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Abstract. The study of orthographic errors in a transparent language such as Spanish is an important topic in relation
to writing acquisition because in Spanish it is common to write pseudohomophones as valid words. The main objective
of the present study was to explore the possible differences in activation patterns in brain areas while processing pseu-
dohomophone orthographic errors between participants with high (High Spelling Skills (HSS)) and low (Low Spelling
Skills (LSS)) spelling orthographic abilities. We hypothesize that (a) the detection of orthographic errors will activate
bilateral inferior frontal gyri, and that (b) this effect will be greater in the HSS group. Two groups of 12 Mexican partici-
pants, each matched by age, were formed based on their results in a group of spelling-related ad hoc tests: HSS and LSS
groups. During the fMRI session, two experimental tasks were applied involving correct and pseudohomophone substi-
tution of Spanish words. First, a spelling recognition task and second a letter searching task. The LSS group showed,
as expected, a lower number of correct responses (F(1, 21) = 52.72, p <.001, 02 = .715) and higher reaction times compared
to the HSS group for the spelling task (F(1, 21) = 60.03, p <.001, n2 = .741). However, this pattern was reversed when the
participants were asked to decide on the presence of a vowel in the words, regardless of spelling. The fMRI data showed
an engagement of the right inferior frontal gyrus in HSS group during the spelling task. However, temporal, frontal, and

subcortical brain regions of the LSS group were activated during the same task.
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Orthographic codification can be defined as a unique
arrangement of letters that defines a written word,
as well as other general aspects of writing such as the
dependencies in the word sequence or the letter posi-
tion (Tanzman, 1984, cited in Castles & Nation, 2006).
In accordance with Perfetti (1992), skilled processing
implies acquiring fully specialized orthographic repre-
sentations so that the context is unnecessary to recog-
nize specific words. It is a highly automatized process
and cannot be consciously subjected to strategic control.
These characteristics allow the reader to provide more
attentional resources to other reading aspects such as
text significance (Ehri, 1995). The orthographies of
different languages are classified on the basis of the
complexity of their letter (or logograph) to sound cor-
respondence. According to this there are languages
with shallow orthographies, in which the phonemic
and orthographic codes are isomorphic, and the pho-
nemes of spoken words are represented by graphemes
in a simple and direct way (Frost, Katz, & Bentin, 1987).
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In languages with deep orthographies this relation is
more opaque, and the same letter may represent dif-
ferent phonemes in different words (Frost et al., 1987).
This orthographic difference affects lexical access: while
in English is mediated by both phonemic and ortho-
graphic codes, in more shallow languages the readers
tend to use phonemic codes to recognize the words
(Frost et al., 1987). Orthographic consistency and its
corresponding instructional regime could lead to the
adoption of different reading strategies across lan-
guages based on visual or whole word recognition in
deep orthographies and on phonological recognition
in shallow ones (Wimmer et al., 2010). Spanish, like
Dutch, Italian and German, is considered a language
with a regular orthography, thanks to their regular
orthography, children can easily acquire phonolog-
ical recoding strategies given the high feed-forward

How to cite this article:

Guardia-Olmos, J., Zarabozo-Hurtado, D., Peré-Cebollero, M.,
Gudayol-Farré, E., Gomez-Vazquez, F. R., & Gonzalez-Garrido, A.
(2017). Analysis of pseudohomophone orthographic errors through
functional magnetic resonance imaging (fMRI). The Spanish Journal
of Psychology, 20. €74. Doi:10.1017/sjp.2017.72



mailto:jguardia@ub.edu
http://crossmark.crossref.org/dialog/?doi=10.1017/sjp.2017.72&domain=pdf
https://doi.org/10.1017/sjp.2017.72

2 J. Guardia-Olmos et al.

consistency between spelling and phonology (Ziegler
& Goswami, 2006).

The visual word form Area (VWFA) or occipitotem-
poral area (OT), where the fusiform and lingual gyri
stand out, has been linked to the orthographic analysis
of words. Activations have been reported in the left
hemisphere’s fusiform gyrus when faced with words
in tasks requiring relatively simple manipulation or
processing, such as visual priming (Glezer et al., 2009),
lexical decision (Cohen et al., 2002), or decision on the
morphological structure of words (Binder, Medler,
Westbury, Liebenthal, & Buchanan, 2006; Kronbichler
et al., 2009). Nevertheless, this area is also activated by
perception and naming visual objects and in the pro-
cessing of several other kinds of stimuli, and therefore
its specialization in reading has been questioned (Price
and Devlin, 2003).

Just as posterior occipital-temporal brain areas are
related to a first level of orthographic processing, the
long-term orthographic representations are related to
bilateral inferior frontal brain areas, concretely the
inferior frontal gyrus (IFG) (Richards et al., 2006). Dorsal
portions of the left IFG (Brain Area BA 44/45) have
been classically related to phonological processes, and
their ventral portions (BA 47/45) are more related to
semantic processing (Poldrack et al., 1999; Vigneau
et al., 2006). Nevertheless, several works have been
linked the left and right inferior frontal giri to ortho-
graphic processing, in addition to phonology and
semantics. The work by Booth, Cho, Burman, and
Bitan (2007) showed that, in a task in which the partic-
ipants had to decide if two spoken words had the same
spelling for the rhyme, the conditions with conflicting
phonology and orthography were associated with
greater activation in the left inferior frontal gyrus
(Booth et al., 2007). The work by Richards et al. (2009)
suggests that good spellers activated the left precentral
gyrus, the postcentral gyrus, the left inferior frontal
gyrus and the right superior frontal gyrus more than
the poor spellers in a task where the subjects had to
decide if both words in different pairs of words were
both correctly spelled. In the work by Newman and
Joanisse (2011), the participants were asked to perform
several lexical decision tasks, and the authors manipu-
lated the possible reliance on orthography by varying
the degree on which non-word stimuli were more or
less orthographically typical. They used four different
stimulus types: Low-frequency homophones, high-
frequency homophones, non-homophonic control
words, and pseudowords. The authors of the study
also controlled the possible effects of word-likeness on
phonological activation. To control it, both pseudohomo-
phones and pseudowords may possess word bodies
typical of English orthography, a condition named by
the authors” as word-like context, or may not possess it
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(non-word-like context). In addition all stimuli on
word-like context resembled phonologically English
words (e.g., pseudohomophones such as HEET, and
pseudowords such as GEET) (Newmann & Joanisse,
2011). Their results suggested that pseudohomophones
in the word-like context, that shared a high degree of
similarity to low-frequency words produced greater
activations relating to non-words in the precentral gyrus
and in left inferior frontal gyrus (BA 44 and BA 47).
Other works that studied the effect of word regularity
in Chinese reading, suggest that the different IFG areas
contributes in orthographic to phonological conver-
sion (Peng et al., 2004), and other works using rhyming
and spelling tasks also pointed out the role of the parts
opercularis of the left IFG in the orthographic and pho-
nological integration (Bolger et al., 2008).

Also, as we stated before, some works suggested that
orthographic processing could activate both left and
right IFG. The work by Edwards, Pexman, Goodyear,
and Chambers, (2005), that used a similar methodology
than the study of Newmann and Joanisse (2001), sug-
gests that the processing of pseudohomophone words
largely activated the bilateral inferior frontal gyri,
when compared to the tasks in which the subjects were
asked to process consonant strings or pseudowords.
Similar results were observed in the work by Zhan, Yu,
and Zhou, (2013), in which the participant’s had to per-
form several lexical decision tasks in Chinese language.
The authors suggested that the pseudohomophones
that shared the first constituent with the base word
were they were made activated the bilateral IFG, the
left parietal lobule and the left angular gyrus. The
work by Richards et al. (2006) suggests that normal
children showed significantly greater right inferior
frontal gyrus activations in orthographic processing
tasks, and the activations of dyslexic children in this
area tend to normalize after an orthographic treatment,
which consisted in a exposure to polysyllabic real words
that contained some spelling units that corresponded
to more than one phoneme, or did not correspond to
any phoneme (Richards et al., 2006).

Taken together, the above mentioned works sug-
gested that the IFG, besides are related to ortographic
processing that in some cases may be relatively inde-
pendent of the phonological and semantic processing.
Nevertheless, the majority of the studies previously
mentioned have been conducted on deep orthographies.
Standard Spanish is a language with a shallow orthog-
raphy in which however, some phonemes could be
mapped onto two or three different letters and in
Mexican Spanish, and other additional sounds are also
equivalent. For example, the phoneme /s/ matches

7N 7N ",

the graphemes “c”, “s” and “z”; the phoneme /x/

7 e i1

matches the graphemes “x”, “g” and “j”; the phoneme

7

/j/ matches “y” and “ll”; and the phoneme /b/ matches
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“b” and “v”. Therefore, in Spanish it is relatively
common to write pseudohomophones (words with an
orthographic error but with the same phonology as the
correct one) or to recognize a pseudohomophone as a
valid word during reading. For example cilantro [cori-
ander] — is correctly spelled with a “c”, but the general
population frequently accepts pseudohomophones such
as “silantro” and “zilantro” as valid words. Although
these mistakes do not significantly compromise reading
comprehension in normal persons, they do cause the
speakers of Mexican Spanish, to make numerous pseu-
dohomophone spelling mistakes, something observable
in the general population (Gémez-Veldzquez et al.,
2014). In fact, in this same study, it was observed that
the low spelling skills (LSS) group make three to four
times more orthographic errors than the high spelling
skills (HSS) group, but both groups present normal
reading speed and comprehension indexes (Gémez-
Veldzquez et al., 2014). For these reasons, the study
of the effect of orthographic processing in Mexican
Spanish may be interesting. The majority of the studies
cited above is performed in deep orthographies, and as
we stated above the differences in orthographic pro-
cessing may affect word recognition (Frost et al., 1987)
and reading strategies (Wimmer et al., 2010). In addi-
tion, given that Mexican-Spanish is a shallow language
but some phonemes could be mapped onto two or
three different letters, we are able to build pseudohom-
ophones that only differ on one letter with their base-
word, while, unlike in languages with deep orthographies
such as Chinese and English, they share the exact pho-
nology, and the same semantic representation with the
correct-written word. This allows us to design an exper-
iment to study the orthographic processing that will
differ of those used in the studies described above.
The main objective of the present study was to
explore the possible differences in behavior and in
brain area activation patterns during the processing of
pseudohomophone errors in two groups of people.
Both groups were comprised of normal readers, but
one presented high spelling skills (HSS) and the other
low spelling skills (LSS) because, as we have said, great
differences exist in the Mexican population in ortho-
graphic recognition between normal readers. Also we
aim to do this using a different kind of task that those
used in previous studies. We applied two experimental
tasks in which the participants were exposed to either
words spelled correctly (75% of total stimuli) and words
that contain a pseudohomophone orthographic error
that was made by the substitution of a single grapheme
in the word; the original word always was a high or rel-
atively high frequency word (see Appendix). The sub-
stitution of the grapheme preserves the phonology
of the original word and the designed pseudohomo-
phone constitutes a relatively common spelling mistake.
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For this reason the pseudohomophones designed in
the present study also preserved the semantics of the
original word: (example: for example, ‘sapato’, whose
correct spelling is “zapato” [shoe]). In the first task
(bloks A and B. named spelling recognition task) the
participants were required to indicate whether the
word was spelled correctly or else contained a pseudo-
homophone orthographic error. In block A, 50% of the
words were spelled correctly and the remaining 50%
contained an orthographic error. In block B, 100% of
the words were spelled correctly. In the second task
(blocks C and D, named letter-searching task) the par-
ticipants were instructed to answer whether the word
presented contained the vowel “i” or not. 50% of
the words of two blocks contained the target bowel.
In block C, 50% of the words were spelled correctly
and 50% contained a pseudohomophone orthographic
error. In block D, 100% of the words were spelled cor-
rectly. The experiment contained a total of 80 words
(60 spelled correctly and 20 pseudohomophones). All
the words were presented only once during the exper-
iment and the pseudohomophones were not made by
the modification of the 60 correctly spelled words (see
Appendix). The mean frequency of words of every block
was controlled and these means did not differ signifi-
cantly. Thus, we have proposed to study orthographic
recognition by means of an explicit and an implicit task.
This type of paradigm, which is related to concrete
cognitive processing, has been used in other reading-
related studies (Brunswick, McCrory, Price, Frith, &
Frith, 1999; Peng et al., 2004).

Accordingly, our main hypothesis is that HSS people
would be more efficient when they pay explicit attention
to orthographic errors than the LSS people. However, for
implicit orthographic recognition, the performance of
HSS people would be worse than that of LSS people; as
we stated above orthographic processing is an auto-
mated ability, and probably it will be true in the case of
the HSS participants. For this reason we expect that
HSS group makes two tasks, the recognition of a letter
and the detection of orthographic error and the LSS
only makes the letter-searching task. This is because
HSS people have automatized the recognition of ortho-
graphic errors and this automation may interfere with
a new task in which people only need to recognize
whether a letter is present independently from whether
the word is spelled correctly or not, an effect similar to
the Stroop effect. This effect has been expressed as the
existence of a “reader instinct” (Paulesu, Brunswick, &
Paganelli, 2010; Cone, Burman, Bitan, Bolger, & Booth,
2008). There is evidence of covert word-processing in
tasks in which words where presented for very short
periods of time and when these words where not
attended (Peng et al., 2004). We expect that these
described effects of automatization by Peng et al. (2004)
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and Paulescu et al. (2010) in reading may be observed
also on the orthographic processing in the HSS group.
Although it should be noted that there are no studies
using tasks similar to those we used in our work and
therefore this second hypothesis is somewhat specula-
tive. For brain activation, according to Edwards et al.
(2005), Richards et al. (2006), Booth et al. (2007), and
Zhan et al. (2013) we hypothesize that the detection of
orthographic errors will activate bilateral inferior fron-
tal gyri, and that this effect will be greater in the HSS
group. According to our second behavioral hypothesis,
HSS people will show similar activations in the implicit
and in the explicit task because HSS participants will
tend to conduct an involuntary orthographic recogni-
tion during the implicit task, while LSS people will not
show activation in inferior frontal gyri since their poor
orthographic automated skills will impede to conduct
involuntary orthographic recognition when they were
focused on a letter-searching task.

Method
Participants

Twenty-four young adults (M = 21.83 years, SD =5.02,
10 women) participated in the experiment. They were
all pure right-handed, (in all cases the score was +1.0) in
accordance with the Edinburgh Handedness Inventory
(Oldfield, 1971), with normal or corrected vision and no
history of neurological illness or learning disorder. They
all signed an informed consent and received economic
compensation for their participation, in accordance
with the permission and recommendations of the
Ethical Committee of the Instituto de Neurociencias of
the University of Guadalajara, Mexico. They were
assigned to two groups (High Spelling Skills — HSS, or
Low Spelling Skills — LSS) according to their perfor-
mance on five tasks that assessed their orthographic
knowledge, particularly the use of pseudohomophone
spelling in words (b-v, ¢-s-z, g-j, 1l-y, h-no h). These tasks
involved pseudohomophone spellings, dictation of a
letter, dictation of a list of words, detection of pseudo-
homophone errors in a text, and a free-topic essay. The
tasks were applied to all participants prior to the neuro-
imaging registration to discriminate the participants’
performances. In a previous study, these tasks had pre-
sented an adequate reliability value (a =.833) and a very
high discriminability capability to distinguish between
groups with different orthographic abilities (t = 11.608;
p < .001) in a sample of 827 young adults (Gémez-
Velazquez et al., 2014). To be assigned to the HSS or
LSS groups, we considered the 15t and 85t percentiles
of the total number of errors across all tasks (7 or less,
and 31 or more, respectively).

A reading performance test was also applied prior
to the neuroimaging studies. It involved reading a
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154-word text aloud. The participants were asked to
read as fast and accurately as possible and told that
they would be asked about the task at the end. Finally,
five questions related to the text were scored with 2, 1,
and 0 points for complete comprehension, partial com-
prehension, and misinformation or lack of response,
respectively.

Stimuli and procedure

Two experimental tasks were applied in which the par-
ticipants were exposed to 60 words spelled correctly in
Spanish and to 20 words with a pseudohomophone
orthographic error (for example, ‘sapato’, whose cor-
rect spelling is “zapato” [shoe]). In the first task (blocks
A and B, spelling recognition task), the participants
were required to indicate whether the word was spelled
correctly or else contained a pseudohomophone ortho-
graphic error. In block A, 50% of the words were
spelled correctly and the remaining 50% contained an
orthographic error. In block B, 100% of the words were
spelled correctly. In the second task (blocks C and D,
letter-searching task) the participants were instructed
to answer whether the word presented contained the
vowel “i” or not. 50% of the words of two blocks con-
tained the target vowel. In block C, 50% of the words
were spelled correctly and 50% contained a pseudo-
homophone orthographic error. In block D, 100% of
the words were spelled correctly. All the stimuli were
presented only once during the experiment and the
pseudohomophones were not made by the modifica-
tion of the 60 correctly spelled words (see Appendix).
The mean frequency of words of every block was con-
trolled and these means did not differ significantly.
Both the stimuli and the interval between them were
1 second long. Both tasks were counterbalanced across
all participants. To present them, a block design was
used: The stimuli were divided into 8 blocks with 10
stimuli into the blocks and presented pseudo-randomly.
The stimuli were presented in white on a black back-
ground, with an Arial 60 font and a 300-pixel-per-inch
resolution. To control the speed of recognition of very
frequent words, the list of stimuli was balanced by
using frequent and infrequent words according to the
Computerized Lexicon of Spanish, LEXESP (Sebastian,
Marti, Carreiras, & Cuetos, 2000) and a frequency dictio-
nary designed at our laboratory. The stimuli were pre-
sented using E-Prime software (Shneider et al., 2002)
through an MR-safe goggle system. The list of stimuli
used in this research may be consulted in Appendix.
Our methodology has some strength that should be
briefly commented. The participants were selected very
thoroughly from among students in their high school
senior year or in their first college year, and according
to their orthographic performance. The orthographic


https://doi.org/10.1017/sjp.2017.72

knowledge tasks administered to form the groups were
very exhaustive, which allowed us to form the HSS and
LSS groups with great knowledge of the participants’
orthographic competence at the time of inclusion in
the study, thus providing us with great intra-group
homogeneity regarding their current orthographic skills.
Moreover, the HSS and LSS participants showed small
differences in the rest of reading skills. Another strength
is the fact that this is one of the few papers to explore
the patterns of activation of brain areas during the rec-
ognition of pseudohomophone orthographic errors by
comparing normal (non-dyslexic participants) on a type
of orthographic error that is characteristic and exclusive
of shallow orthographies.

Image acquisition

GE Excite HDxT 1.5 Tesla equipment (GE Medical
Systems, Milwaukee, WI) and an 8—channel head coil
were used. For each experimental task, 32 4- millime-
terthick (mm) contiguous axial slices were obtained.
An echo planar pulse sequence was used with a repeti-
tion time of 3 seconds, echo time of 60 milliseconds,
26—centimeter Field of View (FOV), and a 64 x 64 matrix.
The voxel size used was 4.06 x 4.06 x 4 mm. From each
experimental task, a total of 62 brain volumes were
obtained. For reasons of image acquisition time and
experimental design, 6 brain volumes per task were
discarded (the two first volumes dedicated to a resting
state, and four volumes dedicated to advising the ex-
perimental procedure initiation), thus leaving a total of
56 for later analysis (Figure 1).

The pre-processing and the statistical analysis of the
images were conducted by means of the SPM8 com-
puter package (http://www.filion.ucl.ac.uk/spm/
software/spm8/). The images were spatially realigned,
readjusted to the voxel size, and normalized according to
the Montreal Neurological Institute reference (MNI) —
and Talairach coordinates. For the smoothening, a
Kernel Gaussian filter three times the voxel size was used
on the x, y, z axes, following the recommendations of
the SPM8 preprocessing procedure and in agreement
with the results of Farras, Guardia, and Per6, (2015).
Based on the analysis of each group in each task, regions
of interest were formed by means of the MarsBar
software.

Results
Orthographic and reading performances

As mentioned above, we took the 15% and 85t per-
centiles of total errors in the orthographic tasks as
cut-off points to form the HSS group (M =4.42, SD =
2.11, range = 1-7) and LSS group (M = 42.58, SD =
9.99, range = 32-63).
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A significant difference in reading speed was found
between the groups (#(22) = 4.24, p < .001, r = .671),
with a greater number of words per minute in the HSS
group (M = 161.39, SD = 17.70) than in the LSS group
(M =135.42, SD = 11.73). Furthermore, when we con-
sidered modifications and omissions, there was a sta-
tistically significant difference between both groups
(t(22) = 3.22, p < .01, r = .566), with fewer errors
observed in the HSS group (M = 3, SD = 2.30) than in
the LSS group (M =7.25, SD = 3.96). Despite the differ-
ences observed in reading speed and accuracy, no dif-
ferences were observed between the groups regarding
comprehension (#(22) = 0.52, p = .61), although answers
from the HSS group (M = 8.08, SD = 1.31) were slightly
more adequate than those from the LSS group (M =7.75,
SD =1.77).

Behavioral

The behavioral results from the experimental tasks
were analyzed to compare the performance between
the groups. To that end, several univariate covariance
analyses (ANCOVA) were conducted for each depen-
dent variable (number of correct answers and reaction
time for each overall response) in relation to a) a com-
parison of the AB blocks, b) a comparison of the CB
blocks, and finally c) the effect of tasks and blocks. The
participant’s age was used as a covariate to extract the
components caused by that factor. For each analysis,
we carried out a factorial design involving orthographic
competence (High or Low) as a between-groups factor,
while the within-groups factor was the cognitive
domain involved in the paired task (spelling recognition
or letter-searching for the two first analyses). For the
third analysis, two within-groups factors were used:
the task (spelling recognition and letter-searching) and
the different blocks of percentage of words spelled cor-
rectly (50% or 100%). We saved the third analysis to
clarify the general effect between conditions. Table 1
shows the relevant statistics and the significance values
of raw data for the number of correct responses in each
task (detecting the existence of a pseudohomophone
error in the spelling task, and detecting the existence of
the i vowel in the letter-searching task) and the reaction
time for all of the correct responses (yes or no depend-
ing on the stimulus). The complete contrast was analyzed
according to Crombach’s alpha = .001 after applying
Bonferroni correction.

For the spelling task (AB), which involved the number
of correct answers, only the group effect was statisti-
cally significant (F(1, 21) = 52.72, p < .001, n? = .715)
as well as the first order interaction Blocks x Group
(F(1,21) =15.64, p = .001, n? = .427). The HSS group had
better results in the A blocks than in the B blocks,
whereas the effect was the opposite for the LSS group,
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Figure 1. Experimental design. Rest (R) and activation blocks A and B for the spelling recognition task, and C and D for the
letter-searching task. The first two brain volumes were eliminated from the analysis, as well as the four task warning volumes.
"Maiz’ [corn], ‘hijo’ [son] and ‘riqueza’ [wealth] are examples of correctly spelled words. ‘Consepto” [concept] is an example of
an incorrectly spelled word (pseudohomophone), with an s instead of a ¢, thus generating a pseudohomophone error.

but the performance of the HSS is always better than
the performance of the LSS. Regarding the reaction time,
no source of variation was statistically significant.

In the second analysis, the letter-searching task (CD),
regarding the number of correct answers, we found a
statistically significant effect for the interaction Blocks x
Group (F(1, 21) = 15.35, p = .001, n? = .422). Therefore
the HSS group presented a better performance in the
D blocks while the LSS showed a better performance
in the C blocks, and in the two blocks the performance
of the LSS group is always better than the perfor-
mance of the HSS group. As for reaction time, the inter-
action Blocks x Group was also statistically significant
(F(1,21) = 13.71, p = .001, n? = .395); in the C block,
the LSS group was faster than the HSS group, but this
effect is contrary to the effect in the D block.

In the third analysis, we included the task (spelling
and letter-searching) and the block (50% correctly
spelled stimulus and 100% correctly spelled stimulus)
as within-group factors, and the group (HSS and LSS)
as a between-groups factor, so we conducted a mixed
factorial analysis (2 x 2 x 2). As regards the number
of correct answers, four of the sources of variation
were statistically significant, including the effect as-
sociated with the covariable age (F(1, 21) =2.07, p <.001,
n? =.762), and the effect associated with the group,
(F(1, 21) = 23.31, p < .001, n? = .526); in this case, the
number of correct responses was higher in the HSS
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group than in the LSS group. However, the most inter-
esting sources of variation were those related to the
interaction Tasks x Group (F(1, 21) = 60.03, p < .001,
n? =.741) and Tasks x Blocks x Group (F(1, 21) = 27.17,
p < .001, n2 = .564). Regarding the spelling task, the
number of correct responses was higher in the HSS
group than in the LSS, but this difference was lower in
the B block. Conversely, for the letter-searching task,
the number of correct responses was higher in the LSS
group than in the HSS group. Regarding the reaction
time, no source of variation was statistically significant.
A simple way to observe the complexity of interac-
tion effects in both dependent variables can be seen
in Figure 2.

Neuroimaging

Based on the linear models of the SPM algorithm, we
carried out a mixed factor ANOVA separately for each
group with specific contrasts as follows: A> B, C > D,
A>Cand B> D. Greater region activation was observed
in the LSS group when deciding on the word'’s ortho-
graphic structure in the spelling recognition task. These
activations appeared bilaterally, especially in two great
groupings located in the inferior temporal gyrus, with
a greater predominance towards the right hemisphere,
and in the middle temporal gyrus, in the right hemi-
sphere predominantly. Additionally, activations were
also observed in this group in the right hemisphere’s
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Table 1. Descriptive statistical results, mean and standard deviation (SD) for the raw number of correct answers and the reaction time for
each experimental condition, adding the statistical significances from ANCOVA for each dependent variable*

Dependent Variable Number of correct responses Reaction Times
Task Spelling Letter searching Spelling Letter searching
Blocks 50% 100% 50% 100% 50% 100% 50% 100%
High Spelling Skills (HSS) 17.33 15.75 17.00 18.00 825.83 780.98 688.64 649.33
(0.98) (4.18) (2.13) (2.29) (63.86) (63.74) (54.67) (46.28)
Low Spelling Skills (LSS) 6.76 10.67 18.67 18.17 847.91 809.99 664.24 682.20
(2.89) (3,37) (1.43) (1.03) (43.22) (40.22) (42.20) (53.37)
Statistical significance
Spelling task (AB) F Sig H? 1-B F Sig n? 1-B
Age (A) 1.035 321 - - 0.221 643 - -
Blocks (B) 0.120 733 - - 0.225 640 - -
Group (G) 52.722 <.001 715 1.000 1.797 194 - -
AxB 0.523 478 - - 1.971 175 - -
BxG 15.638 .001 427 .965 0.023 881 - -
Letter searching task (CB) F Sig H? 1-B F Sig n? 1-B
Age (A) 3.179 .089 - - 0.439 515 - -
Blocks (B) 4.990 .036 - - 0.257 .617 - -
Group (G) 2.559 125 - - 0.017 .897 - -
AxB 4.062 .057 - - 0.705 A11 - -
BxG 15.352 .001 422 .962 13.708 .001 .395 942
Task and Blocks F Sig n? 1-B F Sig n? 1-B
Age (A) 2.071 <.001 762 .356 0.013 910 - -
Task (T) 3.846 .063 - - 2.505 128 - -
Blocks (B) 0.073 .789 - - 0.541 470 - -
Group (G) 23.307 <.001 .526 .996 1.039 .320 - -
AxT 0.013 912 - - 0.690 416 - -
AxB 0.016 .899 - - 3.075 .094 - -
AxTxB 1.788 .196 - - 0.349 .561 - -
TxB 1.032 321 - - 0.006 941 - -
TxG 60.030 <.001 741 1.000 0.833 372 - -
BxG 6.564 .018 - - 6.259 .021 - -
TxBxG 27.168 <.001 564 .999 3.801 .065 - -

*only estimated for the second-order interactions for the covariable effects. 7 are the values of effect size only for
significative contrast. 1-f are the power of each significative contrast.

supramarginal gyrus and in the middle portion of
the frontal gyrus. Likewise, this group presented acti-
vation in subcortical regions such as the cerebellum,
the parahippocampal gyrus, and the anterior cingulate
region, all of them in the left hemisphere. In contrast,
the group analysis of the HSS group revealed the acti-
vation of a small grouping located in the right hemi-
sphere’s pre-central gyrus. The exact location of the
aforementioned activations can be seen in Table 2 and
graphically in Figure 3.

When the participants had to decide on the presence of
one letter in the words in the letter-searching task, inde-
pendently from the spelling of the words, the analysis of
both groups showed similar activations in the pre-central
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frontal gyri. Only the HSS group presented bilateral acti-
vations in the former region; regarding the latter region,
the activations of the LSS group were anatomically infe-
rior with respect to the other group. The activations in
this task can be seen in Figure 4 and table 2.

The comparison of both groups between both tasks
revealed an activation of the HSS group in the region
of the right hemisphere’s middle frontal gyrus. Task
comparisons showed an activation of the left hemi-
sphere’s post-central gyrus, as well as bilateral activa-
tions of the superior temporal gyrus. Group interactions
by task revealed activations in the posterior portion of
the middle temporal gyrus and in the parahippocam-
palgyrus (Figure 5 and Table 3).
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Figure 2. Effects on the number of correct answers and the reaction time according to the high (HSS) and low (LSS) spelling

skills groups and their interaction with the type of task and block.

Table 2. Activation of brain regions when attending to spelling (AB; spelling recognition task) and letter identification (CD; letter searching
task). Listed are group, High and Low Spelling Skills (HSS and LSS); hemisphere (Left -L- and Right -R-) / anatomical region / Brodmann's
Area -BA-; MNI coordinates; and local maximum (Z) values in each cluster

MNI coordinates Cluster Information
Group - Task
Hemisphere / Anatomical / BA X y z Z
HSS - AB
R / Precentral gyrus / 6 64 -2 26 2.89
R / Inferior frontal gyrus / 44 64 10 14 2.75
HSS-CD
R / Precentral gyrus / 6 64 2 10 4.23
R / Middle frontal gyrus / 6 11 -11 66 3.48
L / Middle frontal gyrus / 6 -41 10 46 3.39
L / Precentral gyrus / 43 -62 -6 10 3.30
LSS - AB
L / Inferior temporal gyrus / 20 -62 -31 -22 4.56
R / Middle temporal gyrus / 21 68 -35 -14 4.04
L / Middle frontal gyrus / 6 -29 -2 46 3.34
R / Supramarginal gyrus / 40 60 -59 30 3.07
L / Anterior cingulate / 24 -1 34 6 2.92
L / Parahippocampal gyrus / 34 -17 -2 -18 2.89
LSS -CD
R / Superior frontal gyrus / 9 11 59 34 3.74
L / Precentral gyrus / 6 -37 -19 66 3.53

All Z values are the value of the statistical contrast for the peak level in each cluster (significant at p <.0001 with threshold =.0001).

To establish the impact of the experimental condi-
tions on the brain signal analyzed, we studied the
values of the parameters from the general linear model
(GLM) estimated from the solutions by means of ordi-
nary least square (OLS) of the contrasts defined for
each experimental condition. In addition to the general
analysis established on the second level defined on
SPMBS, it was deemed necessary to study the distribution
of the estimates of the parameters associated with each
contrast in each of the participants in each experimental
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group. In this manner, we used the i values linked to
the effect of the experimental conditions, and we ana-
lyzed the parameters for each contrast and participant
by means of a mixed ANOVA of repeated measures,
thus defining the competence levels as an inter-group
effect, with the different contrasts analyzed as an intra-
group effect. To avoid the possible “double dipping”
effect described by Kriegeskorte, Simmons, Bellgowan,
and Baker, (2009); all ANOVA contrasts were conducted
using orthogonal coefficients so that effects were not


https://doi.org/10.1017/sjp.2017.72

Right inferior frontal gyrus in spelling task 9

Figure 3. Statistical significance maps by regions for the spelling recognition task (A and B blocks) in the high (HSS, red-yellow)

and low (LSS, blue-green) spelling skills groups.

overestimated. Likewise, the significances of this phase
were carried out under the criteria of false discovery rate
(FDR = .0001). Table 4 shows the significance values of
the usual descriptive parameters and statistics.

Based on this analysis, we were able to observe that
the impact on the AB, AC, and BD contrasts was
greater for the participants in the HSS group, exactly as
in the case of the CD contrast, which was less intense.
Obviously, the last contrast, ABCD, is of less interest
because it is a comparison between non-strictly analo-
gous tasks. It seems clear that the spelling recognition
task (A and B blocks) caused a greater impact on the
HSS group (F(3, 22)=12.44, p < .001, n? = .432) than on
the LSS group, whereas the same was true for the let-
ter-searching task (C and D blocks) F(3,22) =7.12,p =
.037, n? = .197), with a p value less significant than in
the other contrast, but also statistically significant.

Discussion

According to the results from the spelling recogni-
tion task, the LSS group showed poorer behavioral
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performance (fewer correct responses and higher
reaction times) compared to the HSS group. When the
participant’s attention is focused on the orthographic
structure of the words (spelling task blocks AB), the
group with high skills (HSS) was faster and more accu-
rate than the group with low skills (LSS), an expected
result because the groups were formed according to
this skill. However, when the participants had to detect
the presence of a letter in the words (letter-searching task
blocks CD); the answer pattern was the opposite. It is
important to note that, in both tasks, we presented
words spelled correctly and incorrectly. Previous to the
conduction of the study, we believed that the group
with high skills, which we consider to have reached
an automation of the orthographic word structure,
may conduct two tasks in blocks CD: identification of
the letter in the presented stimulus (instruction done
in these blocks) and an orthographic analysis (auto-
mation process). Meanwhile, the group with poorer
orthographic skills probably only conducts the task
regarding the instructions, the identification of a letter.
Nevertheless, although our behavioral data seem
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Figure 4. Statistical significance maps by regions for the letter-searching task (C and D blocks) in the high (HSS, red-yellow)

and low (LSS, blue-green) spelling skills groups.

support this interpretation, there are not previous exper-
iments similar to this one on the literature; therefore
this interpretation will be speculative. In addition as
we will comment below in this section the fMRI data
does not support this interpretation.

In our work, in the spelling task, the HSS group
basically showed activations in the right inferior frontal
regions. Some studies have related these regions with
some aspects of the long term orthographic processing.
In the work of Eckert et al. (2003), the size of this struc-
ture was positively correlated with behavioral spelling
measures. In other studies, healthy children showed
more activation in right inferior frontal and right posterior
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parietal areas during orthographic mapping, and the
activations in the same areas in dyslexic children
increased and were normalized after an orthographic
treatment (Richards et al., 2006). In addition the same
study showed that normal and dyslexic people present
different connectivity patterns in the inferior frontal
gyrus and the visual Word Form Area. Also, the work
by Edwards et al. (2005) suggests that the processing of
pseudohomophone words largely activated the bilat-
eral inferior frontal gyri when compared to the tasks in
which the subjects were asked to process consonant
strings or pseudowords. The work by Zhan et al.
(2013), also showed bilateral IFG activations during
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Figure 5. Statistical significance maps by regions based on the ANOVA analysis groups by tasks (blue to red show the statistical

intensity effects).

orthographic processing. These authors interpreted
their results in the sense that right IFG activations may
reflect the participation of cognitive control in lexical
decision tasks, in tasks with effortful processing. There
is also the possibility that processing the pseudohomo-
phones of the present study recruited the right IFG
because they share the same phonology and semantics
of the original word and therefore the success on the
task required both orthographic knowledge and active
cognitive control.

Taken together, these studies are in line with the
results of our work because they suggest an implica-
tion of right frontal regions in long term orthographic
processing. However, Richards et al. (2009) selected
good spellers and bad spellers from a normal reading
skills group of children, and they found more activa-
tion in the left inferior frontal for the good spellers than
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for the bad spellers. Other works also showed that the
discrimination between pseudohomophones and words
spelled correctly activates left frontal inferior regions
(Booth et al., 2007). Nevertheless the latter work also
supports our results partially, as these authors found
that a better performance in their task correlated with
higher activations in the left inferior frontal gyrus in
the situations with greater orthographic-phonological
conflict. This result is, to some extent, similar to that
obtained in the HSS group, because in the AB pair, in
the A condition, 50% of the words were spelled correctly
and, therefore, a more difficult task associated with
greater activations in the inferior frontal gyrus in the
HSS group. In addition, other authors show that there
is an important functional connectivity between both
homologous regions (Richards et al., 2009), so it is pos-
sible that both right and left inferior frontal areas are
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Table 3. Activation of brain regions when comparing Group (HSS and LSS) and Task (AB and CD). Listed are contrast, hemisphere (Left
-L- and Right -R-) / anatomical region / Brodmann’s Area -BA-, MNI coordinates and local maxima (Z) values in each cluster

MNI coordinates Cluster Information
Contrast
Hemisphere / Anatomical / BA x Y z z
GRour
R / Middle frontal gyrus / 8 36 26 38 3.21
TASK
L / Postcentral gyrus / 3 -46 -15 54 2.71
L / Superior temporal gyrus / 22 -41 -55 14 2.48
R / Superior temporal gyrus / 22 56 -35 10 2.50
GROUP by TASK
R / Parahippocampal gyrus / 30 19 -43 6 3.07
R / Middle temporal gyrus / 22 36 -55 14 2.71

All Z values are the value of statistical contrast for the peak level in each cluster (significant at p <.0001 with threshold = .0001).

Table 4. Descriptive statistics of the distribution of fi parameters linked to each statistical contrast according to the group of competence (SE:

Standard Error)
Comparisons
AB CD AC BD
High Spelling Skills (HSS) Mean pi 1.44 1.77 1.89 1.77
SE (pi) 0.11 0.04 0.12 0.14
Low Spelling Skills (LSS) Mean pi 0.56 1.01 0.54 0.62
SE (i) 0.12 0.03 .09 0.11
Statistical contrast F 12.44 7.12 14.33 10.77
Significance 14 <.001 .037 <.001 <.001
Effect Size 7> 432 197 448 441
Power 1-p 81 .61 .82 .81

involved in some way in the long term orthographic
representation. Because the long term orthographic
knowledge comes from multiple linguistic sources,
for these authors, the left inferior frontal areas act as
orthographic central executors, regulating the activity
of multiple posterior brain areas that contribute to long
term orthographic knowledge (Booth et al., 2007;
Richards et al., 2006). The latter idea is also supported
—to some extent-by the results obtained by the LSS
group because if long term orthographic recognition
has multiple linguistic origins (Richards et al., 2006),
it is plausible that, in the absence of frontal inferior
control, our participants show weak activations in
multiple posterior brain areas when they try to detect
orthographic errors. Not only did LSS participants
show a different activation pattern than the HSS par-
ticipants, but these activations were also significantly
weaker.

These uncoordinated activation patterns for the
orthographic detection task in the LSS group are in
accordance with their behavioral performance-which
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is poorer-so it might be a link between the loss of infe-
rior frontal activation and the inability to perform at
the task. The fact that, in our study, we only obtained
activations in the right inferior frontal gyrus and not
bilateral may be due, in addition, to the fact that
Spanish is a transparent language and therefore with
a high feed-forward consistency between spelling
and phonology. We should add to this the fact that the
pseudohomophone stimuli used in our study only
differ from the correctly spelled word in one letter
which is in the same position where the correct letter
would be and, as we mentioned in the introduction,
these pseudohomophones are often accepted as a cor-
rect word. Accordingly, the participation of the left
inferior frontal gyrus in the phonological and semantic
processing of our stimuli would be practically the same
in blocks A and B, and the activations observed during
this pair of tasks in the right inferior frontal gyrus
might be due to aspects of working memory and exec-
utive control of orthographic processing. Nevertheless,
we must be cautious with this interpretation of the
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data given that our design does not allow us to study
the involvement of these processes in the recognition
of pseudohomophone errors directly.

Our results are also compatible with those of Gonzélez-
Garrido, Gémez-Velazquez, and Rodriguez-Santillan,
(2014), who suggest that the electrophysiological cor-
relates of orthographic errors processing have shown
that adults with low orthographic abilities have prob-
lems in detecting orthographic rule violations, which
could indicate weak representations in the orthographic
lexicon or a difficulty in automatically accessing such
representations.

The pattern of brain activation in both HSS and LSS
groups on C-D blocks and the differences between
groups are difficult to interpret. Both groups showed
similar brain activations when performed this pair of
tasks. In addition bilateral activations in the precentral
frontal gyrus (which were observed in the letter search
task for HSS participants) were not found in the explicit
task, and therefore it’s difficult to link these activations
to orthographic processing. In addition the HSS group
did not show in the pair C-D the IFG activations that
they showed in the pair A-B. It must be noted than in
the pair A-B and C-D had the same proportion of pseu-
dohomophones and correctly spelled words. Therefore,
although the behavioral data seems to support the idea
that the HSS group performed both tasks, orthographic
detection and letter detection, the fMRI data does not
support this idea.

Our study presents some limitations that should be
noted. The most important one refers to the letter-
searching task. In block C, the cognitive load and the
set of tasks that the participants must conduct make it
difficult to interpret the activations in this task in a
meaningful anatomical way. Likewise, it is difficult to
interpret the interaction effects group by task, where
the HSS participants showed temporal activations and
the LSS participants showed hippocampal activations.
It is possible that a combination of our spelling task
with the task implying the reading of pseudowords
could provide a wider perspective about the relationship
between brain activations and orthographic knowledge.

Another limitation of our study is the sample size
we selected, which may be considered rather small.
However, this should be seen as a relative limitation.
The criteria to confirm the groups were strict, and
the method of assignment to the groups, following the
extreme values criteria, allowed us to maximize the
possible differences. This made data interpretation
rather clear in terms of brain activation despite the rel-
atively small sample size (Friston, 2012; Logothetis,
2002). Apart from the sample size, the regularity of the
effects and the activations found in the intra-group
effects guarantee the homogeneity of the sampling and
the correct application of the experimental procedure.
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Yet another limitation of our paper might be the
choice of a block design instead of an event-related
design. The main reason to use a blocked-design was
that it allowed us to use much less stimuli than an
event-related design. It should be noted that the kind
of pseudohomophones used in our work was different
of those used in previous studies. In our case we must
design a set of stimuli that differ from the real word in
only one letter and that conserves the same phonology
and semantics of the original word, because our stimuli
must have some probability to be identified as a real
word (less probability in the HSS group, higher proba-
bility in the LSS participants). In order to do this, both
the pseudohomophones and the valid words had to be
a high or relatively high frequency word to avoid that
the lack of knowledge of the stimuli influenced the
participant’s response (something that could occur with
lower frequency words in the LSS group). In addition
other important objectives on the task building was to
avoid the repeated exposition of both psseudohomo-
phones and correct words and to avoid that the pseu-
dohomophones were modifications of other valid words
presented during the experiment to minimize possible
decays in BOLD signal due to a repeated exposition to
the stimuli. All these reasons made that our study was
very difficult to perform using an event-related design.
Nevertheless, the brevity of the blocks and the short
duration of the experiment probably impeded that the
participants adopted automated response strategies.
In addition the high correct response rates of HSS and
the difference in response rates between HSS and LSS
participants group on the pair AB suggests that our
experiment is suitable for a block-design that could
provide valid information in both behavioral and
neuroimaging data.

To sum up, our work suggests that the HSS group was
able to successfully perform the orthographic error
decision task and showed activations in the right inferior
frontal regions that have been mentioned in some studies
with the long orthographic processing. On the other
hand, the LSS group was not able to perform the same
task successfully and showed a pattern of brain activa-
tions that included temporal, frontal and subcortical
regions. Further studies should be conducted to deter-
mine whether the patterns of activation observed in this
study appear in spotting tasks for other types of ortho-
graphic errors or if, instead, spotting pseudohomophone
errors activates a pattern in good and bad spellers some-
what different from that of other types of errors.
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Appendix: Relation of stimuli used.

Stimulifrequency — Absolutefrequency, number of elements per million in the corpus
*Spanishwordswithahomophonespelling error

Frequency Frequency
Blocks Spanishword Lab LEXESP Blocks Spanishword Lab LEXESP
A abilidad* 16 27 C abena* 1 1
albergue 5 3 acha*
aliansa* 57 15 ampoya* 1 1
anzuelo 1 3 avion 16 50
caudillo 28 6 collar 4 6
cinturén 5 15 corasén* 111 151
consepto* 79 66 corvata* 2 17
dulse* 35 39 creacion 151 54
expansion 18 21 cueba* 12 10
graniso* 1 2 epopella* 4 4
harina 16 7 erocion® 1 4
hielo 44 31 escuela 151 56
jemido* 4 5 evento 3 10
larba* 1 2 gabilan* 2 1
noticia 46 71 gente 171 277
olvido 11 31 gitano 1 9
Orno* 6 7 joya 3 5
osono* 2 9 labor 100 40
region 197 44 nave 23 28
uracan* 4 4 ormona* 20 10
B abeja 33 4 D agente 25 27
almacén 2 13 capilla 1 18
camello 3 2 codice 2 1
camisa 10 30 crayola 1 —
carbén 34 17 eclipse 2 1
Cine 1 123 estadio 2 25
digito 1 1 globo 14 10
durazno 3 1 hormiga 1 5
empresa 116 115 huarache 1 —
glaciar 4 2 hule 5 2
Grillo 21 1 inventor 7 6
Hoja 21 26 jarabe 3 1
huacal 1 — laringe 1 1
insecto 12 6 maiz 64 11
jabén 10 9 membrillo 1 1
Onza 2 1 resina 3 5
principe 26 23 taquilla 2 3
proyecto 2 106 tarjeta 4 14
resorte 1 4 trenza 5 3
tesoro 13 15 ventana 33 93
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