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Abstract
Holistic processing of visual words (i.e., obligatory encoding of/attending to all letters of a word) could be a marker of expert
word recognition. In the present study, we thus examined for the first time whether there is a direct relation between the word-
composite effect (i.e., all parts of a visual word are fully processed when observers perform a task on a word part) and fast access
to the orthographic lexicon by visual word experts (i.e., fluent adult readers). We adopted an individual differences approach and
used theword-frequency effect (i.e., faster recognition of high- than low-frequency words) in an independent lexical decision task
as a proxy of fast access to lexical orthographic representations. Fluent readers with larger word-composite effect showed smaller
word-frequency effect. This correlation was mainly driven by an association between a larger composite effect and faster lexical
decision on low-frequency words, probably because these lexical representations are less stable and integrated/unitized, hence
allowing differentiating among fluent readers. We thus showed that holistic processing of visual words is indeed related to higher
efficiency in visual word recognition by skilled readers.
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Introduction

Letters and visual words offer an interesting way to investigate
perceptual expertise. This category is too recent in the history
of humankind to be entrenched in the human genome
(McCandliss, Cohen, & Dehaene, 2003), but most humans
have years of practice in visual word recognition: 86% of

the adult world population is literate (UNESCO, 2019).
Therefore, this artificial, non-natural category provides a
unique opportunity to examine how neurocognitive represen-
tations change with experience (McCandliss et al., 2003;
Wong & Gauthier, 2007).

To unravel the characteristics of perceptual expertise that
are either general or specific to various visual categories (e.g.,
Busey &Vanderkolk, 2005; Richler,Wong, &Gauthier, 2011;
A. W. Wong & Gauthier, 2007; Xu, 2005), studies on percep-
tual expertise have often investigated face recognition (e.g.,
Farah, Wilson, Drain, & Tanaka, 1998; Maurer, Le Grand, &
Mondloch, 2002) or the comparison between faces and non-
face categories of expertise. It has been proposed that, rather
than visual properties of stimuli (regardless of their resem-
blance to faces or not), it is the previous intense and continu-
ous experience and task demands (i.e., individuation and fast
processing of items composed by highly similar local ele-
ments) that drive perceptual expertise (e.g., Baker,
Behrmann, & Olson, 2002; Harel, 2016; Wong, Folstein, &
Gauthier, 2012b). Holistic processing has been regarded as
one of the mechanisms underpinning the ability of the visual
system to fulfill the task demand of fast individuation
(Diamond & Carey, 1986; Gauthier & Bukach, 2007;
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Gauthier, Curran, Curby, & Collins, 2003; Rossion, 2013;
Wong, Palmeri, & Gauthier, 2009; Young, Hellawell, &
Hay, 1987).

Holistic processing has had different definitions in the lit-
erature. Two of the most studied definitions involve a percep-
tual strategy of processing all parts together that becomes
automatized with experience and/or due to a history of learned
attention to diagnostic parts (Chua, Richler, & Gauthier, 2014;
Richler et al., 2012; Richler,Wong,&Gauthier, 2011), and the
explicit representation of spatial relationships between fea-
tures (e.g., Diamond & Carey, 1986; Leder & Bruce, 2000).
Rather than undifferentiated wholes, face recognition involves
representations of both the local elements (individual face
parts) and their configuration (e.g., Farah et al., 1998;
Maurer et al., 2002; Tanaka & Farah, 1993; Young et al.,
1987). In a similar vein, in visual word recognition, it has long
been shown that letter identities are not bypassed and word
holistic processing is not just about supra letter features (e.g.,
Paap, Newsome, & Noel, 1984). Holistic processing can thus
be defined as obligatory encoding of/attending to all object
parts, which in turn are also encoded and represented indepen-
dently (Richler & Gauthier, 2014).

In recent years, increased attention has been devoted to
visual word recognition under a perceptual expertise
framework (e.g., Liu, Chuk, Yeh, & Hsiao, 2016;
Ventura, 2014; Wong & Gauthier, 2007). Efficient visual
word recognition (i.e., fast access to abstract orthographic
representations at the mental lexicon, which then act as a
key interface to phonological and conceptual representa-
tions) requires fast identification of letters (from a limited
set) and of their position within-word (e.g., <GOD> is
different than <COD>, although they only differ in a min-
ute horizontal segment of the first letter; <GOD> is differ-
ent than <DOG>, although both are composed by the same
letters), and regardless of the possible multitude of tokens
(e.g., <god> and <GOD> are the same word, and, hence,
tap into the same abstract orthographic representation, but
they do differ in low level, physical elements1; for a recent
review, see, e.g., Grainger, 2017). In fact, like other non-
face categories of expertise, a compelling bulk of evi-
dence, at both brain and behavioral levels, has suggested
the involvement of holistic representations in visual word
recognition. However, as detailed below, to the best of our
knowledge no study to date has demonstrated a direct
relation between holistic processing of visual words and
fast access to the orthographic lexicon. This was the gen-
eral aim of the present study.

At the brain level, a specific region of the left ventral
occipitotemporal cortex (vOT), coined the visual word form
area (VWFA; Cohen et al., 2002) underpins abstract ortho-
graphic representations (e.g., Dehaene et al., 2001, 2004).
Indeed, recent fMRI studies (Bouhali, Bézagu, Dehaene, &,
2019; Lerma-Usabiaga, Carreiras, & Paz-Alonso, 2018;
White, Palmer, Boynton, & Yeatman, 2019) have shown that
the VWFA comprises two functionally distinct orthographic
areas: one mesial and posterior that is sensitive to grapheme
complexity, word length, and to phonological demands
(sublexical processing), and another more lateral and anterior
region that is sensitive to lexicality and word frequency (lex-
ical processing). Indeed, the anterior portion of the VWFA
contains neurons tightly tuned to whole-word orthographic
representations (e.g., Thesen et al., 2012; Vinckier et al.,
2007), which differentiate whole words (Strother, Zhou,
Coros, & Vilis, 2017), regardless of whether they are fully
different (e.g., boat vs. fish) or differ by just one letter (e.g.,
pole vs. poke; Glezer, Jian, & Riesenhuber, 2009) even if they
are homophones (e.g., poll vs. pole; Glezer, Eden, Jiang,
Luetje, Napoliello, Kim, & Riesenhuber, 2016). This evi-
dence suggests that this region is the neural underpinning of
holistic, lexical (whole-word) orthographic representations
(Bouhali et al. 2019; Lerma-Usabiaga et al., 2018; White
et al., 2019). It also agreeswith evidence showing that neurons
of the vOT become selective for whole representations
of items of expertise (after training discrimination at the
individual level on these multi-component items; e.g.,
Baker et al., 2002).

At the behavioral level, the expressions of holistic process-
ing previously found for faces, i.e., the inversion (e.g.,
Thompson, 1980; Yin, 1969), the part-whole (e.g., Tanaka &
Farah, 1993), and the composite (e.g., Young, Hellawell, &
Hay, 1987) effects, have also been reported in visual word
recognition. In the inversion effect, for example, visual word
recognition is impaired when words are presented inverted
rather than upright (e.g., Carlos, Hirshorn, Durisko, Fiez, &
Coutanche, 2019). More important, just like faces, sensitivity
to distortions of the spatial relationship between parts (i.e., by
replacing one letter for another, or by jittering the letters in a
word) is larger in upright than in inverted words (Conway,
Brady, & Misra, 2017; Wong, Wong, Lui, Ng, & Ngan,
2019). Additionally, Wong et al. (2019) showed that the
word-inversion effect was larger for configural distortions (let-
ter jittering) than for featural ones (line thickness), as happens
for faces (Rakover, 2013).

The word superiority effect refers to the better recognition
of a target letter presented within a word than alone or within a
nonword (Reicher, 1969; Wheeler, 1970). It is regarded as the
result of the interaction between whole-word lexical represen-
tations (top-down influences) and low-level bottom-up pro-
cessing at the letter level (e.g., McClelland & Rumelhart,
1981; Rumelhart & McClelland, 1982).

1 Although the critical aspects of expertise are not about physical properties of
stimuli per se, it is interesting to note that like the multitude of tokens in visual
word recognition that access the same lexical entry (e.g., script vs. cursive),
familiar faces also present a wide range of image variability (e.g., in pose;
expression) that converge into a single face representation (e.g., Young &
Burton, 2018).
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Some authors have questioned the role of lexical represen-
tations, suggesting that independent parallel processing of let-
ters is enough to explain visual word recognition (e.g., Pelli,
Farell, & Moore, 2003). However, Houpt, Townsend, and
Donkin (2014) have shown that letters are processed faster
within a word context than predicted by independent parallel
processing on each letter separately. This finding is also con-
sistent with statistical learning of chunks, where groups of
letters are recognized as a single unit (Orbán, Fiser, Aslin, &
Lengyel, 2008), and the multi-letter representations at the
VWFA (e.g., Dehaene et al., 2004, Thesen et al., 2012;
Vinckier et al., 2007). It also agrees with the idea of holistic
processing of words, that is, obligatory encoding of/attending
to all letters, which in turn are also encoded and represented
independently.

The word-composite effect shows that all parts of a visual
word are fully processed even if the task requires decision on a
part only. The composite task has been recently adopted to
examine holistic processing of visual words in alphabetic
and logographic scripts (Chen et al., 2013; Ventura et al.,
2017; Wong, Bukach, Hsiao, Greenspon, Ahern, & Duan,
2012a; Wong, Zhiyi, McGugin, & Gauthier, 2011b). This is
a perceptual task where reading is not required: participants
are asked to perform a same-different matching task on a
specific visual part (e.g., the first syllable) of two sequential
(dissyllabic) words and not on whole strings (e.g., same-re-
sponse trials2: LANE - LADY; LANE - LANE; different--
response trials: LANE - CONE; LANE - COZY). Two critical
components in this task argue for holistic processing of words.
First, influence of the irrelevant part (e.g., the right half) on
performance over the target part (e.g., the left half), that is, a
significant congruency effect: better performance when the
irrelevant part is congruent in response to the one induced
by the critical part (in same-response trials: e.g., LANE -
LANE, as the critical and irrelevant parts are the same; in
different-response trials: e.g., LANE – COZY, as both the
critical and irrelevant parts induce a different-response) than
when incongruent (in same-response trials: e.g., LANE -
LADY, because the critical part of the two words is the same
but the irrelevant part is different; in different-response trials:
LANE - CONE, as the critical part of the words is different but
the irrelevant part is the same). Second, the congruency effect
is modulated by alignment, that is, it is severely reduced when
the two parts of the word are misaligned (e.g., the right part is
moved down relative to the left part) rather than aligned,
probably because the whole percept is disrupted. This interac-
tion between alignment and congruency is more indicative of
holistic processing than by the observation of a congruency
effect, which is tainted by other confounds including response

compatibility and decisional processes. The only way to en-
sure that the congruency effect is indeed about holistic process-
ing of whole items is because when the two parts (critical and
irrelevant) of the item are misaligned, and, hence, the whole
percept is disrupted, there is a reduction of the congruency
effect (e.g., Richler & Gauthier, 2014; Richler, Tanaka, et al.,
2008). Indeed, fMRI evidence has demonstrated that the extent
of misalignment, in terms of rotation, spacing, and displace-
ment, goes out of the limits of perceptual expertise supported
by the VWFA (e.g., Cohen et al., 2008; Vinckier et al., 2006).
Therefore, this disruption impairs access to whole-word repre-
sentations. This word-composite effect reflects access to ab-
stract orthographic and lexical representations, given that it is
immune to surface features (e.g., same effect for Courier font,
aLtErNaTiNg-case, or handwriting font) and it happens for
words only, not for pseudowords (Ventura et al., 2017).

There have been some hints of the association between
holistic processing and visual word recognition. For example,
the word-composite effect is larger in native readers that in
non-native ones (Wong et al., 2011a, b, 2012a, b). Conway
et al. (2017) also suggested that the word-inversion effect is
related to reading skills, given that typical readers showed a
larger word-inversion effect than dyslexic (and hence, less
efficient) readers. Furthermore, sensitivity to configural dis-
tortions indicated by the inversion effect was larger for ob-
servers who were readers than non-readers of the script at test
(Wong et al., 2019; Experiment 1). Yet, none of these exper-
iments has systematically examined the relation at the individ-
ual level between perceptual expertise on visual words (sig-
naled by holistic processing) and fast access to the orthograph-
ic lexicon.

A first attempt was recently made by Wong et al. (2019;
Experiment 2): the larger the inversion effect by non-native
readers, the faster visual word identification in Chinese (in a
sequential matching task on displays of three visual words).
However, no significant correlation was found for native
Chinese readers.

The aim of the present study was to test whether perceptual
expertise on visual words, signaled by holistic processing, is
indeed correlated with fast access to the orthographic lexicon
among fluent, native readers, with the following five
considerations.

First, the only study that has hitherto examined individual
differences in word holistic processing and reading skills fo-
cused exclusively on the inversion effect (Wong et al., 2019).
Both the inversion and composite effects have been used as
proxy of holistic processing, yet, at least in face recognition,
these two effects seem to have different developmental trajec-
tories, different sensitivity to experimental manipulations
(e.g., Richler & Gauthier, 2014), and are uncorrelated with
each other (Rezlescu et al., 2017). We thus examined holistic
processing of visual words with the word-composite effect, as
in Ventura et al. (2017).

2 The critical part on which observers perform the same-different matching
task is underlined; examples are given in English for illustration purposes and
for the sake of clarity.
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Second, we adopted an individual differences approach, in
contrast to some previous studies on between-group differ-
ences (e.g., typical vs. dyslexic readers: Conway et al.,
2017; native vs. non-native readers: Wong et al., 2011a, b,
2012a, b). More important, we examined individual differ-
ences among skilled adult readers in their native language
with the aim of investigating whether the word-composite
effect was involved in the continuous accumulation of visual
word recognition skills even among experts.

Third, in Wong et al. (2019), visual word recognition was
examined with a visual matching task on displays of three
words, which might not necessarily tap into efficient access
to the orthographic lexicon. Given that we were specifically
interested in examining whether holistic processing was relat-
ed to fast access to a fully developed orthographic lexicon, we
examined reading in one of the most often used tasks, that is,
lexical decision, on items differing from those used in the
composite task.

Fourth, to assess visual word recognition efficiency, instead
of lexical decision performance (which could be tainted by
general processing speed), we computed an index known to
reflect fast access to lexical orthographic representations, that
is, the word-frequency effect (i.e., faster recognition of high-
than low-frequency words; e.g., Yap, Balota, Sibley, &
Ratcliff, 2012). This effect has been shown to be smaller for
individuals with large print exposure (i.e., the amount of text
that one reads; e.g., Chateau & Jared, 2000; Yap et al., 2012;
Tainturier, Tremblay, & Lecours, 1992), possibly because, be-
sides larger vocabulary, these readers have higher efficiency in
activating the correct lexical representations. Larger vocabulary
would produce larger inter-word competition (Lewellen et al.,
1993), but the more efficient access/retrieval of word represen-
tations would make up for it. This agrees with simulations in
the triangle model (Harm & Seidenberg, 2004; Monaghan,
Chang, Wellbourne, & Brysbaert, 2017), which showed that
the smaller word-frequency effect is primarily due to reduction
in error variance for low-frequency words as a result of print
exposure. We thus hypothesized that if holistic processing of
visual words is indeed related to efficient access to lexical or-
thographic representations, then fluent readers with larger
word-composite effects would show smaller word-frequency
effects, that is, a negative correlation between the size of the
word-composite effect and the size of the word-frequency ef-
fect. As all participants were fluent readers, and, hence, high-
frequency words would have stable and integrated/unitized lex-
ical representations (for a discussion see, e.g., Kinoshita, 2006;
Kuperman & Van Dyke, 2013), then the hypothesized correla-
tion between the word-composite effect and efficiency in visual
word recognition could be mainly driven by visual recognition
of low-frequency words, because their less stable and
integrated/unitized lexical representation would allow differen-
tiating fluent readers (see, e.g., Kinoshita, 2006; Kuperman &
Van Dyke, 2013).

Finally, reliability of measures can limit both sensitivity of
an individual measure and the extent to which it correlates
with other measures (e.g., Lowe & Rabbitt, 1998; Yap et al.,
2012). Therefore, before conducting the critical correlation
analyses, we computed reliability of the measures in the com-
posite task and in lexical decision, to ensure that variability
among readers did reflect meaningful differences.

Methods

Participants

Seventy-six Portuguese Psychology students at Universidade de
Lisboa, with normal or corrected-to-normal vision and no known
history of a reading disorder, participated voluntarily for a course
credit, after giving informed consent. Data from ten additional
participants were excluded due to error rates above 25% in any of
the two tasks. This study was approved by the Deontological
Committee of the Faculty of Psychology.

According to G*Power (Version 3.1), this sample size allows
detecting a significant correlation of .366 atα = .05 with a power
of .91, which was determined by the geometric mean of the
correlation coefficients found between holistic processing and
recognition performance for faces (inversion: r = .42, part-
whole r = .25; Rezlescu et al., 2017), and between configural
sensitivity and recognition performance for words (r = -.469;
Wong et al., 2019).

Material and procedure

All material was written in the Latin alphabet in European-
Portuguese (EP), one of the Romance languages with higher
syllabic and morphological complexity. Regarding ortho-
graphic consistency (univocal mapping of phonological into
orthographic representations), EP is more opaque than other
Romance languages, like Spanish or Italian, but less opaque
than French (or English; e.g., Soares et al., 2019), and, hence,
has an orthography of intermediate depth.

Participants completed two tasks in a counterbalanced or-
der (half performed first the word composite task, the other
half the lexical decision task). In both tasks, stimuli were pre-
sented on the center of a 17-in. CRT monitor at a viewing
distance of ~90 cm; stimuli presentation and data collection
were controlled by E-Prime 2.0.

Word composite task.Thewords, task, and sequence of events
were as in Ventura et al. (2017; Experiment 1). As shown in Fig.
1, in each trial, participants had to judge whether the left part (the
first consonant.vowel, CV syllable) of the two CV.CV3 words
was the same or not, regardless of the other, irrelevant part (the
second CV), by pressing the “green” or “red” key, respectively,

3 The dot signals a syllable boundary.
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as quickly and accurately as possible. After response or after 2.5
s, whatever came first, another trial began.

Participants performed two types of blocks of 96 trials each
(four blocks aligned; four misaligned; block- and trial-order ran-
domized), as shown in Fig. 1. In the aligned blocks, the first and
second CV syllables of each word were presented aligned, and
hence, word form was preserved (size of 3.44° × 1.04°). In
misaligned blocks, the right half of the word was moved down
by 100 pixels, resulting in the word spanning 3.44° × 1.66°, and
disrupting the word-form.

Before the experimental trials, participants were first pre-
sented with four examples on paper, for which they received
feedback on accuracy. Next, they performed 16 computerized
practice trials with different stimuli.

We used the complete version of the composite task (for a
meta-analysis and recent review, see Richler & Gauthier, 2014).
Thus, within-block, the same number of trials was presented in
each of the four conditions resulting from the orthogonal manip-
ulation of response (“same” vs. “different”) and congruency (be-
tween the two halves). As previously explained, in “same”-re-
sponse trials, the first CV was the same in both words (e.g.,
LA.DY – LA.NE; FA.CE - FA.CE4); in “different”-response

trials, the first CV was different (e.g., FA.CE - RI.CE; LA.DY -
MO.RE). On congruent trials, the irrelevant part leads to the
same response as the one induced by the critical part, either a
“same” or a “different” response (e.g., FA.CE - FA.CE and
LA.DY - MO.RE, respectively). On incongruent trials, the irrel-
evant part leads to a different, conflictual response relative to the
critical part, in same and different response trials (e.g., LA.DY -
LA.NE and FA.CE - RI.CE, respectively).

The words comprised the 24 sets of four CV.CV
Portuguese words used by Ventura et al. (2017): 12 sets of
high-frequency words (ln freq= 9.22) and 12 sets of low-
frequency words (Bacelar do Nascimento et al., 2007; ln
freq= 3.43), t(22)= 16.91, p < .0001.

Lexical decision task. Task and material were the same as
in Lima and Castro (2010). In each trial, participants judged
whether the letter string presented on the screen was a real
word or not by pressing the “green” or “red” keys, respective-
ly, as quickly and accurately as possible.

Each trial began with a white screen presented for 500 ms,
followed by a 500-ms fixation cross, and next by the letter
string, presented in lowercase Gill Sans with a 110-point size
(item size: 5.66° × 2.12° to 8.53 × 2.75°), which remained on
the screen until response or for a maximum of 2.5 s.
Presentation of words and pseudowords was intermixed,

Fig. 1 Illustration of the composite task with Portuguese words. The left
and right word halves were aligned in half of the trials and misaligned in
the remaining half for each condition. Each word was presented in

Courier font with a 20-point size, at a viewing distance of 90 cm. In the
misaligned trials, the right half of the word was moved down by 100
pixels, resulting in the word spanning 3.44° × 1.66°

4 Examples are given in English just for the sake of clarity.
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randomized, and divided into two blocks of trials (blocks with
order counterbalanced across participants). Before the exper-
imental trials, participants performed 20 computerized prac-
tice trials.

Experimental items (Lima & Castro, 2010; Experiment 2)
were 150 Portuguese dissyllabic words and 150 dissyllabic
pseudowords, from six sets, varying in length (four, five,
and six letters) and frequency (high and low; M = 757.8 and
M = 46.8 counts per million; Bacelar do Nascimento et al.,
2007). Words from different sets were matched in initial
graphemes and phonemes, number of phonemes, and ortho-
graphic neighbors. Pseudowords were formed by changing
one letter of the second syllable of the original word, while
keeping syllable structure and consonant or vowel identity (C
replaced by C, and V by V).

Results

Validation of the two tasks

In both tasks, the main dependent variable was the mean re-
action time (RT) for correct responses. Trials with RTs 2.5 SD
above the grand mean RT for each participant (across condi-
tions) and RTs below 150 ms were discarded (3.1% and 3.6%
for the composite and lexical decision tasks, respectively).
Accuracy in the holistic composite task was examined with
A, a non-parametric sensitivity measure that does not assume
normality or equal variances (Zhang &Mueller, 2005), and in
the lexical decision task with percentage of correct responses.

Overall, the two tasks showed a pattern of results similar to
those in previous studies (Lima & Castro, 2010; Ventura et al.,
2017; see Table 1). In the composite task, the congruency
effect found on RT was modulated by alignment, as it was
larger for aligned than misaligned trials. Awas close to perfect
overall (>.95 in all conditions), and no differences were ob-
served between high- and low-frequency words. In the lexical
decision task, the typical frequency effect was found, with
faster and more accurate responses for high-frequency than
low-frequency words.

To check if there was sufficient precision and variability in
the word-composite and word-frequency effects, before sub-
sequent correlational analyses, the reliability of the measures
was computed and is presented in Table 1.

For computing the composite effect, two approaches have
been adopted: either a regression approach (e.g., De Gutis
et al., 2013) or a subtraction approach (e.g., Ross et al.,
2015). In the first, the composite effect is computed by
regressing out the congruency effect (difference in perfor-
mance between congruent and incongruent trials) for the
misaligned trials from the congruency effect for the aligned
trials. The rationale is that in this way, we would isolate, spe-
cifically for an intact word, the holistic processing, i.e., the

interference of the irrelevant part on responding to the target
word part (De Gutis et al., 2013). However, there is no firm
evidence that this approach provides a more reliable measure
of holistic processing than a subtraction approach (i.e., based
on the difference of scores between the congruency effect for
aligned and misaligned items; Ross et al., 2015). Although,
and to anticipate the present results, we did obtain the same
correlation pattern, regardless of the approach used to com-
pute the word-composite effect, here we present the results
using the subtraction approach. Our criterion was that
regressing out one of the conditions from the other would
remove all of the variance associated with that condition,
which would only be appropriate if one assumed that all of
the variance in the condition being regressed out is irrelevant
to the construct of interest.

The word-frequency effect was computed as the difference
in lexical decision performance for low-frequency and high-
frequency words, following a subtraction approach, because
efficiency in visual word recognition, i.e., access to the ortho-
graphic lexicon, affects both high- and low-frequency words.
Thus, a regression approach was unwarranted here because
regressing out the individual difference for the high-
frequency words would also remove individual differences
in word-processing efficiency.

The index of reliability, the Guttman’s λ2 for the word-
composite effects in RT was .48, and in A was .44. Both are
comparable to those previously found for faces in the com-
posite task (De Gutis et al., 2013; .10 to .24; Ross, Richler, &
Gauthier, 2015: -.54 to .57; Rezlescu et al., 2017: .28 to .66).
For the word-frequency effect, the Guttman’s λ2 in RT was
.81, but that in percentage correct was .19. Due to its low
reliability, the latter was not used in subsequent correlation
analyses.

The maximum possible correlation between the word-
composite effect in RT and the word-frequency effect in RT,
computed as the geometric mean of their reliabilities, was .62.
The maximum possible correlation between the word-
composite effect in A and the word-frequency effect in RT
was .60. It is thus clear that the measures are reliable enough
for finding significant correlations between them.

Correlation between the composite
and word-frequency effects

Figure 2 shows the scatterplots of the relationships between:
(a) the word-composite effect and the word-frequency effect,
and (b) the word-composite effect and lexical decision for
low- and high-frequency words,5 considering RTs.

5 Outlier points were identified though visual inspection of the graphs. We
thus ran two nonparametric tests (Spearman's rank-order correlation and
Kendall's Tau Correlation), which are much less sensitive to outliers, and the
pattern of results remained the same.
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Across participants, the larger the composite effect, the
smaller the frequency effect (r = -.25, p = .027). As hypothe-
sized, this negative correlation was driven more by the larger
correlation between the word-composite effect and lexical de-
cision on low-frequency words (r = -.27, p = .02), compared
with that on high-frequency words (r = -.16, p = .18).
Therefore, a larger composite effect, signaling holistic pro-
cessing of visual words, was indeed associated with higher
efficiency in visual word recognition, and especially for low-
frequency words.

The correlations involving the composite effect in A were
not significant (ps >.13). While only “yes” trials were consid-
ered in the lexical decision task, it should be noted that all
correlations between the composite effects and the frequency
effect in the “no” trials (where pseudowords were involved)
were not significant (all ps > .37).

Discussion

The main finding of the present study is that holistic process-
ing of visual words is associated with efficient access to the
orthographic lexicon among adult fluent readers. Specifically,

individual differences in the word-composite effect were cor-
related with those in the word-frequency effect measured in an
independent lexical decision task (often used to investigate
visual word recognition).

This pattern of results agrees with prior evidence on non-
native Chinese readers, for whom Chinese word recognition
was correlated with another measure of holistic processing
(i.e., the word-inversion effect; Wong et al., 2019;
Experiment 2). In this sense, both studies showed that behav-
ioral markers of perceptual expertise on visual words correlat-
ed with efficient visual word recognition and reading. Note,
however, that Wong et al. (2019; Experiment 2) did not find
any significant association between sensitivity to configural
information and word recognition by Chinese native readers,
that is, skillful readers and experts on Chinese words. This
discrepancy with the present results may be caused by com-
posite and inversion effects tapping into different aspects of
holistic processing. The composite effect reflects a perceptual
strategy of processing all parts together that becomes autom-
atized with experience and/or due to a history of learned at-
tention to diagnostic parts, which can involve inflexible atten-
tional weighting to all parts of the object (Chua, Richler, &
Gauthier, 2014; Richler et al., 2012; Richler&Gauthier, 2014;

Table 1 Reliability and overall performance (mean (M) and standard error of the mean (SEM)) in the word composite task and lexical decision task

Overall performance

Guttman’s λ2 M SEM

Word composite task RT .48 F(1, 75) = 4.04, p = .048, ηp2= .05

Aligned

Congruent 523 10.2

Incongruent 538 10.7

Misaligned

Congruent 529 10.7

Incongruent 538 11.1

Word composite task A .44 F(1, 75) = 3.21, p = .08, ηp2= .04

Aligned

Congruent .97 .003

Incongruent .96 .003

Misaligned

Congruent .97 .004

Incongruent .97 .004

Lexical decision task RT .81 F(1, 75) = 321.8, p < .0001, ηp2= .81

High-frequency words 747.22 16.19

Low-frequency words 842.83 18.25

Pseudowords 902.50 13.16

Lexical decision task percent correct .19 F(1, 75) = 356.6, p < .0001, ηp2= .83

High-frequency words .95 .008

Low-frequency words .78 .02

Pseudowords .69 .001
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Richler, Wong, & Gauthier, 2011). In contrast, the inversion
effect reflects sensitivity to configural information, that is, to
the spatial relationships between parts of an object. Indeed, in
face recognition, they differ in developmental course and in
the experimental manipulations which they are sensitive to
(e.g., Richler & Gauthier, 2014), and have small correlation
with one another and especially with face recognition skills
(Rezlescu et al., 2017). Given the different paradigms used to
tap into mechanisms of holistic processing, it is thus critical
that future studies on expertise for visual words explore how
they relate and to which extent they provide overlapping ver-
sus unique explanatory power on visual word recognition ef-
ficiency and reading. An interesting possibility, based on the
available research (e.g., the present study; Conway et al.,
2017; Wong et al., 2019), is that configural sensitivity, as
assessed by the word-inversion effect, better predicts differ-
ences in reading performance between beginning (or less flu-
ent) readers – that is, non-experts – whereas the composite
effect would better explain individual differences among ex-
perts on visual words.

By adopting an individual-differences approach here, after
ensuring measurement reliability (Yap et al., 2012), we
showed that individual differences between adult fluent
readers on access to lexical orthographic representations can
be detected and do relate to holistic processing of visual
words. More important, this correlation cannot be attributed
to overall performance, other general (spurious) processes, or
efficiency in a loose sense (i.e., observers that are more effi-
cient in one task would also be more efficient in another). The
indexes used here for holistic processing (the word-composite
effect) and for efficient access to lexical orthographic repre-
sentations (the word-frequency effect) were not about global
performance in the composite and in the lexical decisions
tasks, respectively. The word-frequency effect was computed
as the difference in lexical decision on low- and high-
frequency words, a classical measure of efficient access to
the mental lexicon. The word-composite effect was computed
with a similar subtraction approach. These two independent
indexes were negatively correlated to each other: readers with
the smaller word-frequency effect showed the larger word-
composite effect. To put it differently, skillful readers (with
small word-frequency effects) were the ones that in the com-
posite task were less able to disregard the irrelevant part (sec-
ond syllable) when judging the critical part (first syllable).
Visual words were thus fully processed even when the task
required an exclusive decision on a specific part. Holistic pro-
cessing is about obligatory encoding of/attending to all object

parts, which in turn are encoded and represented independent-
ly (Richler & Gauthier, 2014). Therefore, we can conclude
that readers with more efficient access to lexical orthographic
representations are those with a stronger holistic effect, and,
hence, who were less efficient in the composite task.

This conclusion agrees with prior indirect evidence.
Readers with more exposure to print show smaller word-
frequency effects (Chateau & Jared, 2000; Tainturier et al.,
1992; Yap et al., 2012), mainly because more efficient ortho-
graphic processing leads tomore accurate recognition (smaller
error variance) of low-frequency words, which usually have
lower quality (Harm & Seidenberg, 2004; Monaghan et al.,
2017; Yap et al., 2012). Therefore, we also hypothesized that
the correlation between the word-composite effect and effi-
ciency in visual word recognition would be mainly driven
by recognition of low-frequency words. Indeed, this was our
finding, which cannot be due to low measurement reliability
(the Guttman’s λ2 was .87 and .75 for high- and for low-
frequency words). Rather, it is because low-frequency lexical
representations that are usually less stable allow differentiat-
ing between experts on visual words (see, e.g., Kinoshita,
2006; Kuperman & Van Dyke, 2013).

The present results agree with previous evidence showing
that the representations involved in this effect are abstract,
orthographic, and lexical (Ventura et al., 2017). A putative
neural underpinning of the word-composite effect is the more
lateral and anterior portion of the VWFA, given that this re-
gion is sensitive to whole words (regardless of whether they
are maximally or minimally different in local components;
e.g., pole vs. fish or vs. poll, respectively; Glezer et al.,
2009, 2019), is sensitive to lexical properties (e.g., word fre-
quency) but not to sublexical ones (e.g., word length; Bouhali
et al., 2019), and is strongly connected to language areas
(Lerma-Usabiaga et al., 2018). Indeed, “a more anterior area
responded to entire words more holistically” (p. 1093, White
et al. 2019). The present study is thus encompassed by recent
literature showing the relevance of holistic visual word repre-
sentations in reading. Whereas the more posterior region of
the VWFA that underpins sublexical orthographic representa-
tions is involved in phonological reading, the lateral anterior
region is sensitive to lexical properties, underpins holistic
word representations, and has greater connectivity to language
and conceptual neural networks (Bouhali et al., 2019; Lerma-
Usabiaga et al., 2019).

Some authors might, however, see an inconsistency in
the fact that the composite effect has an abstract/ortho-
graphic/lexical locus (because it is unaffected by case
mixing as shown in Ventura et al., 2017) and yet it is
severely reduced by misalignment of the two halves.
Maybe the word-composite effect is not completely im-
mune to visual manipulations, with some being (e.g.,
misalignment with a large offset between the two halves)
more effective than others (case mixing)? In other words,

Fig. 2 Correlation and 95% confidence interval (full and dashed lines,
respectively) between the composite effect in reaction time (RT) and the
word-frequency effect in RT (top scatterplot), and between the composite
effect in RT with the lexical decision RT for low- and high-frequency
words (middle and bottom scatterplots)

R
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the word-composite effect can have both visual and lex-
ical loci.

In the present study, a smaller word-frequency effect
(in lexical decision) was used as proxy of more efficient
visual word recognition and fast access to lexical ortho-
graphic representations. Other measures can of course
be used to evaluate word recognition efficiency and its
relation to holistic word processing. It would be partic-
ularly interesting to examine if holistic processing
would be correlated with other lexical properties (e.g.,
neighborhood density) that are reliable indexes of effi-
cient access to and integrity of lexical orthographic rep-
resentations, and with proxies of sublexical processing
(e.g., the word length).

Note, however, that the present study has a correla-
tional nature, and, hence, it does not provide evidence
on potential causality between holistic processing and
efficient visual word recognition. One interesting way
to examine whether holistic processing of words in per-
ceptual tasks like the composite task precede or succeed
efficient and highly stable lexical orthographic represen-
tations would be with a longitudinal study where differ-
ent reading and holistic processing measures would be
tracked at multiple times during reading acquisition and
development.

Reading is a means of accessing the language system
through vision. The ultimate goal of visual word recogni-
tion is reading, which inherently involves an interaction
between visual, linguistic, and conceptual systems.
Nonetheless, visual word recognition is also perceptual
expertise in a non-natural category, and, hence, it presents
a special case of visual object recognition (e.g., Grainger,
2017; Harel, 2016; McCandliss et al., 2003; Wong &
Gauthier, 2007). Therefore, examining the relationship be-
tween visual word recognition and perceptual expertise is
relevant for research on both perceptual expertise and in
reading. In fact, Grainger and Hannagan (2014; see also,
Grainger, 2017) suggest that when learning to read, letters
change their status, from individual objects to parts of a
multi-component object. This “mid-level vision of read-
ing” (cf. Grainger, 2017) might be more fruitfully inves-
tigated when considering perceptual expertise and reading
together.

Data are available through the following identifier DOI
10.17605/OSF.IO/Y4JNT
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