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Abstract

Word recognition research with alphabetical scripts has revealed a facilitatory neighborhood size effect, whereby naming of words
with more orthographic neighbors is faster than that of words with fewer neighbors. Preliminary behavioral evidence in Chinese
revealed both facilitatory and inhibitory neighborhood size effects, depending on whether there are higher-frequency neighbors
(HFNs) than the target. This functional magnetic resonance imaging study examined the neural substrates of the neighborhood size
effect with silent naming. Neighborhood size and the HFN factor were factorially manipulated. Behavioral results replicated previous
findings showing that larger neighborhood size facilitated naming in the absence of HFNs, but inhibited naming in their presence.
Imaging results identified greater activation in the left middle frontal gyrus for small than larger neighborhood size, and bilateral
inferior frontal activations for the with-HFN condition as compared with the without-HFN condition. Critically, there was an interaction
in the right middle occipital gyrus showing greater activation for large than for small neighborhood size in the absence of HFNs but no
neighborhood size effect in their presence. The results support a proposal that, in addition to a facilitatory contribution from
orthographic activation of neighborhoods, naming is also affected by whether there are higher-frequency neighbors, particularly in

scripts with deep orthography, where orthographically similar words can be pronounced very differently.

Introduction

A recent line of research in word recognition examines how the
number of a word’s neighbors affects its naming. In alphabetic writing
systems, neighborhood size refers to the number of words that can be
generated by changing one letter while keeping all other letters
unchanged (Coltheart et al., 1977).

The neighborhood size effect can be predicted from popular word
reading models. For example, according to the multiple read-out
model (Grainger & Jacobs, 1996), word recognition is determined by
whether the level of lexical activation exceeds a specific threshold. For
words with a relatively high level of baseline activation, such as high-
frequency words, their presentation would quickly activate associated
lexical representations, leading to successful lexical activation.
However, when the lexical activations are not strong enough to cross
the threshold, activations from neighborhood words or other candidate
words will then be used to produce an integrated global activation,
facilitating the retrieval of the target word representations. Similar
inferences can be made from the dual-route model of reading
(Coltheart et al., 2001). In this model, naming is proposed to proceed
along the lexical pathway going from orthography to semantic
representations and then to phonological activation, or along the sub-
lexical pathway using the orthography-to-phonology (O-P) conver-
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sion. On the assumption that information flows in a cascade manner
from one processing stage to the next, the model also expects
activations from words similar to the target word to affect its naming.

A more specific question concerns the mechanisms by which word
naming is affected by processing of its neighbors. One major
observation from previous studies is that large neighborhood size
facilitates naming performance; this is referred to as the neighborhood
size effect (Laxon et al., 1988; Andrews, 1989, 1992; Grainger &
Segui, 1990). Andrews (1989, 1992) and Peereman & Content (1995)
show that such facilitation is particularly prominent in the naming of
low-frequency words. Grainger ef al. (1989) suggested that the
neighborhood size effect results from redundant information at the
sub-lexical level. That is, in alphabetical scripts, words with larger
family sizes tend to have bigrams that appear more frequently in other
words, and such high-frequency bigrams can speed phonological
processing. For example, the word ‘seat’ has a relatively large family
size, and it contains bigrams, namely se, ea and at, that often appear in
other four-letter words. In comparison, the word ‘size’ has a relatively
small family size; its bigrams, for example, iz or ze, seldom appear in
other words (Andrews, 1992). However, when bigram frequency was
controlled, Andrews (1992) still observed the facilitory neighborhood
size effect, leading to the rejection of the explanation of Grainger et al.
(1989).

Peereman & Content (1995) argued that Andrews (1992) controlled
typical bigrams but not uncommon bigrams, and therefore the effects
of sub-lexical redundant information cannot be completely excluded.
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They adopted a different approach to study how the neighborhood size
effect is affected by the way in which a word is presented. With some
empirical support, they assumed that when target words are presented
along with pseudowords, participants will adopt a processing strategy
relying more on the sub-lexical route; that is, they will perform
naming based on O-P conversion rules. In contrast, when target words
are presented together with real words, participants will tend to use the
lexical route. They found that the neighborhood size effect was
significantly larger in the latter case than in the former, suggesting that
the effect occurs primarily through the lexical route, reflecting
processing at the lexical as opposed to the sub-lexical level. In
particular, Peereman & Content (1995) suggested that phonological
activation of neighbors speeds up naming of the target word. Similarly,
Grainger (1990) suggested that large neighborhood size words involve
more common O-P conversion rules that facilitate phonological
activation of the target words.

Most relevant to our interests, in a further analysis Grainger et al.
(1989) found that among the English word stimuli used by Andrews
(1989), more than 90% had neighbors of higher frequency than the
target word. They speculated that the neighborhood size effect was
caused by the inclusion of these higher-frequency neighbors (HFNs).
Indeed, Grainger (1990) found that, in French, the presence of HFNs
facilitated naming even when neighborhood size was held constant.
Providing more direct support, Carreiras et al. (1997) used Spanish,
and found that the neighborhood size effect was present only when
there were HFNs. Sears ef al. (2006), however, failed to find any
effect of neighborhood frequency in English sentence reading. The
different results may be attributed to language characteristics. One
speculation is that Spanish and French are both of shallow
orthography, and members of the same orthographic neighborhood
tend to be phonological neighbors, speeding up phonological
activation of the target word. In comparison, English has deep
orthography, so that some orthographic neighbors may be similar to
the target word in phonology and others may be different, resulting in
the null effect.

To enable better comparison across different languages, our group
first examined the neighborhood effects in the non-alphabetical
Chinese, known to have even deeper orthography than English
(Bi et al., 2006). More than 80% of Chinese characters are compound
characters, consisting of a phonetic radical and a semantic radical. An
orthographic neighborhood in Chinese can consist of the same
phonetic radical. For example, # (huang2, upholster), # (huang2,
reed), % (huang2, sulfur) and #i (heng2, across) are in one neighbor-
hood, all sharing the same phonetic radical # (huang2, yellow).
Surprisingly, in contrast to to the Spanish and French studies
(Grainger, 1990; Carreiras et al., 1997), we found an inhibitory
neighborhood effect; that is, words with larger neighborhood size were
named more slowly than words with smaller neighborhood size.

With better designs, more recent evidence from our group
established the modulation of the neighborhood size effect by the
presence of HFNs. For the example above, suppose that the
frequencies for the four members #, #, @ and # are 2.3, 2.4, 2.9
and 3.0 (occurrences per million), respectively. For the third character,
i, there is an HEN, #5; the last character, #, is of the highest frequency
in the family and therefore does not have an HFN. When the target
words did not have HFNs, the neighborhood size effect was
facilitatory, as observed in the alphabetical languages. However,
replicating Bi et al. (2006), when the target words did have HFNs, the
neighborhood size effect was found to be inhibitory. We (Li et al.,
under review) attributed this inhibitory neighborhood size effect to the
deep orthography of Chinese — orthographic neighbors in Chinese
tend to have different pronunciations. That is, we hypothesized that,
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because of their higher frequencies and their different pronunciations,
the phonology of the HFNs becomes activated rapidly (McClelland &
Elman, 1986), competing and interfering with extraction of the target
word’s phonology. In line with this proposal, our data also showed that
such an interference effect depends on how easily the target word
phonology is accessed. When the target words are consistent and
regular, their phonology is accessed faster than that of inconsistent and
irregular words, allowing them to be free from interference from the
HFRs.

Briefly, the behavioral evidence obtained so far suggests a possible
mechanism of the neighborhood effect in Chinese character naming
involving both orthographic and phonological representations. The
present study was intended to test this hypothesis with neural imaging
evidence. There has been limited research revealing the neural
activities underlying neighborhood effects, all with lexical decision
tasks. Holcomb et al. (2002) and Braun et al. (2006) used ERPs, and
showed that words in large neighborhoods produced greater N400
amplitudes, suggesting greater lexical-semantic global activation.
Brain imaging studies by Binder et al. (2003) and Fiebach et al.
(2007) suggested an opposite conclusion, as words without neighbors
were found to elicit greater activation than those with many neighbors
in the left middle temporal gyrus, suggesting that the former are
processed at a deeper semantic level. Apparently, more empirical data
on the neural substrates underlying the neighborhood size effect are
needed for effective theoretical integration. One important point is to
adopt a naming task as opposed to a lexical decision task, as the latter
may not require complete phonological access (Balota & Chumbley,
1984; Andrews, 1992).

Using a naming task, we manipulated both neighborhood size and
the HFN factor in a factorial design. We conducted whole brain
analysis to identify brain regions whose activation would be
modulated by either factor or their interaction. We especially
examined regions previously known to be involved in phonological
and orthographic processing in Chinese, including the left inferior
frontal gyrus (IFG) (Pugh et al., 1996; Herbster et al., 1997; Rumsey
et al., 1997, Luo & Niki, 2000; Bitan et al., 2005, 2006), the left
middle frontal gyrus (Bolger et al., 2005; Tan et al., 2005), and the
right occipital gyrus (Tan et al., 2000, 2001).

Materials and methods
Participants

Thirty participants (15 males, mean age 23.4 years, range
22-24 years) participated in the behavioral session of the experiment.
Among them, 14 (eight males, mean age 24.1 years, range
21-25 years) participated in the functional magnetic resonance
imaging (fMRI) session. All were Mandarin-speaking native Chinese
graduate students. The study was approved by the ethics committee of
the Institute of Psychology, Chinese Academy of Sciences, China.
Written consent was obtained from each participant.

Design and stimuli

A within-subject 2 x 2 factorial design was used, with the neighbor-
hood size factor being ‘small vs. large’, and the HFN factor being
‘with HFNs vs. without HFNs’. The stimuli included 56 Chinese
characters, 14 for each of the four conditions. Following Bi et al.
(2006), the orthographic neighborhoods of a character refer to the
characters sharing its phonetic radical. As described in Li & Kang
(1993), the characters were selected so that there were 2—8 neighbors
for the small size, and 10—16 neighbors for the large size.
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For a target character without HFNs, none of its neighbors was of a
higher frequency than the character itself. For a target character with
HFNs, at least one of its neighbor characters was of a higher
frequency. The mean number of HFNs was 3.2 (range, 1-4; standard
deviation, 1.13), and there was no significant difference between
conditions. The characters were also selected so that the pronunciation
of the target characters was always different from that of their HFNs.
Also, the frequency of the highest character within each neighborhood
family was controlled and comparable across all conditions. Correct
pronunciation depends on how frequently a character occurs in daily
life. It is possible that participants may tend to pronounce the
characters on the basis of the radicals if they do not know the
characters well. To discourage the adoption of such a strategy, all
characters used had been tested in a pilot study involving a separate
group of participants from the same subject population to ensure that
these characters are common characters, familiar to the participants,
and can be readily named.

As there was behavioral evidence from Li et al. (under review) that
the neighborhood size effect was most prominent for irregular,
inconsistent characters, here we only used irregular characters with a
low level of consistency. By definition, a Chinese character is regular
if it is pronounced the same as its phonetic radical, ignoring tone, and
irregular otherwise. Consistency level was calculated by dividing the
number of characters sharing the same pronunciation within a
neighborhood by the neighborhood size (Fang et al., 1986). For
example, in the neighborhood including the phonetic radical x (ji2,
and), the neighbors are # (jil, garbage), # (ji2, draw), # (ji2, terribly),
% (ji2, book), # (ji2, danger), % (ji2, class), W (xil, absorb), and # (sa3,
shoes) (N = 8). There are six neighbors with the same pronunciation,
ji2, producing a consistency level of ji2 of 6/8 = 0.75. In this study,
the consistency level for all stimuli was lower than 0.4. All characters
were of left-right structure with the phonetic radical on the right side,
and these radicals were always simple characters. None of the
characters was a polyphone. All stimuli selected had different phonetic
radicals. Character frequency, consistency and stroke number were
controlled across conditions, as shown in Table 1.

Behavioral procedure

Stimuli were presented using E-PRIME 2.0 PROFESSIONAL on a Dell
laptop computer, at a viewing distance of 50 cm, subtending a visual
angle of approximately 2.5° x 2.5°. The characters were presented in a
randomized order, each for 2000 ms. In the interval between the
presentation of two characters, a fixation cross was displayed for
500 s. Participants were tested individually and asked to read the
characters aloud to activate the voice-key as accurately and quickly as
possible. The voice-key was connected between the SRBOX and the
computer to record reaction times. The character disappeared upon

TABLE 1. Stimulus characteristics and mean response times for all conditions

Condition W-HFN-L  W-HFN-S  W/0-HFN-L  W/0-HFN-S
Frequency 13 12 14 15
Neighborhood size  12.6 5.7 12.9 5.5
Consistency level 0.28 0.3 0.3 0.32

Response time (ms) 646 (83) 668 (76) 678 (83) 661 (85)

W, with; W/0, without; S, small neighborhood size; L, large neighborhood
size. Frequency values are occurrences per million. Standard deviations are in
parentheses.

response, or at the end of the 2000-ms response window. Reaction
times longer than 2000 ms were excluded from analysis.

fMRI procedure

For the imaging session, the behavioral task and procedure were the
same as in the behavioral session, with the same interstimulus interval,
except that participants were instructed to read the characters silently
as soon as each was presented. Hemodynamic responses were
acquired using a 3T Siemens Trio MR system (Siemens, Germany).
Participants were instructed to remain still inside the scanner. Three-
dimensional anatomical images with high spatial resolution were also
acquired using a Siemens magnetization-prepared rapid acquisition
gradient echo sequence. A blood oxygen level-dependent (BOLD)-
sensitive gradient echo-plane imaging sequence was acquired (30
contiguous axial slices, 1.33 mm thick; relaxation time, 2000 ms;
echo time, 30 ms; matrix, 64 X 64; field of view, 200 mm).

Imaging data analysis

Image processing and statistical analyses were conducted using the
AFNI software package (Cox, 1996; Cox & Hyde, 1997; http:/
afni.nimh.nih.gov/afni/). Slice timing correction, motion correction
and temporal filtering of functional images were performed on each
individual dataset. The magnetization-prepared rapid acquisition
gradient echo anatomical scan was then normalized to the Talairach
space (Talairach and Tournoux, 1988). The Talairach-aligned dataset
was spatially smoothed using a 6-mm full-width half-maximum
Gaussian kernel. General linear models were used for single-subject
analysis with deconvolution analysis, producing the hemodynamic
response function for each of the four conditions. A group mask was
created to remove voxels falling outside the brain, made by
multiplying masks from each participant to include only voxels with
valid signals for all participants.

Random effect group analysis was performed with three-way
ANOVAs, including neighborhood size and the HFN factors as fixed
effects, and participant as a random effect. Monte Carlo simulations
with AFNI’s ALPHASIM program were used to set the voxel-wise
intensity threshold at P < 0.001 and the cluster size threshold at 12
contiguous voxels (voxel size: 3 x 3 x 3 mm’) for a corrected
significance level of P < 0.05.

Results
Behavioral performance

Incorrect responses (225 trials, 12.5% of the total trial number) and
trials with response latencies < 400 ms or > 1200 ms (30 trials, 1.67%
of the total trial number) were excluded from the response time
analysis. The mean response times and error rates for all conditions are
shown in Table 2. A 2 x 2 repeated-measures ANOVA was performed
on the response time data, and revealed a significant main effect for
the HEN factor (F 59 = 7.04, P < 0.02). Participants responded more
slowly to characters with HFNs than to characters without HFNs. The
main effect of neighborhood size was non-significant (/; 59 = 0.19,
P > 0.5). There was a significant interaction between neighborhood
size and neighborhood frequency (F 9 = 5.52, P < 0.03). Post hoc
analyses showed a significant inhibitory neighborhood size effect for
the with-HFN condition, but a significant facilitatory neighborhood
size effect for the without-HFN condition. The same ANOVA on error
rates did not reveal any significant effects.
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TABLE 2. Summary information for brain activations revealed in three comparisons

Comparison Anatomical region BA X Y V4 Volume (mm?) Statistics
S>L L middle frontal gyrus 45 =30 31 20 1651 3.70
W-HFN > W/o-HFN L inferior frontal gyrus 46/47 -39 38 4 424 3.03

R inferior frontal gyrus 47 33 32 4 408 3.04
(W-HFN-S > W-HFN-L) > (W/0-HFN-S > W/0-HFN-L) R middle occipital gyrus 19 45 -68 25 2415 17.59

W, with; W/0, without; S, small neighborhood size; L, large neighborhood size; L, left; R, right; BA, Brodmann’s area. X, Yand Z are coordinates in Talairach space.
Statistics are t-values for the first two effects (degrees of freedom = 13), and F-values for the third. Significance level set at P < 0.05, corrected for multiple

comparisons.

FiG. 1. (A-D) Brain activations as compared with the resting baseline in the large neighborhood size with-HFN, small neighborhood size with-HFN, large
neighborhood size without-HFN and small neighborhood size without-HFN conditions, respectively. (E) The left middle frontal gyrus region was activated more for
small neighborhood size than for large neighborhood size. (F and G) Bilateral IFG regions were activated more for the with-HFN condition than for the without-HFN
condition. (H) A right MOG region manifesting an interaction between neighborhood size and the HFN factor. Significance level was set at P < 0.05, corrected for

multiple comparison.

fMRI results

Brain activations relative to the resting baseline are shown in Fig. 1A-D,
revealing a network of regions comparable across the four conditions
in which participants performed character naming. These regions
included the left fusiform gyrus, right middle occipital gyrus (MOG),
left precentral gyrus, left IFG, and left middle frontal gyrus. The 2 x 2
ANOVAs on the imaging data identified three set of regions, listed in
Table 2. One point to note is that activation of the left intraparietal
area, which is usually activated in fMRI language studies using visual
language stimuli (e.g. Takeda et al, 1999; Wilson et al., 2009;
Turkeltaub et al., 2003), was not observed here. It remains to be seen
whether this reflects some language-specific activities, as there are also
some other imaging studies on Chinese that have failed to see
activation in this region (e.g. Tan et al., 2000; Kuo et al., 2003).
One region in the left middle frontal gyrus (Fig. 1E) was activated
significantly more for the small neighborhood size than for the large

neighborhood size. No brain region was found for the opposite
contrast. Two regions in the bilateral IFG (Fig. 1F and G) showed
greater activation for the with-HFN condition than for the without-
HFN condition. No brain region was activated for the opposite
contrast. Activity in a right MOG region showed a significant
interaction between neighborhood size and neighborhood frequency
(Fig. 1H). Mean signal intensity pooled over all voxels in this region
was significantly greater for the large neighborhood size than for the
small neighborhood size for the without-HFN condition, but not
different between the two sizes for the with-HFN condition (Fig. 2A).

Discussion

In the present study, we asked participants to name Chinese characters
that had either large or small numbers of orthographic neighbors. At
each neighborhood size level, we also distinguished between charac-
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FIG. 2. (A) Percentage BOLD signal changes in the right MOG activation shown in Fig. 1H, revealing the specific pattern of interaction. BOLD responses were
significantly greater for the large neighborhood size than for the small neighborhood size for the without-HFN condition, but there was no difference for the with-
HFN condition. (B) Functional connectivity analysis identifying a significant negative correlation of brain activity (percentage of signal changes) between the right
IFG (R IFG) and the right MOG (R MOG) when naming characters with HFNs but not when naming characters without HFNs.

ters that had HFNs and those that did not. Consistent with our previous
studies (Bi et al., 2006; Li et al., under review), the behavioral results
revealed a clear interaction between the two factors, showing an
inhibitory neighborhood size effect for the with-HFN condition, but a
significant facilitatory neighborhood size effect for the without-HFN
condition. In all conditions, the imaging data revealed several regions
of activation for the naming process, as compared with a fixation
baseline, including the left fusiform gyrus, right MOG, left precentral
gyrus, left IFG, and left middle frontal gyrus. These are all typical
language areas, and the results were generally consistent with
literature studies on naming and word processing (Cohen et al.,
2000; Tan et al., 2000, 2001, 2005; Perfetti et al., 2005; Booth et al.,
2006; Bitan et al., 2007).

When different conditions were compared, the left middle frontal
gyrus was found to be associated with the neighborhood size effect,
showing greater activity for small neighborhood size words than for
large neighborhood size words. This region has been consistently
reported in the literature to involve the processing of Chinese
characters (Tan et al., 2001, 2003, 2005; Chee et al., 2004; Kuo et al.,
2004; Siok et al., 2004; Perfetti et al., 2005; Booth et al., 2006; Cao
et al., 2009), and is considered to play an important role in Chinese
reading (Cao ef al., 2009). Some even propose it to be a ‘Chinese
reading area’ (Perfetti et al., 2005). Specific functions attributed to this
area include addressed phonology (Tan et al., 2005) and integration of
orthographic information with phonology (Tan et al., 2005; Cao et al.,
2009). Words with more orthographic neighbors may induce the

global activation suggested by Grainger & Jacobs (1996), facilitating
access of the correct phonology. The stronger activation in the left
middle frontal gyrus for words with fewer neighbors would then
reflect the increased difficulty in retrieving the correct phonology,
owing to greater reliance on the target words’ orthography.

We did not find any region that was more activated for large
neighborhood size than for small neighborhood size. Such null
findings have also been reported by Binder ef al. (2003) and Fiebach
et al. (2007), although they used lexical decision tasks. One sugges-
tion from Fiebach et al. (2007) is that facilitation from neighbors may
be broadly distributed rather than being confined to a specific single
brain region.

Regardless of neighborhood size, the brain responses in the bilateral
IFG were found to be modulated by the HFN factor, showing stronger
activation when the target words had HFNs than when they did not. As
has been widely documented, a primary function of the left IFG is
phonological processing (Pugh et al., 1996; Herbster et al., 1997,
Rumsey ef al., 1997; Bitan et al., 2005, 2006). Specifically for Chinese,
Luo & Niki (2000) reported that it is involved in phonological
competition. If activation of this region in the present study also reflects
such competition, our results indicate that the effect of a target word’s
HFNSs on its naming, as observed in our previous behavioral studies (Li
et al.,under review) and replicated here, can be attributed to interference
from phonological activation, as we hypothesize. Correspondingly, right
IFG activation (with HFN > without HFN) may be associated with a
process that inhibits this extraneous phonological activation from the
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HFNss, given that this area has been implicated in inhibition in previous
studies (Garavan et al., 1999; Aron et al., 2004).

Several studies have shown that the right MOG, where there was an
interaction between neighborhood size and the HNF factor, is more
involved in Chinese reading than in English reading (Tan et al., 2000,
2005; Fu et al., 2002; Siok et al., 2004; Bolger et al., 2005; Cao
et al., 2009). This may reflect the fact that reading Chinese characters
may rely more on orthography but less on phonology as compared
with alphabetical scripts, in line with the functional specialization of
the right hemisphere in spatial processing (Jonides et al., 1993;
Kosslyn et al., 1993; McCarthy ef al., 1994; Smith et al., 1995).

The imaging result showing that the right MOG showed greater
activity for the large neighborhood size than for the small neighbor-
hood size in the absence of HFNs was consistent with the behavioral
finding of a facilitatory neighborhood size effect, and can be readily
interpreted to reflect the joint orthographic activation of the target
words and their neighbors. That is, the more words there are with
orthographically similar structures to those of the target words, the
stronger they will engage the right MOG for spatial analysis.

The other simple effect of the interaction effect in the right MOG,
that is, the absence of a neighborhood size effect in the presence of
HFNs, was not in accordance with the behavioral finding of an
inhibitory neighborhood size effect. This argues against a simple
understanding that the right MOG activation reflected only ortho-
graphic processing, because if this were so, one would expect its
activation to be modulated by the phonological HFN factor.

One speculative interpretation is that this area is also subject to an
influence of feedback modulation from upstream processing from the
frontal regions. That is, in the presence of HFNs, the right IFG may
feed back on the right MOG to suppress the orthographic activations
of the HFNs and reduce their associated phonological interference.
Therefore, the right MOG may reflect counteracting effects from
upstream and downstream processing, meaning that there is no net
effect of family size. A functional connectivity analysis seems to
provide some evidence supporting this explanation. As shown in
Fig. 2B, the right IFG and the right MOG showed correlated brain
activities in the presence of HFNs (left panel) but no correlation in the
absence of HFNs (right panel). One spherical region of interest
(radius, 4 mm) was defined for each of the two regions, centering at
their respective peak activations.

The anatomical locations of some brain activations in the present
study were not so close to some relevant previous studies. For
example, whereas the peak point in our left IFG activation was at
(=39, 38, 4), it was reported to be at (=39, 24, 24) in Cao et al. (2009),
(=50, 30, 2) in Tan et al. (2005), and (45, 32, 7) in Bolger et al.
(2005); and whereas the peak point in our right MOG activation was at
(45, =68, 25), it was reported to be at (27, =90, 6) in Cao et al. (2009),
at (27, =84, 1) in Tan ef al. (2005), and at (33, —67, —14) in Bolger
et al. (2005). Although such discrepancies may be attributed to
individual differences or to the different anatomical brain models used,
there is always a possibility that different sub-regions in the same
general brain areas were identified in different studies.

In conclusion, the present study supports the proposal that language
characteristics play important roles in determining the neighborhood
size effect in word naming. In addition to facilitatory contributions
resulting from orthographic activation from a target word’s neighbor-
hood words, character naming is also affected by whether there are
higher-frequency members among those neighbors. In scripts with
deep orthography, where orthographic neighbors may be pronounced
differently from the target word, larger neighborhood sizes may elicit
competing phonological activation that interferes with naming of the
target word.

Orthographic neighborhood size effect in Chinese naming 871

Acknowledgements

This research was funded by the National Nature Science Foundation of China
(#30770726, #30970910), and Project for Scientists Development Fund,
Institute of Psychology, Chinese Academy of Sciences (#O9CX122012) to Bi
Hong-Yan.

Abbreviations

BOLD, blood oxygen level-dependent; fMRI, functional magnetic resonance
imaging; IFG, inferior frontal gyrus; MOG, middle occipital gyrus; O-P,
orthography-to-phonology.

References

Andrews, S. (1989) Frequency and neighborhood effects on lexical access:
activation or search? J. Exp. Psychol. Learn. Mem. Cogn., 15, 802-814.
Andrews, S. (1992) Frequency and neighborhood effects on lexical access:
lexical similarity or orthographic redundancy? J. Exp. Psychol. Learn. Mem.

Cogn., 18, 234-254.

Aron, A.R., Robbins, T.W. & Poldrack, R.A. (2004) Inhibition and the right
inferior frontal cortex. Trends Cogn. Sci., 8, 170-177.

Balota, D.A. & Chumbley, J.I. (1984) Are lexical decisions a good measure of
lexical access? The role of word frequency in the neglected decision stage.
J. Exp. Psychol. Hum. Percept. Perform., 10, 340-357.

Bi, H.Y., Hu, W. & Weng, X.C. (2006) Orthographic neighborhood effects in
the pronunciation of Chinese words. Acta Psychol. Sinica, 38, 7-11.

Binder, J.R., McKiernan, K.A., Parsons, M.E., Westbury, C.F., Possing, E.T.,
Kaufman, J.N. & Buchanan, L. (2003) Neural correlates of lexical access
during visual word recognition. J Cogn. Neurosci., 15, 372-393.

Bitan, T., Booth, J.R., Choy, J., Burman, D.D., Gitelman, D.R. & Mesulam,
M.M. (2005) Shifts of effective connectivity within a language network
during rthyming and spelling. J. Neurosci., 25, 5397-5403.

Bitan, T., Burman, D.D., Lu, D., Cone, N.E., Gitelman, D.R., Mesulam, M.M.
& Booth, J.R. (2006) Weaker top-down modulation from the left inferior
frontal gyrus in children. Neuroimage, 33, 991-998.

Bitan, T., Burman, D.D., Chou, T.L., Lu, D., Cone, N.E., Cao, F., Bigio, ].D. &
Booth, J.R. (2007) The interaction between orthographic and phonological
information in children: an fMRI study. Hum. Brain Mapp., 28, 880-891.

Bolger, D.J., Perfetti, C.A. & Schneider, W. (2005) Cross-cultural effect on the
brain revisited: universal structures plus writing system variation. Hum.
Brain Mapp., 25, 92—104.

Booth, J.R., Lu, D., Burman, D.D., Chou, T.L., Jin, Z., Peng, D.L., Zhang, L.,
Ding, G.S., Deng, Y. & Liu, L. (2006) Specialization of phonological and
semantic processing in Chinese word reading. Brain Res., 1071, 197-207.

Braun, M., Jacobs, A.M., Hahne, A., Ricker, B., Hofmann, M. & Hutzler, F.
(2006) Model-generated lexical activity predicts graded ERP amplitudes in
lexical decision. Brain Res., 1073—-1074, 431-439.

Cao, F., Peng, D., Liu, L., Jin, Z., Fan, N., Deng, Y. & Booth, J.R. (2009)
Developmental differences of neurocognitive networks for phonological and
semantic processing in Chinese word reading. Hum. Brain Mapp., 30, 797—
809.

Carreiras, M., Perea, M. & Grainger, J. (1997) Effects of orthographic
neighborhood in visual word recognition: cross-task comparisons. J. Exp.
Psychol. Learn. Mem. Cogn., 23, 857-871.

Chee, M.W., Soon, C.S., Lee, H.L. & Pallier, C. (2004) Left insula activation: a
marker for language attainment in bilinguals. Proc. Natl Acad. Sci. USA,
101, 15265-15270.

Cohen, L., Dehaene, S., Naccache, L., Lehericy, S., Dehaene-Lambertz, G.,
Henaft, M.A. & Michel, F. (2000) The visual word form area: spatial and
temporal characterization of an initial stage of reading in normal subjects and
posterior split-brain patients. Brain, 123(Pt 2), 291-307.

Coltheart, M., Davelaar, E., Jonasson, J.T. & Besner, D. (1977) Access to the
internal lexicon. In Dornic, S. (Ed.), Attention and performance VI, (pp. 535—
555). Hillsdale, NJ: Eribaum.

Coltheart, M., Rastle, K., Perry, C., Langdon, R. & Ziegler, J. (2001) DRC: a
dual route cascaded model of visual word recognition and reading aloud.
Psychol. Rev., 108, 204-256.

Cox, R.W. (1996) AFNI: software for analysis and visualization of
functional magnetic resonance neuroimages. Comput. Biomed. Res., 29,
162-173.

Cox, R.W. & Hyde, J.S. (1997) Software tools for analysis and visualization of
fMRI data. NMR Biomed., 10, 171-178.

© 2010 The Authors. European Journal of Neuroscience © 2010 Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 32, 866—872



872 Q.-L.Lietal

Fang, S.P., Homng, R.Y. & Tzeng, O.J.L. (1986). Consistency effects in the
Chinese character and pseudo-character naming tasks. in Kao, H.S.R. &
Hoosain, R. (Eds.), Linguistics, Psychology, and the Chinese Language
(pp. 11-21). Hong Kong: Centre of Asian Studies, University of Hong
Kong.

Fiebach, C.J., Ricker, B., Friederici, A.D. & Jacobs, A.M. (2007) Inhibition and
facilitation in visual word recognition: prefrontal contribution to the
orthographic neighborhood size effect. Neuroimage, 36, 901-911.

Fu, S., Chen, Y., Smith, S., Iversen, S. & Matthews, P.M. (2002) Effects of
word form on brain processing of written Chinese. Neuroimage, 17, 1538—
1548.

Garavan, H., Ross, T.J. & Stein, E.A. (1999) Right hemispheric dominance of
inhibitory control: an event-related functional MRI study. Proc. Natl Acad.
Sci. US4, 96, 8301-8306.

Grainger, J. (1990) Word frequency and neighborhood frequency effects in
lexical decision and naming. J. Mem. Lang., 29, 228-244.

Grainger, J. & Jacobs, A.M. (1996) Orthographic processing in visual
word recognition: a multiple read-out model. Psychol. Rev., 103, 518—
565.

Grainger, J. & Segui, J. (1990) Neighborhood frequency effects in visual word
recognition: a comparison of lexical decision and masked identification
latencies. Percept. Psychophys., 47, 191-198.

Grainger, J., O’Regan, J.K., Jacobs, A.M. & Segui, J. (1989) On the role of
competing word units in visual word recognition: the neighborhood
frequency effect. Percept. Psychophys., 45, 189—195.

Herbster, A.N., Mintun, M.A., Nebes, R.D. & Becker, J.T. (1997) Regional
cerebral blood flow during word and nonword reading. Hum. Brain Mapp.,
5, 84-92.

Holcomb, P.J., Grainger, J. & O’Rourke, T. (2002) An electrophysiological
study of the effects of orthographic neighborhood size on printed word
perception. J. Cogn. Neurosci., 14, 938-950.

Jonides, J., Smith, E.E., Koeppe, R.A., Awh, E., Minoshima, S. & Mintun,
M.A. (1993) Spatial working memory in humans as revealed by PET.
Nature, 363, 623—625.

Kosslyn, S.M., Alpert, N.M., Thompson, W.L., Malijkovic, V., Weise, S.B.,
Chabris, C.F., Hamilton, S.E., Rauch, S.L. & Buonanno, F.S. (1993) Visual
mental imagery activates topographically organized visual cortex: PET
investigations. J. Cogn. Neurosci, S, 263-287.

Kuo, W.J., Yeh, T.C., Lee, C.Y., Wu, Y.T., Chou, C.C., Ho, L.T., Hung, D.L.,
Tzeng, O.J. & Hsieh, J.C (2003) Frequency effects of Chinese character
processing in the brain: an event-related fMRI study. Neuroimage, 18, 720—
730.

Kuo, W.J., Yeh, T.C., Lee, J.R., Chen, L.F.,, Lee, PL., Chen, S.S., Ho, L.T.,
Hung, D.L., Tzeng, O.J. & Hsieh, J.C (2004) Orthographic and phonological
processing of Chinese characters: an fMRI study. Neuroimage, 21, 1721—
1731.

Laxon, V.J., Coltheart, V. & Keating, C. (1988) Children find friendly words
friendly too: words with many orthographic neighbours are easier to read and
spell. Br. J. Educ. Psychol., 58, 103—119.

Li, Y. & Kang, J.S. (1993) The research on phonetic-radical of modern Chinese
phonetic—semantic compound. In: Chen, Y. (Ed.), Information Analysis of
Modern Chinese Characters (pp. 5-294). Shanghai: Shanghai Education
Publishing House.

Luo, J. & Niki, K. (2000) The role of left inferior frontal gyrus in working
memory: phonological competition and inhibition. Neuroimage, 11, S400—
S400.

McCarthy, G., Blamire, A.M., Puce, A., Nobre, A.C., Bloch, G., Hyder, F.,
Goldman-Rakic, P. & Shulman, R.G (1994) Functional magnetic resonance
imaging of human prefrontal cortex activation during a spatial working
memory task. Proc. Natl Acad. Sci. US4, 91, 8690-8694.

McClelland, J.L. & Elman, J.L. (1986) The TRACE model of speech
perception. Cogn. Psychol., 18, 1-86.

Peereman, R. & Content, A. (1995) Neighborhood size effect in naming: lexical
activation or sublexical correspondences? J. Exp. Psychol. Learn. Mem.
Cogn., 21, 409-421.

Perfetti, C.A., Liu, Y. & Tan, L.H. (2005) The lexical constituency model: some
implications of research on Chinese for general theories of reading. Psychol.
Rev,, 112, 43-59.

Pugh, K.R., Shaywitz, B.A., Shaywitz, S.E., Constable, R.T., Skudlarski, P.,
Fulbright, R.K., Bronen, R.A., Shankweiler, D.P., Katz, L., Fletcher, JM. &
Gore, J.C. (1996) Cerebral organization of component processes in reading.
Brain, 119(Pt 4), 1221-1238.

Rumsey, J.M., Horwitz, B., Donohue, B.C., Nace, K., Maisog, JM. &
Andreason, P. (1997) Phonological and orthographic components of word
recognition. A PET-rCBF study. Brain, 120(Pt 5), 739-759.

Sears, C.R., Campbell, C.R. & Lupker, S.J. (2006) Is there a neighborhood
frequency effect in English? Evidence from reading and lexical decision.
J. Exp. Psychol. Hum. Percep. Perform., 32, 1040—1062.

Siok, W.T., Perfetti, C.A., Jin, Z. & Tan, L.H. (2004) Biological abnormality of
impaired reading is constrained by culture. Nature, 431, 71-76.

Smith, E.E., Jonides, J., Koeppe, R.A., Awh, E., Schumacher, EH. &
Minoshima, S. (1995) Spatial versus object working memory: PET
investigations. J. Cogn. Neurosci., 7, 337-356.

Takeda, K., Kaminaga, T., Furui, S. & Shimizu, T. (1999) Functional magnetic
resonance imaging localization of tactile reading phonograms in Japanese
subjects. Neurosci. Lett, 259, 87-90.

Talairach, J. & Tournoux, P. 1988. Co-Planar Stereptaxic Atlas of the Human
Brain. Georg Thieme Verlag, Stuttgart.

Tan, L.H., Spinks, J.A., Gao, J.H., Liu, H.L., Perfetti, C.A., Xiong, J., Stofer,
K.A., Pu, Y., Liu, Y. & Fox, P.T. (2000) Brain activation in the processing of
Chinese characters and words: a functional MRI study. Hum. Brain Mapp.,
10, 16-27.

Tan, L.H., Liu, H.L., Perfetti, C.A., Spinks, J.A., Fox, P.T. & Gao, J.H. (2001)
The neural system underlying Chinese logograph reading. Neuroimage, 13,
836-846.

Tan, L.H., Spinks, J.A., Feng, C.M., Siok, W.T., Perfetti, C.A., Xiong, J., Fox,
PT. & Gao, J.H. (2003) Neural systems of second language reading are
shaped by native language. Hum. Brain Mapp., 18, 158-166.

Tan, L.H., Laird, A.R., Li, K. & Fox, P.T. (2005) Neuroanatomical correlates of
phonological processing of Chinese characters and alphabetic words: a meta-
analysis. Hum. Brain Mapp., 25, 83-91.

Turkeltaub, P.E., Gareau, L., Flowers, D.L., Zeffiro, T.A. & Eden, G.F. (2003)
Development of neural mechanisms for reading. Nat. Neurosci., 6, 767-773.

Wilson, S.M., Brambati, S.M., Henry, R.G., Handwerker, D.A., Agosta, F.,
Miller, B.L., Wilkins, D.P., Ogar, J.M. & Gorno-Tempini, M.L. (2009) The
neural basis of surface dyslexia in semantic dementia. Brain, 132, 71-86.

© 2010 The Authors. European Journal of Neuroscience © 2010 Federation of European Neuroscience Societies and Blackwell Publishing Ltd

European Journal of Neuroscience, 32, 866—872



