (or
semantic)-related network was observed in the left temporo-parietal areas including the posterior angular, precuneus, middle
temporal, and anterior part of the fusiform gyrus. Second, the
pseudoword-related network was observed in the left inferior
parietal gyrus at the border between the supramarginal and angular gyrus, and the right parietal cortex. Third, the difﬁcultymodulated network evidenced that conditions requiring longer
reaction times recruited the left inferior frontal gyrus, mid cingulum, left superior parietal gyrus, and pons. The authors attributed these areas to reﬂect increased attentional processes.
Another meta-analysis by Taylor et al. (2013) also identiﬁed
regions that correspond to different processes in word reading.
They found posterior fusiform and occipito-temporal regions to be
more involved in non-lexical orthographic processing, with the
anterior fusiform area to code for orthographic lexicon and possibly associated semantic representation, the angular and posterior
middle temporal gyri to code phonological and semantic lexicons,
the inferior parietal cortex for spelling-sound conversion, and the
posterior aspects of the inferior frontal gyrus to compute phonological output.
To observe whether there are neural patterns that correspond
to the dual-route cascade model (Coltheart, 2005; Coltheart et al.,
1993) without the inﬂuence of top-down modulation of the semantics, a study by Mei et al. (2014) trained two groups of young
adults extensively for a week to read a set of Hangul characters.
One group was trained on association between a character and its
corresponding sound (holistic decoding/addressed phonology),
and the other group was trained on each radical of the characters
(grapheme-to-phoneme decoding/assembled phonology) before
being trained to read characters. They showed that the addressed
phonology training activated the areas such as the anterior to
posterior cingulate cortex, right orbital frontal cortex, angular
gyrus and middle temporal gyrus, whereas the assembled
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phonology training recruited areas such as the left precentral
gyrus/inferior frontal gyrus and supramarginal gyrus.
The above mentioned unfamiliar script training study by Takashima et al., (2014b) using Greek letters observed a shift in the
processing network of reading pseudowords as they became more
familiar through repeated training. They showed that in the initial
stages of decoding unfamiliar scripts, increased demands on visual
attention and phonological working memory were observed. They
speculated that each grapheme-phoneme converted output had to
be kept in the working memory for compilation to successfully
produce the whole word when decoding took place at the grapheme-phoneme level. In line with the meta-analysis by Cattinelli
et al. (2013), higher activation in the occipital to superior parietal
cortex, reﬂecting increased visual attention (Kastner and Ungerleider, 2000; Milner and Goodale, 2008), and inferior frontal
cortex activity reﬂecting the verbal working memory load (Paulesu
et al., 1993; Smith and Jonides, 1999) was observed. After extensive
training on ﬁve recurring pseudowords, the study revealed activity
level increases in areas that are known to code for orthographyphonology correspondence in the posterior middle temporal cortex (Gow, 2012; Hickok and Poeppel, 2007; Indefrey and Levelt,

2004; Lau et al., 2008), lexical information in the angular gyrus
(Binder et al., 2003; Price, 2012; Sandak et al., 2004), and a part of
the memory retrieval network in the precuneus (Daselaar et al.,
2009) suggesting that this change in the brain response is reﬂecting emergence of lexical and sub-lexical representations. Since
the pattern of activity observed for the trained condition was also
evident in the recombined condition, in which only the syllables
were experienced but not the actual pseudowords prior to test, the
study concluded that holistic orthographic and phonological representations and sub-lexical, syllabic representations emerged
through a month of repeated training. However, differences in
letter-level frequency between the trained and untrained conditions may have introduced confound in this study. Furthermore,
repetition of stimuli used within a session was not equal between
the conditions, which could have accounted for some of the differences between the conditions observed.
In the present study, we aimed to replicate the previous study
by Takashima et al., (2014b) using a controlled stimulus set to
show that it is the familiarity to the speciﬁc combination of scripts
that leads to holistic decoding and not just a mere exposure difference between certain graphemes, and furthermore to ﬁnd

Fig. 1. Experimental schedule and material. (A) Experimental schedule: participants came to the lab four times through the whole experiment (Day 1, Day 3, Day 5 and Day
30). On Day 1, they were informed about the nature of Hangul (Korean) characters, exposed to the radicals to be used in training and test, and trained on a set of six twocharacter pseudowords. Each word in the Trained condition appeared on the screen accompanied by a video of its pronunciation by a young native Korean female speaker,
who clearly showed the corresponding mouth movements for each sound. The test at the end of the training took place in the fMRI scanner. On Day 3, the participants were
trained once again on the same set of six pseudowords, and again tested on words from the three conditions; Trained, Recombined and Novel. On Day 5, participants took the
test in the scanner shortly after being reminded of the pronunciation of the radicals. On Day 30, participants were brieﬂy reminded of the pronunciation of the radicals and
subsequently performed the test on a computer. Tests 2 and 4 took place in the MRI scanner. (B) Example stimuli: Example of words in the different conditions and their
pronunciations. Recombined words are recombination of characters used in the Trained condition, and Novel words are recombination of radicals used in the Trained
condition.
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whether there is a longer lasting effect of this holistic representation even after the training was terminated. More speciﬁcally, the ﬁrst aim was to test the training effect on decoding
pseudowords written with a novel script using Hangul characters
by controlling for the exposure frequency of the radicals across
conditions. We assumed that the pseudowords can be decoded on
three levels once the basic grapheme-to-phoneme association rule
had been acquired: (1) conversion and compilation on the radical
level, equivalent to letter/grapheme decoding, (2) conversion and
compilation on the character level, equivalent to syllable unit decoding, and (3) conversion on the word level, equivalent to holistic
decoding. We hypothesized that training would cause a shift in the
dominant decoding process, from grapheme-level conversionand-compilation to word-level conversion. We compared these
three levels of decoding while keeping each radical occurrence
constant across three conditions: Trained (six two-character
pseudowords that were repeatedly exposed during training), Recombined (untrained two-character pseudowords comprised of
recombined characters from the trained condition), and Novel
(untrained pseudowords comprising of two novel characters
sharing the same radicals used in the Trained condition) (see
Fig. 1B for an example and Table 1 for the whole list). In order to
track changes in behavioural and neural processing with training,
pronunciation tests took place in the functional magnetic resonance imaging (fMRI) scanner on two occasions, once after the
initial training on Day 1, and again on Day 5 after the participants
had gone through repeated exposure on Day 3 (see Fig. 1A for the
overall experimental procedure). We hypothesized that Trained
pseudowords will be decoded with high accuracy and speed. Due
to the emergence of sub-lexical units on the character (syllable)
level, we hypothesized that Recombined pseudowords will also
have an advantage over Novel pseudowords. We expected a small
training effect to be visible already on Day 1, but to be enhanced
on Day 5 after another session of training on Day 3. On the neural
level, we expected a qualitative change in the engagement of the
brain areas. We expected to replicate the areas found in the prior
study (Takashima et al., 2014b), namely the bilateral angular gyrus,
the posterior middle temporal gyrus, and the precuneus to increase in activation pattern with training, reﬂecting a conversion
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process on the holistic/combinatorial level (syllable/character, and
word/two-character combination). If, on the other hand, training
only promoted efﬁciency in serial-decoding, we expected performance to equally improve across all conditions, as radicals used in
the Recombined and Novel conditions were trained through exposure to the Trained condition. At the neural level, only a quantitative change will be observed with training, namely a reduction
in the attentional and effortful demands reﬂected as less engagement of the fronto-parietal attentional areas and preparation of
motor programs reﬂected in the motor and premotor areas extending to supplementary motor area and the insula. We included
a second scanning session to see if extra training boosted the
difference between conditions, but also because memory consolidation literature postulates that lexical representation emerges
after a time of consolidation, especially after a period of sleep
(Davis et al., 2009; Takashima et al., 2014a, 2009; Thielen et al.,
2015). Thus we may not observe differences at the neural level on
Day 1 but this may become visible after a delay that included
sleep.
The second aim of this study was to examine how stable the
holistic representations are once they are established through repeated training on Days 1 and 3. For this reason, we measured the
behavioural performance one month after training to investigate
the long-term retention of the ability to decode the Hangul characters (Day 30). If the emerged holistic representations are stable,
better performance for the Trained condition over the Novel
condition one month later is expected. Furthermore, we hypothesized that greater level of activation in the areas that code for
holistic representations on Day 5 would predict better performance on Day 30.

2. Method
2.1. Participants
Twenty-eight right-handed participants (6 males, mean age
22.7, range 18–27 years) with no prior knowledge of Korean or any
other Asian languages were recruited from the experiment

Table 1
Stimulus material.
Radicals ( ¼letters)
Consonants
Vowels

List A
List B
List C

List 1

List A′
List B′
List C′

List2

List A′
List B′
List C′

ㄱ
k
ㅏ
a

ㅁ
m
ㅔ
e

나비
na pi
니다
ni ta
마도
ma to
비무
pi mu
다므
ta muh
도수
to su
비드
pi tuh
다베
ta pe
도게
to ke

ㄴ
n
ㅣ
i

ㅂ
p
ㅜ
o

ㅅ
s
ㅗ
u

ㄷ
t
ㅡ
a sound between i and u (uh)

Pseudowords: Trained, Novel1, Novel2
세구
드모
기데
se ku
tuh mo
ki te
소네
두스
가부
so ne
tu suh
ka pu
게시
브누
노메
ke si
puh nu
no me

보사
po sa
베미
pe mi
수바
su pa

무느
mu nuh
므고
muh ko
디그
ti kuh

Pseudowords: Recombined1, Recombined2
구드
모세
데나
ku tuh
mo se
te na
네가
스니
부소
ne ka
suh ni
pu so
시마
누게
메브
si ma
nu ke
me puh
구나
모기
데보
ku na
moki
te po
네두
스가
부므
ne tu
suh ka
pu muh
시브
누디
메수
si puh
nu ti
me su

사기
sa ki
미두
mi tu
바디
pa ti
사무
sa mu
미소
mi so
바노
pa no

느보
nuh po
고베
ko pe
그노
kuh no
느세
nuh se
고니
ko ni
그마
kuh ma
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participation pool of Radboud University (22 Dutch, 5 German and
1 Polish). Participants had no history of neurological disorders,
language-related disorders, or any contraindication for MRI scanning, and reported having normal or corrected-to-normal vision
and hearing. They provided written informed consent and received course credit or were paid for their participation. Three
participants were omitted from the analyses, one due to not
completing the full protocol, one due to an asymptomatic mass in
the anatomical scan which caused distortion in the functional
images, and one due to having too few trials (o 10 on all conditions on Day 1), leaving data of 25 participants in the analyses.
2.2. Materials
Six consonant- and six vowel-radicals were chosen from the
existing Korean Hangul orthography (see Table 1). These consonant-vowel combinations resulted in 36 unique characters either in a left-right or top-bottom construction. The characters
were divided into three sets, with each radical occurring twice in
each of the sets (Table 1). For all three sets, 12 unique characters
were combined to create six two-character pseudowords. Since
the radicals have a one-to-one correspondence to phonemes, once
the participants are aware of the character construction (left-right
or top-bottom), the characters can be pronounced in the same way
that words can be decoded in a transparent language if the lettersound associations are known. Radicals thus served as letters
(graphemes) and characters served as syllables in our experimental manipulation. All radicals were distinct and the associated
phonemes existed in the participants' ﬁrst language, except for
one vowel for which we explicitly explained how it would be
pronounced. Of the three lists (Table 1 Lists A, B and C), one list
served as Trained pseudowords, and the other two lists were used
as Novel pseudowords for Day 1 and Day 3 (Novel1), and Day
5 and Day 30 (Novel2). Two lists of recombination of characters
were created for each of the three sets (i.e., all characters appeared
in the Trained condition, but character combinations were rearranged; lists 1: A′1, B′1, C′1; lists 2: A′2, B′2, C′2), and these served
as the Recombined condition on Day 1 and Day 3 (Recombined1),
and Day 5 and Day 30 (Recombined2). Assignment of lists A, B and
C to Trained, Novel1 and Novel2, as well as assignment of lists
1 and 2 of the Recombined condition to Recombined1 and Recombined2, were counter-balanced across participants. We limited
our number of radicals used in this paradigm to six consonants
and six vowels because we needed the participants to read Novel
pseudowords correctly already on Day 1 after a short training
session.
2.3. Procedure
On Day 1, participants ﬁrst received an explanation of the
nature of Korean orthography. This was followed by the training
session. Upon completion of the training session, the test in the
functional magnetic resonance imaging (fMRI) scan took place.
The second training session (Day 3) took place two days later (one
day later for one participant and three days later for another
participant). Participants came back on Day 5 (four days after the
initial training for all participants, except for one who came back
after three days) and again on Day 30 (average 31.1 days after the
ﬁrst training session, range 28–37 days). In the sessions on Day
5 and Day 30, participants were reminded of the pronunciation of
each radical once, just prior to the test session (Fig. 1).
2.3.1. Explanation
First, the basic nature of Hangul characters was explained using
radicals that were not used in the actual experiment. Pronunciations of two vowels and two consonants were ﬁrst introduced

with a video depicting the mouth movement and the actual pronunciation by a native Korean woman. Different consonant-vowel
(CV) combinations of these radicals resulting in two characters in a
left-right arrangement and two characters in a top-down arrangement were then introduced together with the video clips
showing the mouth movements and pronunciations.
2.3.2. Training
Training on Day 1 consisted of training radicals and training
pseudowords (Fig. 1A). First, participants were exposed to six
consonant radicals and six vowel radicals (Table 1) on the screen
with an example pronunciation video, one at a time, where they
were instructed to repeat the pronunciation after the example.
Three rounds of pronunciation for each radical were administered.
For each radical, participants could repeat the video as many times
as they wished before proceeding to the next radical trial.
Training of pseudowords followed. Participants were exposed
to a list of two-character pseudowords comprised of the 12 radicals that they had been exposed to. In the very ﬁrst instance of the
pseudoword training, participants were exposed to all six pseudowords from the list assigned to the Trained condition, which
were presented on the screen one word at a time with an example
pronunciation video. After the initial exposure, the participants
viewed a recapitulation of the radical pronunciations. Subsequently, the participants received ﬁve blocks of pseudoword
training, with each block containing one trial for each pseudoword
from the Trained condition. This time they were encouraged to
pronounce each item out loud when they were cued with the
pseudoword on the screen. They could press a button to see the
correct pronunciation video as many times as they wished for each
trial before proceeding to the next.
A short test followed to ensure that the participants were focusing on both the word and the grapheme level of reading (Test1,
see next section for details). This was followed by another ﬁve
blocks of pseudoword training, two blocks of radical training and
again ﬁve blocks of pseudoword training, after which they were
tested inside the scanner (Test2, see next section for details).
Training on Day 3 comprised of pseudoword training (5 blocks),
radical training (2 blocks) and again pseudoword training (10
blocks). After this training, participants took part in Test3. There
was no explicit training on Day 5 and Day 30, but a short recapitulation of all trained radicals prior to testing. We brieﬂy exposed the participants to the radical-phoneme association prior to
the test sessions to eliminate possible repetition effect on retrieving radical-level print-to-sound association since the same
radicals appeared in all conditions.
2.3.3. Test
During the test sessions, participants were cued with twocharacter pseudowords on the screen one at a time, and they were
instructed to say the pseudoword out loud. Test1 consisted of six
trained pseudowords (Trained condition), six novel pseudowords
(Novel1), and six recombined pseudowords (Recombined1), resulting in total of 18 pseudowords. The pseudowords were presented one at a time, and participants were instructed to pronounce the word clearly into the microphone. The word stayed on
screen until the participant pressed a button to proceed to the next
word.
Test2 took place in the scanner after the training session on Day
1. The same 18 pseudowords were used as in Test1, but this time
they were repeated in ﬁve blocks with each pseudoword occurring
once in every block, giving a total of 90 trials. Participants were
told to pronounce the pseudoword as soon as they knew the
pronunciation, and that they had ﬁve seconds to respond for each
trial. For each trial, one pseudoword (two Hangul characters) in
black font on a white background was presented with a cue “Speak
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out!” written in English above the pseudoword. After ﬁve seconds,
“Press the button to go to the next trial” appeared at the bottom of
the screen. Once the participants had pronounced the pseudoword, they could choose to press the button to go to the next trial,
or wait until the trial ended. The trial terminated when a button
response was given, or 10 s after the onset of the pseudoword
presentation if no button response was given. The next trial appeared after an inter-trial interval (ITI) that jittered between three
to six seconds, during which a ﬁxation cross was presented in the
centre of the screen. The average duration of the test in the
scanner was 15 min (range 13–19 min).
Test3 took place on Day 3 at the computer, again with 18
pseudowords tested on Day 1, presented once each. Test4 took
place on Day 5 in the scanner and was identical to Test2 on Day 1,
except that the lists used for Recombined and Novel conditions
were new (Recombined2 and Novel2) and the trial order within
every block was altered. Test5 took place on Day 30 at the computer, and was identical to Test4, apart from the trial order within
every block being rearranged, and ITI set to 1 s.
For all tests, participants were instructed to start pronouncing
the pseudoword as soon as they knew the pronunciation, with a
time limit of ﬁve seconds (in reality they had ten seconds maximum for production), except for Test1 in which participants were
instructed to press the space-key before initiating their production
of the pseudoword. Presentation of the stimulus material was
done using Presentation software (Neurobehavioral Systems;
www.neurobs.com).
2.4. Data acquisition
2.4.1. Behavioural data
Voice recordings during the test were auditorily inspected and
classiﬁed as correct or incorrect, and visually inspected for the
reaction time (RT) of the initiation of word production, relative to
the onset of the cue on the screen (voice onset time; VOT) as well
as the duration of the utterance. This was scored ofﬂine using
software Audacity (http://audacity.sourceforge.net/). Time taken to
complete the pronunciation (voice offset time; VOFT) was calculated as the sum of VOT and duration. Behavioural data were
analyzed using SPSS (IBM SPSS Statistics for Windows, Version
21.0).
2.4.2. MRI acquisition
FMRI data were recorded in a 3 T MR scanner (Skyra, Siemens
Healthcare, Erlangen, Germany) using a 32-channel head coil. For
functional images, we used a T2*-weighted gradient multi-echo
planar imaging sequence with the following parameters: repetition time (TR): 2.07 s, echo times (TE): TE1 9.0 ms, TE2 19.3 ms,
TE3 30 ms, TE4 40 ms, 34 slices, ascending slice order, 3.0 mm slice
thickness, 0.5 mm slice gap, in plane matrix size: 64  64, ﬁeld of
view (FOV): 224  224 mm, leading to a voxel size of 3.5 
3.5  3.5 mm, ﬂip angle: 90°. Slices were angulated in an oblique
axial manner to reach whole-brain coverage (except for a part of
the parietal cortex and the cerebellum). Additionally, T1-weighted
anatomical scan at 1 mm isotropic resolution were acquired with
TR 2300 ms, TE 3.03 ms, ﬂip angle 8°, and FOV 256 
256  192 mm on either Day1 or Day5.
2.5. fMRI analyses
The multi-echo sequence acquired four echoes per TR for the
functional scans. To allow for the use of standard fMRI preprocessing tools in SPM8 (www.ﬁl.ion.ucl.ac.uk), these four echoes
were combined using the procedure described by Poser et al.
(2006). Thirty initial volumes of the functional run were used to
calculate the optimal weighting of the four echoes to be combined
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to one value per time point for every voxel, and this weighting
matrix was applied to all the functional scans. Image pre-processing and statistical analysis were performed using SPM8 (www.ﬁl.
ion.ucl.ac.uk). The subject-mean image of the functional run after
realignment was co-registered with the corresponding structural
MRI using mutual information optimization. The functional images
were subsequently slice-time corrected to the ﬁrst slice, using
SPM8's Fourier panes shift interpolation. Structural scans were
segmented and both functional and structural scans were spatially
normalized and transformed into the common Montreal Neurological Institute space (resampled at voxel size 2  2  2 mm), as
deﬁned by the SPM8 T1.nii template, as well as spatially ﬁltered by
convolving the functional images with an isotropic 3D Gaussian
kernel (8 mm full width at half maximum).
The fMRI data were analyzed statistically using a general linear
model (GLM) and statistical parametric mapping. To compare the
brain activation patterns related to correct pronunciation of
pseudowords for the three conditions of interest, four explanatory
variables were included in the ﬁrst model for each session:
Trained-correct, Recombined-correct, Novel-correct, and trials-ofno-interest comprising all incorrect trials and no response trials.
Although the number of trials for the trials-of-no-interest were
very few (Day 1 M ¼9.6 trials, Day 5 M ¼6.6 trials), we treated
mispronounced trials and non-responded trials separately from
the correctly pronounced trials to circumvent possible brain activation related to retrieval of incorrect grapheme-phoneme associations, or doubts. These explanatory variables were temporally
convolved with the canonical Hemodynamic Response Function
(HRF) provided by SPM8. Each event was time-locked to the onset
of the pseudoword presentation on the screen. Furthermore, all
three correct conditions included regressors pertaining to two
parametric modulators, one corresponding to repetition of each
pseudoword, and another accounting for the memory strength,
which was computed as the difference in response latency from
the mean (mean VOFT for all correct pseudowords - VOFT for the
trial). The design matrix included the six head motion regressors
(three translations, three rotations). A high pass ﬁlter was implemented using a cut-off period of 128 s to remove low-frequency effects from the time series. For statistical analysis, relevant contrast parameter images were generated for each participant and then subjected to a second-level analysis (Penny et al.,
2003), treating subjects as a random variable.
To test for longer lasting effects, a second model was run. In this
model, Day 5 session data included two explanatory variables
(correct, incorrect conditions) convolved with the canonical HRF.
For correct trials, similar to the ﬁrst model above, two parametric
modulators were included: one corresponding to repetition of
each pseudoword, and another accounting for the memory
strength on Day 30, which was computed as the difference in response latency between the mean VOFT of all correct trials and the
mean of all correct trials for each pseudoword across the ﬁve
blocks on Day 30. If a speciﬁc pseudoword was incorrect for all ﬁve
presentations on Day 30, this pseudoword was also categorized as
incorrect.
Finally, we ran another model to account for the different reaction times between conditions that could potentially be a confounding factor. Following the method suggested by Taylor et al.
(2014), both Day 1 and Day 5 session data were modeled with two
explanatory variables (correct, incorrect conditions), with three
additional parametric modulator regressors for the correct condition, the ﬁrst accounting for the repetition, the second for the
reaction time (VOFT), and the third for the different conditions
(weighted as  1 ¼Trained, 0¼ Recombined and 1¼ Novel). In this
way, the third parametric modulator will explain the variance in
the brain response after the effects of repetition and difference
due to reaction times have been explained.
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For all contrasts, we applied a cluster deﬁning threshold at
voxel-level p o.001 uncorrected, and used the family-wise error
corrected cluster extent threshold of pFWE o.05.

3. Results
3.1. Behavioural results
We assessed accuracy and reaction times (RT) as dependent
variables of interest. Repeated Measures analysis of variance
(rmANOVAs) were conducted to assess differences between the
test days (Day 1, Day 5, Day 30) and the conditions (Trained, Recombined, Novel) for all dependent variables. Greenhouse-Geisser
values are reported whenever sphericity assumption was violated.
To elaborate on the main and interaction effects, we investigated
their contrasts as a planned comparison test. Since all dependent
variables on the RT data did not follow, or even approximate, a
normal distribution as indicated by positive kurtosis and skewness
values, we used a Log Transformation on the raw RT data (Keene,
1995; Ratcliff, 1993). This entails that the logarithm with base 10
was taken for these variables, which approximated a normal distribution. Since accuracy was left skewed, we utilized Square
Transformation to normalize its scores (Mukherjee et al., 1998).
In addition to rmANOVAs, we conducted Pearson's correlations
to address our second question on the retention of training effects
on performance between Day 1 and Day 30, and Day 5 and Day 30.
All correlational analyses were performed on the transformed
data.
3.1.1. Accuracy
We expected performance to improve with training, thus
Trained pseudowords were expected to yield the best performance
and Novel pseudowords the worst, and Day 5 performance was
expected to exceed performance on Day 1. If indeed a sufﬁciently
stable holistic representation emerged, performance should furthermore remain stable at Day 30. This was investigated by a 3 
3 rmANOVA with factors Test day (Day 1, Day 5 and Day 30) and
Condition (Trained, Recombined and Novel). Although accuracy
was very high in general (all 480%), the test yielded both a main
effect of Test day and of Condition (both p o.05; see Table 3 for
detailed statistics). No signiﬁcant interaction effect was found
(p ¼.361). Pairwise contrasts for Test day revealed that performance on Day 5 showed a trend towards improved performance in
comparison with Day 1 (p ¼.053). In addition, performance on Day
5 was signiﬁcantly better than on Day 30 (p ¼.013). This suggests
overall forgetting over time, such that without further training,
Table 2.
Behavioural performance: mean (standard error of the mean).
Condition
Accuracy [% correct responses]
Trained
Recombined
Novel
Reaction Times [ms]
Voice Onset Time (VOT) Trained
Recombined
Novel
Duration
Trained
Recombined
Novel
Voice Offset Time
Trained
(VOFT)
Recombined
Novel

Day 1

Day 5

92.3 (2.0)
89.9 (2.9)
86.0 (2.4)
2260
2404
2574
1685
1829
1929
4008

96.8 (1.4)
92.9 (1.6)
88.1 (2.6)

Day 30

93.2 (1.4)
85.7 (3.6)
81.1 (3.8)

(130) 1870 (120) 1987
(151) 2085 (138) 2109
(152) 2239 (142) 2313
(109) 1408 (83)
1406
(119) 1631 (105) 1675
(134) 1773 (116) 1826
(168) 3297 (133) 3438

(175)
(186)
(191)
(90)
(122)
(141)
(195)

4308 (187) 3756 (168) 3836 (214)
4554 (176) 4059 (165) 4232 (215)

Table 3.
Statistics of the repeated measures ANOVAs on accuracy and reaction time (Test
day  condition).
Accuracy

d.f.

F-value

p-value

ηp2

Main effects
Test day
Day1o Day5
Day1¼ Day30
Day54Day30
Error
Error

2
1
1
1
24
48

5.065
4.134
2.150
7.265

.010
.053
.156
.025

.174
.147
.082
.194

Condition
Trained4Recombined
Trained4Novel
Recombined 4Novel
Error
Error

2
1
1
1
24
48

22.591
14.050
47.372
9.219

.001
.001
o .001
.006

.485
.657
.664
.278

VOFT
Main effects
Test day
Day14Day5
Day14Day30
Day5¼ Day30
Error
Error

d.f.

F-value

p-value

ηp2

1
1
1
24
48

29.074
71.493
29.892
1.499

o .001
o .001
o .001
.233

.548
.749
.555
.059

Condition
TrainedoRecombined
TrainedoNovel
Recombined oNovel
Error
Error

124.887

o .001

.839

1
1
1
24
48

200.835
73.371

o .001
o .001

.893
.754

3.09

9.54

o .001

.284

1
1

27.617
27.594

o .001
o .001

.535
.535

1
1

22.074
6.169

o .001
.02

.479
.204

1
1
24
62.211
d.f.

3.257
11.275

.084
.003

.119
.320

F-value

p-value

ηp2

28.354

o .001

.563

88.255

o .001

.800

132.876

o .001

.858

3.719

.016

.145

5.609

o .001

.203

2.593

.086

.105

Interaction effect
Test day  condition
Trained – Novel
Day54Day1
Day304Day1
Trained – Recombined
Day54Day1
Day304Day1
Recombined – Novel
Day5 4 Day1
Day304Day1
Error
Error
VOFT ﬁrst vs repeated blocks
Main effects
Test day
Error
Condition
Error
Block
Error

2
48
1.483
32.623
1
22

Interaction effect
Test day  Condition  Block
Error
Test day  Condition
Error
Test day  Block
Error

2.99
65.84
4
88
2
44

Note: Only relevant interaction effects are displayed.

performance dropped back to the level of Day 1 (Day 1 vs. Day 30
p¼ .156). Pairwise contrasts for Condition revealed that accuracy
for Trained pseudowords was signiﬁcantly higher than for Recombined and Novel pseudowords, and accuracy for Recombined
pseudowords was signiﬁcantly better than for Novel pseudowords
(all ps o.01). Overall, training was effective, with the Trained
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Voice Offset Time (VOFT) [ms]

Number of correct trials
[max 30]

30

25

Day1

Day5

Day30

Voice Offset Time (VOFT) [ms]

B. Reaction time
(Voice Offset Time: VOFT)

A. Accuracy

5000

4000

3000
Day1

Day5

Day30
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C. Reaction time (VOFT)
separate for blocks 1 and 2-5

5000
Trained
Recombined
Novel

4000

block 1
blocks 2 to 5

3000
Day1

Day5

Day30

Fig. 2. Behavioural results. (A) Accuracy: mean number of words correctly pronounced during each test. Six words in each condition were presented ﬁve times each,
summing to 30 trials per condition. (B) Reaction times: mean Voice offset times (VOFT¼ voice onset time (VOT) þ duration of utterance). (C) Mean VOFT separately
presented for block 1 and mean of blocks 2–5. Reaction times are in ms. Error-bars denote standard error of the mean. Green: Trained, red: Recombined, blue: Novel. For
panel C, solid line: block 1, dashed line: mean of blocks 2–5. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

condition showing the best performance on Day 5, however termination of training led to forgetting in general (Tables 2 and 3,
Fig. 2A).
3.1.2. Reaction time
We noticed that participants had different strategies in production. Some initiated the pronunciation once they knew how to
read the whole pseudoword, whereas others initiated the pronunciation as soon as the ﬁrst radical was decoded, and ﬁgured
out how to pronounce the rest while they were producing the
pseudoword. The former strategy will result in shorter overall
utterance time (duration) at the cost of longer VOTs. A Pearson's
correlation between VOT and duration across conditions revealed
a negative correlation between VOT and duration for all conditions
when RTs were summed across the Test days (Trained r ¼  .419,
p ¼.037, Recombined ¼  .479, p ¼.015, Novel¼  .634, p¼ .001).
Correlations between VOT and Duration across the conditions
were also all very high (all p o.001). Thus a composite measure of
VOTþ duration, i.e., VOFT, would reﬂect overall RT better.
Using the VOFT of the correct trials as the RT measures, we
tested our hypothesis. We expected RT to speed up with training
from Day 1 to Day 5, and the Trained condition was expected to be
faster than the Novel condition. Additionally, if a stable holistic
representation emerged through training, we expected RT to remain stable over time when tested on Day 30. If, on the other
hand, we observe longer RT on Day 30, this would suggest that the
trained representations were not stable enough, and forgetting
had occurred after the training had stopped. To test this, a 3  3
Repeated Measures ANOVA with factors Test day (Day 1, Day 5 and
Day 30) and Condition (Trained, Recombined and Novel) was
conducted. We found a signiﬁcant main effect of Test Day and
Condition, as well as the interaction of Test Day  Condition (all
ps o.001, Table 3). Planned pair-wise comparisons by means of
Simple and Repeated contrasts were conducted and conﬁrmed our
hypotheses. RT sped up over time. VOFT was longer on Day 1 than
on Day 5 (p o.001) and remained stable over time from Day 5 to
Day 30 (p ¼.233). In addition, training shortened RT as expected.
The Trained words were pronounced faster than the Novel words,
with the Recombined words in between (all ps o .001). The difference between the Trained and Novel condition is greater on Day
5 and Day 30 than on Day 1, the same effect is observed for the
difference between the Trained and Recombined condition (all
ps o.05). The difference between the Recombined and Novel
condition is marginally signiﬁcant on Day 5 (p ¼.084) and signiﬁcantly larger on Day 30 than on Day 1 (p ¼ .003). Overall, we
observed a speeding up in reading time with training as expected,

reﬂecting more efﬁcient pronunciation of repeated radical combinations across testing days and conditions as a result of training.
We found the same pattern of results when VOT and duration
were tested separately (see Supplementary Table S1 for the details
of the effects).
3.1.3. Comparison between ﬁrst and the repeated trials
Since every pseudoword was repeated ﬁve times within each
test, there may be a beneﬁt of repetition. If the initial exposure has
an inﬂuence on the subsequent presentations within a session,
participants may become faster with repeated presentation of the
same stimulus material. To test this, and to see if the effect is
different between conditions across Test days, we split the mean
VOFT of all correct trials for the ﬁrst block and the mean of blocks
2–5. A 3  3  2 rmANOVA with factors Test day (Day 1, Day 5 and
Day 30), Condition (Trained, Recombined and Novel) and Block
(block 1, blocks 2–5) was conducted for VOFT (Fig. 2C). Due to
missing values, two participants were excluded from the analysis.
There was a main effect of Condition (po .001) and Test day
(p o.001) and a two-way interaction for Test day  Condition
(p ¼.001) as mentioned above (see Table 3 for statistics). There was
also a main effect of Block showing slower RT for the ﬁrst block
relative to the mean of the rest of the blocks (mean block
1 ¼4129 ms, mean blocks 2–5¼ 3787 ms) as well as a three-way
interaction (p ¼.016), and a trend for a two-way interaction Test
day  Block (p¼ .086).
To investigate this further, we conducted rmANOVAs separately
for block 1 and blocks 2–5 (see Supplementary Table S2 for detailed statistics). For block 1, there was a signiﬁcant main effect of
both Test day (p o.001) and Condition (po .001). Shortest response times for Day 5 and longest response times for Day 1 were
observed (all ps o.05; mean Day 1 ¼ 4441 ms, Day 5 ¼3855 ms,
Day 30 ¼4091 ms) with the Trained condition being the shortest
and Novel the longest (all ps o.001; mean Trained¼3677 ms,
Recombined ¼4189 ms, Novel¼4522 ms). There was no signiﬁcant
interaction effect (p ¼.161).
For the repeated blocks (mean RT of blocks 2–5), there was a
signiﬁcant main effect of both Test day (p o .001) and Condition
(p o .001) as well as a signiﬁcant interaction effect (po .001). Day
1 was signiﬁcantly slower than Day 5 or Day 30 (both ps o.001),
but no difference between Day 5 and Day 30 (p ¼ .462; mean Day
1 ¼4132 ms, Day 5 ¼3566 ms, Day 30¼ 3665 ms), with the Trained
condition being the shortest and Novel the longest (all ps o.001;
mean Trained¼3414 ms, Recombined ¼3817 ms, Novel ¼ 4131 ms).
The interaction effect was driven by signiﬁcantly greater speeding
up of the RT for the Trained condition from Day 1 to Day
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5 compared to the Recombined or Novel conditions (both
ps o.001) and this difference sustained on Day 30 (all ps o.01).
When we compared the ﬁrst block to the rest of the blocks separately for each condition, we found signiﬁcant speeding up

across Test days across all conditions (all p o.001), with the ﬁrst
Block being slower than the mean of blocks 2–5 (all p o.007), but
the interaction effect of Test day  Condition was signiﬁcant only
for the Trained and Recombined conditions (Trained p ¼.010,

A. Day1
Novel > Trained
Ope

8
Tri

ITG/fusiform
R

L

0

B. Day5
Novel > Trained
I/SPL

Trained > Novel

ITG

I/MOG

AG
SMG

MFG

12

IFG

10

MTG
0

0
Recombined > Trained

Trained > Recombined
I/SPL

10

7

0

0

Novel > Recombined

Recombined > Novel
5

4

0

0

C. Day5 activation pattern predictive of performance on Day30
Positive correlation
Negative correlation
10
SFG/SMA
MFG

5

IFG
0

0

Fig. 3. Difference in brain activation patterns across the conditions and Test days. Areas that showed high activation pattern for the Novel relative to Trained condition on
Day 1 (A). Differences between conditions on Day 5 (B). Activation pattern on Day 5 that was predictive of pronunciation speed on Day 30 (C). All signiﬁcant clusters are
superimposed on a template T1 brain (multiple comparison corrected pFWE-cluster o.05 on the whole brain search after initial voxel-level thresholding at p o .001), uncorrected. Colour bars represent the height of the voxel level t-values. R: right, L: left, ITG: inferior temporal gyrus, I/SPL: inferior/superior parietal lobule, IFG: inferior frontal
gyrus, Ope: Pars opercularis of the IFG, Tri: Pars triangularis of the IFG, AG: angular gyrus, SMG: supramarginal gyrus, MFG: middle frontal gyrus, I/MOG: inferior/middle
occipital gyrus, MTG: middle temporal gyrus, SFG: superior frontal gyrus, SMA: supplementary motor area.
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Recombined p¼ .016, Novel p ¼.413), with greater difference being
observed on Day 30 relative to Day 1 or 5 for both conditions (all
ps o.03) .
3.1.4. Correlation between days on performance
Were the good learners good performers even after a delay? To
test this, we calculated the Pearson's correlation between Day
5 and Day 30 performance on Accuracy and VOFT. Both performance measures showed a high correlation between the two test
days (Accuracy: r ¼.543, p ¼ .005, VOFT: r ¼ .810 po .001). Withincondition analyses also showed a high correlation between Day
5 and Day 30 (all r 4 .5, p o.01), except for Accuracy on the Trained
condition (r ¼.349, p ¼.087), which is probably due to a ceiling
effect for accuracy on Day 5. Similar results were obtained when
Day 1 and Day 30 correlations were analysed.
3.1.5. Summary behavioural results
A clear effect of Training was already visible on Day 1. With
additional training, performance for the Trained condition increased even more, as performance on Day 5 showed higher accuracy and faster responses. Even though pseudowords in the
Recombined condition were never trained, they did beneﬁt from
having the same characters as the pseudowords in the Trained
condition, in that behavioural performance in the Recombined
condition was better than in the Novel condition. Our follow-up
data from Day 30 revealed that there was forgetting over time,
suggested by a decrease in accuracy on Day 30. For pseudowords
that were correctly pronounced, however, the RTs remained stable
even without further training between Day 5 and Day 30. Furthermore, the good learners on Day 1 performed better on Days
5 and 30 as well.
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3.2. Imaging results
3.2.1. Effect of training: Day 1 (Trained4Novel, Novel4 Trained)
First we were interested in whether we can see a difference
between the Trained and Novel condition after a short initial
training (Day 1 Test2). To see differential brain activity patterns,
we contrasted correctly pronounced Trained pseudowords to Novel pseudowords. This revealed a set of brain areas that showed
greater engagement for Novel compared to Trained pseudowords
in the dorsal visual attention network (Fig. 3A, Table 4). This indicates that participants required less visual attention and motor
preparation in order to read aloud Trained pseudowords than
Novel pseudowords. The reverse contrast (Trained4Novel) did
not show any signiﬁcant clusters to suggest more engagement or
different processes for the Trained relative to the Novel condition.
Thus we did not observe any indication for emergence of holistic
representations for the Trained pseudowords on Day 1.
To be sure that the above difference is not merely due to differences in reaction time between conditions, we ran another
model that included two main regressors (correct, incorrect) and
three parametric modulators for the correct responses (repetition,
reaction time, and conditions) and observed the brain activation
pattern that is explained by the condition modulator after the
effect of repetition and reaction times were accounted for. This
revealed a cluster in the right inferior temporal lobe extending to
the right fusiform gyrus (peak voxel [50  58 12], p ¼.001,
cluster size 445 voxels) to be more engaged for the
Novel 4Recombined 4Trained condition. The reverse correlation
(i.e.,
more
activation
for
Trained 4Recombined 4
Novel) did not show any signiﬁcant clusters. The reaction time
modulator on the other hand explained most of the variance for
longer RT trials in the areas reported for the Novel4Trained
contrast reported above (see Supplementary Material Fig. S1a). No

Table 4.
Signiﬁcant clusters for the contrast Novel4 Trained on Day 1
Cluster

Peak voxel

MNI coordinates

Anatomical areas

p (FWE-corr)

Size

T

Z

x

y

z

o.001

5002

o.001

593

o.001

1316

o.001

767

o.001

1817

o.001

505

8.34
7.24
5.86
5.86
5.57
5.56
5.29
4.75
4.47
4.39
4.38
4.26
6.07
5.53
5.42
4.91
4.58
4.22
4.06
5.77
4.32
4.27
3.93
5.68
4.92
4.55
4.88
4.8
3.86

5.66
5.22
4.57
4.57
4.42
4.41
4.26
3.95
3.78
3.72
3.71
3.64
4.68
4.4
4.34
4.05
3.84
3.61
3.51
4.52
3.68
3.65
3.42
4.48
4.05
3.83
4.03
3.98
3.37

50
40
44
42
20
18
28
 22
8
8
8
0
 24
 46
 40
 44
 10
 10
 14
50
48
60
48
 26
 40
 22
 42
 40
 40

 58
 46
 34
 80
 64
 56
 60
4
18
18
22
12
 78
 64
 82
 58
 98
 90
 98
10
34
8
6
 56
 40
 66
0
4
16

 12
 20
42
 10
44
56
46
52
40
46
42
52
 14
 14
 12
8
4
8
2
22
16
20
12
48
40
38
30
30
28

R: right, L: left, MNI: Montreal Neurological Institute, FWE: Family-wise error corrected.

R inferior temporal gyrus
R fusiform
R supramarginal
R inferior occipital gyrus
R superior occipital gyrus
R superior parietal lobule
R angular gyrus
L superior frontal gyrus
L middle cingulate cortex
L supplementary motor area
L medial superior frontal gyrus
L supplementary motor area
L lingual gyrus
L inferior occipital gyrus
L fusiform gyrus
L inferior temporal gyrus
L calcarine gyrus
L calcarine gyrus
L middle occipital gyrus
R inferior frontal gyrus; pars opercularis
R inferior frontal gyrus; pars triangularis
R precentral gyrus
R Rolandic operculum
L superior parietal lobule
L inferior parietal lobule
L superior occipital gyrus
L precentral gyrus
L inferior frontal gyrus; pars opercularis
L inferior frontal gyrus; pars triangularis
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Table 5.
Signiﬁcant clusters for the contrast for the Trained, Recombined and Novel conditions on Day5.
p (FWE-corer)

Size

Peak voxel

MNI coordinates

Anatomical areas

T

Z

x

y

z

Trained4Novel
o.001

1215

10.65
8.62
4.83
3.91

6.41
5.76
4
3.41

 58
 44
 64
 46

 56
 72
 46
 56

40
40
32
18

L
L
L
L

o.001

1274

8.68
7.57
7.33

5.79
5.36
5.26

56
58
64

 62
 50
 50

36
44
30

R angular gyrus
R inferior parietal lobule
R supramarginal gyrus

0.015

231

6.77

5.01

 58

 26

 10

L middle temporal gyrus

0.01

251

6.47

4.88

 36

16

42

Novel4 Trained
0

22,728

o.001

5563

o.001

793

0.044

175

12.44
11.02
10.75
9.86
9.65
11
10.32
9.99
9.95
9.4
9.35
7.68
6.84
6.03
8.68
7.32
6.13
7.89
7.69
6.72
5.35
5.67
4.34
4.74
5.29

6.88
6.52
6.44
6.18
6.11
6.51
6.32
6.22
6.21
6.03
6.02
5.4
5.05
4.66
5.79
5.26
4.71
5.49
5.41
4.99
4.3
4.47
3.69
3.94
4.26

 40
 24
 36
 26
 24
16
24
30
38
46
22
48
28
48
2
10
2
 50
 28
 40
 36
10
20
 14
44

 78
 62
 86
 64
 74
 96
 88
 68
 84
 64
 64
12
0
0
12
18
6
6
2
28
34
 14
0
 10
32

8
50
0
44
32
0
4
32
4
8
50
24
50
54
52
36
68
30
68
24
30
6
20
4
26

Trained4Recombined
o.001

530

o.001

401

7.02
6.79
6.27
5.16

5.13
5.03
4.78
4.19

 56
 58
62
56

 50
 58
 50
 52

36
36
38
44

Recombined 4Trained
o.001

25,785

0.017

194

10.76
8.94
8.93
8.26
7.49
7.31
10.33
9.82
8.05
7.94
7.71
7.6
7.63
6.24
5.93
5.32
6.38
4.57
5.11

6.44
5.88
5.87
5.63
5.33
5.25
6.32
6.17
5.55
5.51
5.42
5.37
5.39
4.76
4.61
4.28
4.83
3.84
4.16

28
22
24
26
40
18
 28
 24
 18
 14
 40
 12
6
 26
 26
4
 40
 48
12

 88
 88
 62
-68
 62
 96
 78
 74
 64
 70
 78
 66
6
2
 14
12
26
40
 16

6
2
48
36
 12
0
30
38
58
44
8
48
56
60
70
46
20
16
8

Recombined 4Novel
0.001

297

4.72

3.93

58

 48

44

R inferior parietal lobule

Novel 4 Recombined
0

327

5.02

4.11

 44

 76

8

L inferior occipital gyrus

inferior parietal lobule
angular gyrus
supramarginal gyrus
middle temporal gyrus

L middle frontal gyrus
L inferior occipital gyrus
L superior parietal lobule
L middle occipital gyrus
L inferior parietal lobule
L superior occipital gyrus
R calcarine gyrus
R lingual gyrus
R middle occipital gyrus
R inferior occipital gyrus
R inferior temporal gyrus
R superior parietal lobule
R inferior frontal gyrus pars Opercularis
R precentral gyrus
R middle frontal gyrus
R supplementary motor area
R middle cingulum
L supplementary motor area
L precentral gyrus
L superior frontal gyrus
L inferior frontal gyrus pars Triangularis
L middle frontal gyrus
R thalamus
R caudate
L thalamus
R inferior frontal gyrus pars Triangularis
L inferior parietal lobule
L angular gyrus
R angular gyrus
R inferior parietal lobule
R middle occipital gyrus
R lingual gyrus
R angular gyrus
R superior occipital gyrus
R inferior occipital gyrus
R calcarine gyrus
L middle occipital gyrus
L superior occipital gyrus
L inferior parietal lobule
L superior parietal lobule
L inferior occipital gyrus
L precuneus
L supplementary motor area
L superior frontal gyrus
L precentral gyrus
R middle cingulum
L inferior frontal gyrus pars Triangularis
L superior temporal gyrus
R thalamus
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Table 5. (continued )
p (FWE-corer)

0.012

Size

182

Peak voxel

MNI coordinates

Anatomical areas

T

Z

x

y

z

4.68
4.73
3.8

3.9
3.94
3.33

 52
48
42

 66
 56
 60

8
 10
 14

L inferior temporal gyrus
R inferior temporal gyrus
R inferior occipital gyrus

R: right, L: left, MNI: Montreal Neurological Institute, FWE-corr: Family-wise error corrected

clusters that reﬂected shorter RTs were found. Thus most of the
areas reported in the Novel4Trained condition above can be explained by higher demands in visuo-spatial attentional network,
phonological working memory, and motor preparation.
3.2.2. Effect of training: Day 5
Although we did not observe a neural pattern that suggests
emergence of holistic representations on Day1, we can still expect
a qualitative change with more repetition and/or time (Davis et al.,
2009; Takashima et al., 2014a, 2009; Thielen et al., 2015). To see if
this was the case, we contrasted the Trained and Novel condition
tested on Day 5. The contrast Trained greater than Novel condition
revealed an activation pattern in the bilateral angular gyrus, left
middle temporal gyrus, and left middle frontal gyrus suggesting
emergence of holistic memory representations for the Trained
condition (Fig. 3B, Table 5). The reverse contrast (Novel4Trained)
showed a similar pattern to that observed on Day 1, suggesting an
effortful process for the Novel condition relative to the Trained
condition, engaging the visuo-spatial attentional network, phonological working memory, and motor preparation.
As with the Day 1 result to account for the reaction time difference between trials, we also tested the model with three
parametric modulators (repetition, RT, and condition), especially
since the areas that showed an effect for the Trained compared to
the Novel condition on Day 5 was due to less deactivation relative
to rest-baseline period observed for the Trained condition compared to the Novel condition. The condition regressor of this
model revealed a very similar pattern to that of the contrast
Trained 4Novel and Novel4Trained (Supplementary Material Fig.
S2). The parametric modulator of the reaction time regressor revealed that longer RT trials engaged similar areas to that observed
for Novel4Trained contrast (Supplementary Material Fig. S1b).
For trials that showed shorter RTs, small clusters in the bilateral
inferior parietal cortex, of which the right extending to the angular
gyrus was observed but neither clusters survived the cluster level
threshold (left p ¼.293, right p ¼.058, Supplementary Material Fig.
S1c). Thus the activation pattern observed for the condition effect
can be attributed to processes that reﬂect over and above any
between condition differences in response times.
We expected the Recombined condition to show an activation
pattern that was in between Trained and Novel condition since
Recombined pseudowords were recombination of characters
(equivalent to syllables) used in the Trained condition. Comparison
between the Trained and Recombined conditions on Day 5 showed
a similar pattern to the contrast between the Trained and Novel
conditions on Day 5, indicating that pronunciation of Recombined
pseudowords required more visual attention, working memory
and motor preparation than pronunciation of Trained pseudowords. Although smaller, the contrast between the Recombined
and Novel conditions on Day 5 showed a similar pattern to the
contrast between the Trained and Novel conditions (Fig. 3B, Table 5). In other words, Recombined condition showed less

deactivation relative to the rest period than the Novel condition in
the right inferior parietal lobule. Decoding of Recombined pseudowords engaged the right inferior parietal lobule/angular gyrus
to a higher degree than the Novel pseudowords, whereas for the
Novel condition required more processes related to the bilateral
occipital to inferior temporal gyrus. This suggests that the character (syllable) level representations also emerged through training on pseudowords that contained these characters.
3.2.3. Change in activation pattern from Day 1 to Day 5
To see if there were changes in the brain activation patterns
with more training and time, we compared the brain patterns
between the two sessions separately for each condition. Direct
comparisons between Days for each of the conditions showed that
for the Trained condition, more activation was observed in the left
middle temporal gyrus extending to the fusiform gyrus, and another cluster in the right middle/superior frontal gyrus on Day
1 relative to Day 5. For the Recombined condition, more activation
in the midline prefrontal cortex and left middle occipital clusters
was observed on Day 1 relative to Day 5. For both the Trained and
Recombined conditions, we did not observe any levels of activity
that was greater for Day 5 compared to Day1. For the Novel condition, no clusters survived our statistical threshold for both contrasts (i.e., Day 1 4Day 5 and Day 5 4Day 1). To test if the difference between Trained and Novel increased as a function of
training and time, we contrasted the difference between the
Trained and Novel conditions for Day 1 and Day 5. No clusters
survived our statistical threshold. Comparison of between session
scans is often difﬁcult due to low scores on test-retest reliability on
higher cognitive tasks (e.g., Brandt et al. (2013)), and this may
partially explain our non-signiﬁcant ﬁndings in comparing between-session data.
3.2.4. Activation pattern on Day 5 predictive of behavioural performance on Day 30
To test whether speciﬁc brain activation patterns were predictive of performance after a longer delay, another model was
tested. This modeled only the Day 5 data, with two regressors of
interest (correct and incorrect trials, irrespective of training conditions), and two parametric modulators for the correct trials regressor (one for repetition across blocks and another accounting
for the memory strength at Day 30 (calculated as mean RT of all
correct pseudowords at Day30 - mean RT for each of the pseudowords across ﬁve blocks at Day30 if pronounced correctly)).
Activation level increase during the pronunciation task on Day 5 in
the bilateral supramarginal and angular gyrus was predictive of
faster RT on Day 30, with the left middle to inferior temporal gyrus
cluster showing a trend (Fig. 3C, Table 6). For those pseudowords
which were pronounced slower on Day 30, the activation level in
the dorsal visual attentional network was higher during the pronunciation task on Day 5. Also for this model, to ensure that the
activation pattern is reﬂecting brain processing difference that is
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Table 6.
Signiﬁcant clusters for the activation pattern for correct trials that correlate with memory strength on Day 30.
Positive correlation with memory strength on Day 30
Cluster

Peak voxel

MNI coordinates
x

Anatomical areas

p (FWE-corr)

Size

T

Z

y

z

0.016

235

5.1
5.01

4.16
4.1

64
62

 50
 50

30
38

R supramarginal gyrus
R angular gyrus

0.004

315

4.95
4.95

4.07
4.07

 54
 58

 52
 52

34
32

L angular gyrus
L supramarginal gyrus

0.076

155

4.33
4.33

3.69
3.69

 62
 60

 20
 12

 16
 24

L middle temporal gyrus
L inferior temporal gyrus

Negative correlation with memory strength on Day 30
p(FWE-corr)

Size

o.001

16,457

o.001

9860

0.001

446

0.007

286

T
10.2
9.83
9.3
8.66
8.24
8.15
8.08
8.55
8.5
8.07
8.06
7.97
7.73
7.88
7.4
7.27
5.31
3.97
4.41
4.21
4.21

Z
6.28
6.17
6
5.78
5.62
5.59
5.56
5.74
5.72
5.56
5.55
5.52
5.43
5.49
5.29
5.23
4.28
3.45
3.74
3.61
3.6

x

y

z

 14
 18
 28
 30
 24
20
20
8
4
4
 20
 44
 42
2
 48
6
54
54
40
44
42

 62
 62
 66
 62
 58
 68
 66
18
10
14
2
8
24
6
0
18
6
0
44
30
38

54
52
42
44
56
50
46
42
52
44
56
30
24
58
46
40
32
34
30
26
22

Anatomical areas
L precuneus
L superior parietal lobule
L middle occipital gyrus
L inferior parietal lobule
L superior parietal lobule
R superior parietal lobule
R superior occipital gyrus
L medial superior frontal gyrus
L supplementary motor area
L middle cingulate gyrus
L superior frontal gyrus
L inferior frontal gyrus pars Opercularis
L inferior frontal gyrus pars Triangularis
L supplementary motor area
L precentral gyrus
R middle cingulate gyrus
R precentral gyrus
R postcentral gyrus
R middle frontal gyrus
R inferior frontal gyrus pars Triangularis
R middle frontal gyrus

R: right, L: left, MNI: Montreal Neurological Institute, FWE-corr: Family-wise error corrected

over and above the reaction time difference across the trials on
Day 5, we ran another model including both Day 5 RT and Day 30
RT as modulating regressors. After accounting for RT differences on
Day 5, the Day 30 RT regressor showed areas that were predictive
of better performance on Day 30 in the left angular (peak voxel
[  54  52 34], cluster size 65 voxels) and middle temporal gyrus
(peak voxel [  66  30  10], cluster size 110 voxels), although the
two clusters did not survive our cluster-level threshold. The reverse contrast showed areas in the bilateral fronto-parietal attentional network (Supplementary Material, Figs. S3a and S3b).
When the parametric modulator for the RT on Day 30 was tested
separately for the three conditions, none of the contrasts survived
our statistical threshold. However, inspection of mean beta values
extracted from the regions that predicted better performance on
Day 30 (i.e., left angular, right angular and left middle/inferior
temporal gyrus clusters) revealed that the effect was mainly driven by the Trained condition (Supplementary Fig. S3c).
3.2.5. Summary imaging results
In line with the study by Takashima et al. (2014b), when participants had to rely on serial decoding for pronunciation, they
strongly engaged the occipito-parieto-frontal network (visual attentional network and phonological working memory) extending
to motor preparatory areas in the inferior frontal gyrus, supplementary motor area, and premotor cortex. With training on a
speciﬁc combination of radicals (Trained pseudowords), increased
engagement of the bilateral angular/inferior parietal gyrus, left

middle temporal gyrus and left middle frontal gyrus was observed.
This suggests that holistic representations of repeatedly encountered pseudowords may have emerged in these areas. Furthermore, engagement of the bilateral angular and left posterior
middle temporal gyrus during test on Day 5 was predictive of
performance three weeks later without further training, indicating
that emergence of these representations in these areas led to
stable performance over time. The newly formed representations
also appeared to extend to the sub-word level, in this case the
character (syllable) level, as the activation pattern observed during
decoding of recombined characters (syllables) fell in between the
patterns observed in the Trained and Novel conditions.

4. Discussion
In this study, we investigated the effect of training on the decoding of pseudowords in a novel script. We tested whether repeated training on pronouncing a novel orthographical pattern
induces a holistic representation, such that decoding and pronunciation become more efﬁcient after multiple exposures. Participants were trained to pronounce a set of pseudowords written in
an initially unfamiliar but transparent script (Korean Hangul
characters), which became familiar with repeated practice on
three levels: the word-level (Trained), syllable-level (Recombined)
and letter-level (Novel). Brain activation during pronunciation was
measured after the initial training. We also tested after an extra
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training session and a delay of four days, in order to probe extra
training- and/or time-related neural changes.
A training effect was observed in behavioural data as well as in
brain activation patterns. Repeatedly experienced combinations of
radicals (i.e., the Trained pseudowords) were read more accurately
and faster than the novel combination of the same radicals (i.e.,
the Novel condition). The difference between Trained and Novel
pseudowords increased even more after training, with responses
on Trained pseudowords speeding up on Day 5 relative to Day 1. At
the brain level, less engagement of brain areas that are known to
reﬂect visual-attention in the dorsal occipito-parietal areas, and
motor preparation and phonological working memory storage
areas in the posterior portion of the inferior frontal cortex for
Trained relative to Novel pseudowords on Days 1 and 5 were observed. Instead, on Day 5, the Trained pseudowords recruited the
bilateral angular/inferior parietal, left middle temporal and left
middle frontal gyri. The areas that increased and decreased with
training overlapped to a large degree with the study by Takashima
et al. (2014b), in which Dutch participants were trained on speeded decoding of Greek orthography. The areas that decreased in
involvement with training also overlap to a great extent for assembled phonology network reported by Mei et al. (2014). They
report the bilateral inferior frontal/precentral gyri, bilateral supramarginal extending to superior parietal lobe, and bilateral inferior occipital gyri of which the left extending to the fusiform
gyrus as the areas that were more engaged during assembled
phonology. As for the addressed phonology, they reported not only
the bilateral angular, left middle temporal gyrus, and left middle
frontal gyri, similar to our ﬁndings, but also areas in the right
middle frontal, anterior and posterior cingulate, right orbitofrontal
and right fusiform gyri were reported. The observed pattern was
also similar to the results of a study that compared pseudowords
and words written in either familiar or unfamiliar fonts (Ischebeck
et al., 2004), in which inferior frontal regions exhibited more activation for pseudowords and words in unfamiliar scripts, whereas
words in familiar fonts elicited an activation increase in the bilateral inferior parietal lobule, left middle temporal gyrus and left
middle frontal gyrus.
Better performance was also observed in the Recombined
condition relative to the Novel condition. Pseudowords in the
Recombined condition were comprised of the same characters that
appeared in the Trained condition, and thus shared sub-lexical
syllabic-level units. If syllable-level representations also emerge
through repeated exposure to words in the Trained condition,
conversion-and-compilation processes can be applied at the syllable-level rather than at the grapheme-level, which should lead
to more efﬁcient decoding than in the Novel condition. Since
compilation of syllable units is still necessary and thus less efﬁcient than word-level decoding, performance in the Recombined
condition would, however, not be expected to reach the level of
the Trained condition. Both behavioural and imaging results
showed that responses to the Recombined condition indeed fell in
between the Trained and Novel conditions, suggesting that intermediate sub-lexical units (syllable/character) became available for
decoding.
These results conﬁrm our ﬁrst hypothesis that repeated experience with a speciﬁc combination of radicals (letters/graphemes) leads to a different decoding process. In the beginning,
participants had to decipher each radical separately and compile
them in order to pronounce the two-character pseudowords
comprised of four radicals. This process was slower, and mistakes
on the smallest unit (replacing a phoneme with another one) were
most often observed. In terms of neural responses, the Novel
condition elicited activation increases in occipito-parietal and
frontal areas, suggesting that high levels of visual-attention, phonological working memory load, and motor preparation were
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demanded for this condition. These ﬁndings indicate that during
the initial stage of decoding when conversion takes place at the
level of grapheme-phoneme units (given that grapheme-phoneme
correspondence is transparent), more computational resources are
required to pronounce the whole word because there is a demand
for more units to be converted and these converted units need to
be kept online for compilation.
With practice, participants became more efﬁcient at reading
aloud repeatedly exposed pseudowords. One possible explanation
for the observed decrease in reaction times to the trained pseudowords could be that a more holistic decoding for these pseudowords and characters is taking place. Brain activation pattern on
Day 5 support this idea, with increased levels of activation in the
bilateral angular/supramarginal, left middle temporal and left
frontal gyri for the Trained condition relative to the Novel condition. The posterior regions are often reported in functional imaging studies of reading (Price and Mechelli, 2005). Although with
the current study we cannot dissociate between orthographic,
phonological and motoric word-level representations, the areas
that increased in activation for the trained pseudowords on Day
5 are related to processing of higher-order multimodal association
areas. The posterior middle temporal gyrus is often reported as an
audio-visual convergence zone (Gow, 2012; Hickok and Poeppel,
2007) or an area that codes for the phonological lexicon (e.g. Takashima et al. (2014a)). The angular gyrus is often referred to as an
area that codes for semantic information (Binder and Desai, 2011;
Graves et al., 2010), but since our stimuli did not involve semantic
information, this area may also be involved in converging lexical
information without semantics (Sandak et al., 2004). A study in
Korean native speakers reported that the angular gyrus pathway
was recruited for reading Hangul (phonogram) compared to Hanja
(logogram) scripts (Cho et al., 2014), and related the function of
this area to orthography-phonology conversion process.
If it were the case that the same processes are used throughout
training and for all item types, namely the serial grapheme-tophoneme conversion-and-compilation, then we would expect the
training to affect all three conditions to the same degree since the
radicals used in the three conditions were all the same with the
same number of repetitions. At the behavioural level, we observed
an interaction effect of Test day and Condition, showing faster RT
to the Trained condition compared to the Recombined and the
Novel condition that became more pronounced on Days 5 and 30.
On the imaging level, we saw a qualitative difference, with more
engagement of the bilateral angular and left middle temporal
gyrus for the Trained condition on Day 5. Thus it is more likely that
a qualitative change in decoding process occurred after repeated
training and time to consolidate.
In his self-teaching hypothesis, Share suggests that with each
successful decoding experience of an unfamiliar word, children
have the opportunity to learn word-speciﬁc orthographic information (Share, 1995). Ziegler and colleagues further implemented this idea in their phonological decoding self-teaching
model (Ziegler et al., 2014). Here the model assumes that the
system already has knowledge about a cohort of phonological
lexicons. Once the basic grapheme-phoneme rule is taught to the
system, the system can decode the unfamiliar letter strings according to the grapheme-phoneme rule. If the output of the
compiled phonemes matches with an existing phonological lexicon, then a direct mapping between the whole orthography and
the corresponding phonology is initiated. This model ﬁts nicely
with the current experiment where the participants were taught
the grapheme (radical)-phoneme rule at the start of the experiment. Initially, decoding took place serially. The compiled phonemes can be mapped to their existing phonological knowledge,
and the experience of decoding the two-character words led to the
emergence of holistic pseudoword-level orthographic and
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phonological representations, which then could be used to decode
once the representations were stable enough after some repetitions. Mapping of two radical combinations (CV) to a syllable and
the link between orthography and phonology at the sub-lexical
(character/syllable) level prompted faster reading time for the
pseudowords in the Recombined condition relative to the Novel
condition.
Behavioural data comparing the ﬁrst occurrence during test
(block 1) and repeated within session occurrence (blocks 2–5)
gives an interesting view. Within-session repetition of naming is
known to reduce RTs, especially for lower-frequency words relative to high-frequency words (Katz et al., 2005). All three conditions showed a beneﬁt of repetition within the same test session.
This can be explained by the possibility that retrieval of the episodic memory of the previous trial was enough to execute the
production in the repeated trials rather than converting grapheme/orthography to phoneme/phonology for reading aloud for
each repeated occurrence. Indeed some participants made the
same mistake on the same word (usually mispronunciation of a
single radical), even though they had the chance to correct the
mispronounced radical through exposure to other pseudowords
with this mispronounced radical. Although this explanation is
probable, it does not explain the interaction effect only found for
Trained and Recombined conditions on Days 5 and 30. The difference between the ﬁrst and the repeated occurrence within
session did not change across Test days (between sessions) for the
Novel condition, but speeded up for the Trained and Recombined
conditions. Thus repetition beneﬁt is not merely reﬂecting the
episodic retrieval of the previous trial. A more likely explanation
therefore is that (sub) lexical representations for characters/words
in these two conditions emerged after training, but access to these
codes may have weakened after the training had stopped. The ﬁrst
re-exposure to the trained character/pseudoword will rekindle the
link between the visual input and the emerged orthographic and
phonological lexical representations, leading to faster pronunciation on consecutive trials. This idea is very likely since speeding up
from the ﬁrst to the consecutive trials was most obvious on Day
30, where participants had not been exposed to the pseudowords
for three weeks after Day 5. It may take some time to access stored
(sub) lexical information initially if it is not used frequently, but
once the link is reconﬁgured, then the presence of the (sub) lexical
representation aids speeded decoding.
Correlation of behavioural performance (both accuracy and
reaction times) across days revealed that good learners were good
performers. Both measures were highly correlated between Day 1,
Day 5 and Day 30. This ﬁnding is interesting in the light of developmental studies in reading (Ehri, 2014; Share, 1995), in which
reading readiness at kindergarten was shown to be predictive of
later reading skills in children (Duncan et al., 2007; Grissmer et al.,
2010). No between-participants correlation on the behavioural
performance and the degree of neural activation was found.
Nevertheless, the pattern that was stronger on Day 5 for Trained
pseudowords in the bilateral angular and left posterior middle
temporal gyri was predictive of better performance three weeks
after the training had ﬁnished (Day 30). What functional roles
could these areas serve? A study that investigated later-literates
found more grey matter in bilateral dorsal occipital areas, left
supramarginal and superior temporal areas, and the angular and
posterior middle temporal gyri in this population than in illiterates
(Carreiras et al., 2009). This later-literate study furthermore reported stronger functional connectivity between the bilateral angular gyri during reading relative to object-naming, suggesting an
important role for the angular gyrus in orthography-phonology
correspondence. Thus, in our study, the level of activity of the
angular and posterior middle temporal gyri during decoding on
Day 5 may reﬂect the stability of the lexical representation that

directly associated orthography to phonology. If the level of activation in these areas reﬂected the strength of the lexical representation(s) for a given script input on Day 5, then those representations are probably still available at delayed test on Day 30,
contributing to efﬁcient reading.
We observed recruitment of the visual word form area (VWFA),
an area in the left ventral occipitotemporal cortex/fusiform gyrus
that is often reported to be engaged in visual perception of words
and letters (Dehaene and Cohen, 2011; Dehaene et al., 2005;
McCandliss et al., 2003). The activity level was greater for the
Novel compared to the Trained condition (the area was a part of
the huge clusters that entailed a large part of the posterior ventral
cortex bilaterally) for both Days 5 and 30 (Supplementary Fig. S4a
and b). This area has been reported to show a posterior to anterior
gradient with increasing complex orthographic units (Vinckier
et al., 2007) or familiarity with a speciﬁc sequence of letters
(Binder et al., 2006). This area has also been shown to respond to
auditorily presented words when the task is focused on the orthographic aspects of the word (Ludersdorfer et al., 2016). Some
researchers also advocate the function of this area not as an orthographic representation area but rather as an interface to associated semantic and phonological representations (Price and
Devlin, 2011). Over all, the area seems to code for representation of
scripts, but the activity level is often reported to be higher for less
familiar strings, such as pseudowords, low frequent words, unfamiliar as compared to trained logographs, etc (e.g. Graves et al.
(2010), Kronbichler et al. (2007), Mechelli et al. (2003), Xue et al.
(2006)). In a recent meta-analysis, Taylor et al. proposed an engagement-effort relationship correspondence that reﬂects an inverted U-shape of the brain signal (Taylor et al., 2013). They argued
that if we do not have a mental representation of the input stimulus, the area will not respond, however, depending on the
amount of effort needed to process the incoming information, the
degree of response will differ, with higher signal change for more
demanding stimulus such as pseudowords, infrequent words, and
unfamiliar letter combinations compared to a more familiar input.
Our data is in line with this proposal. The pseudowords in the
Novel condition were comprised of Trained radicals, but the
combination of radicals was new. This unfamiliarity to the combination could have led to increased engagement of this area.
With this study, in which participants actively pronounced the
pseudowords during test, we cannot dissociate whether it is the
orthographic-phonological mapping or the motor-related code
that contributes most to efﬁcient reading of frequently occurring
words. We can only speculate from the activation increase in the
posterior areas known to process audio-visual integration, that
orthographic-phonological mapping is the more likely explanation. Future research using overt and covert reading manipulations, for instance, may lead to a better understanding of emergent
holistic representations in different stages of overt reading (i.e.,
visual perception, phonological conversion, motor preparation,
and motor execution). Furthermore, for the sake of less complexity, we left the semantic component out of our experimental manipulations. Although pseudowords have been observed to show
patterns similar to real words if experienced multiple times,
especially in the visual processing stream (Fisher et al., 2011), the
existence of semantic representation may have a top-down effect
on reading (Taylor et al., 2015; Twomey et al., 2011). One study
reported that direct orthography-to-phonology conversion recruited the left supramarginal, posterior middle temporal, and
fusiform gyri, whereas semantic processing involved the left
middle/inferior temporal gyri, bilateral angular and precuneus/
posterior cingulate gyri (Graves, et al., 2010). However, another
study showed elevated activation levels in the posterior middle
temporal gyrus for meaningful words (Simos et al., 2002). Thus, it
is not yet clear to what extent semantic processing plays a role in
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activating these areas during reading. Investigating behavioural
and neural changes as a consequence of training on reading novel
meaningful scripts would be an interesting next step for future
research.

5. Conclusions
Repeated exposure inﬂuences learning to read novel scripts.
We have shown that repeated exposures to a speciﬁc combination
of radicals (letters) led to faster and more accurate pronunciation
through the possible use of holistic decoding processes, and this
was related to increased engagement of the bilateral angular/supramarginal and left middle temporal gyri in the brain, and decreased processing demands in the visual attentional, cognitive
control, phonological working memory, and motor preparation
areas. Activation level in the bilateral angular and left middle
temporal gyrus, which could be coding for holistic unit (both on
word- and syllable-levels) representations, was predictive of efﬁciency in reading aloud the trained unfamiliar script after a notraining period of at least three weeks.
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