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Abstract

Introduction: There is an essential relationship between reading development and orthographic knowledge, which varies
depending on a language’s orthographic characteristics. In transparent orthographies, such as Spanish, that relationship is
closer, where reading speed and orthographic knowledge reflect the automation of the process in which crucial participation
of attention networks is assumed. Objective: The objective of this study is to compare behavioral performance and patterns
of cerebral functional activity while subjects with high and low orthographic knowledge perform an attentional control task
involving word recognition. Methods: Thirty right-handed participants, aged between 17 and 20 years, were selected throu-
gh non-probabilistic sampling and then classified into two groups according to their level of orthographic knowledge: high
(H) and low (L). Neurofunctional activity was recorded using fMRI methods during the execution of a Stroop task (words
printed in color congruent and incongruent with their meaning) under two conditions: attending to the meaning (automatic
processing) or the color (interference condition). Results: The L group showed greater reaction times in both conditions, as
well as greater functional activity in subcortical areas. In contrast, the H group showed higher activity in cortical areas, such
as left supramarginal gyrus and medial frontal gyrus in the automatic processing condition, and in the parietal lobe during
interference. Conclusions: The more significant activity in the giro frontal medial of the high orthographic knowledge group
could imply recruitment of greater attention and cognitive control resources, while the neurofunctional activity observed in
the low group could be associated with a compensatory effect with the recruitment of subcortical areas to solve the task.
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A. Martinez-Ramos, et al.: Neurofunctional activation differences and spelling skills

La actividad funcional cerebral caracteriza el control cognitivo asociado a habilidades
ortograficas en el idioma espanol

Resumen

Introduccidn: Existe una importante relacion entre el desarrollo de la lectura y el conocimiento ortogréfico, la cual varia en
dependencia de las caracteristicas ortogrdficas de la lengua. En ortografias transparentes, como el espafiol, esa relacion
es mads estrecha, donde la velocidad de lectura y el conocimiento ortografico reflejan la automatizacion del proceso, en la
que se asume una participacion importante de las redes atencionales. Objetivo: Comparar los patrones de actividad fun-
cional cerebral en una tarea de control atencional que involucra el reconocimiento de palabras, en sujetos con alto y bajo
conocimiento ortogréfico. Método: Se usé un muestreo no probabilistico para seleccionar a 30 jovenes, diestros, en un
rango de edad entre 17 y 20 afios, clasificados en dos grupos de acuerdo con su nivel de conocimiento ortogrdfico: alto
y bajo. Se registrd la actividad neurofuncional usando IRMf, durante la ejecucion de una tarea de Stroop (palabras impre-
sas en color congruente e incongruente con su significado). Los participantes procesaron las palabras en dos condiciones:
atender al significado (procesamiento automatico) o al color (condicién de interferencia). Resultados: E/ grupo con «bajo»
rendimiento ortogrdfico mostré mayores tiempos de reaccion en la ejecucion de ambas condiciones, asi como mayor ac-
tividad funcional en dreas subcorticales. El grupo alto mostré la actividad esperada en areas corticales como el giro su-
pramarginal izquierdo (GSI) y giro frontal medial (GFM) durante el procesamiento automatico de las palabras, mientras que
en la condicidn de interferencia se observé mayor actividad en Iobulo parietal. Conclusiones: Diferencias en las habilida-
des ortogrdficas derivan en distinta activacion funcional, donde una mayor actividad en GFM del grupo «alto» pudiera
implicar el reclutamiento de mayores recursos atencionales y de control cognitivo, mientras que la actividad neurofuncional
observada en el grupo «bajo», podria asociarse con un efecto compensatorio con el reclutamiento de dreas subcorticales
para resolver la tarea.

Palabras clave: Conocimiento ortogréfico. Stroop. Control atencional. IRMf. Lectura.

In this regard, skilled reading in adults has been exten-
sively studied using variations of the Stroop task®°. The
incongruence between word meaning and the color in
which a word is printed usually elicits slower response
times due to interference with the automatic word-recog-
nition process, and the Stroop interference effect has
been related to attentional control.8'%12 The left medial
frontal gyrus (MFG) plays an important role in attentional
control via a top—down biasing when selecting task-re-
levant stimuli and through inhibition of task-irrelevant
stimuli'®. In this context, the aim of the present study was
to comparatively evaluate behavioral and brain activation
patterns during performance of a Stroop task in a sam-
ple of young adult readers with different levels of ortho-
graphic processing skills, in order to discern whether the
lower level of reading automation seen in individuals with
low orthographic skills associates with attentional control
and mapping processes between phonological and or-
thographic word representations.

Introduction

Reading automation is a complex developmental
process that makes reading faster and less effortful,
while minimizing attention and memory requirements
consequently enhancing reading comprehension. There
is a close relationship between reading and orthographic
integration which seems to depend on the orthographic
transparency of the language'2. In transparent orthogra-
phies, such as Spanish, where there is a close relations-
hip between graphemes and phonemes, impairments in
reading speed and spelling problems occur frequently,
and these orthographic difficulties may endure into
adulthood®*.

Despite increasing evidence regarding reading fluen-
cy and orthographic abilities in children, few studies
have explored this association in late adolescence and
adulthood. A recent study performed in Spanish-spea-
king young adults reported significant supramarginal
and angular gyrus activations while actively recognizing
orthographic errors®. These regions are involved in the
interactions between the phonologic and orthographic
representations of words’.

An emerging question in the current psycholinguistic

Methods

Participants

research is how attentional control systems can influen-
ce specific components of the lexical processing system.

A non-probabilistic convenience sampling method
was used for the assessment. Thirty young adults
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Table 1. Demographic data, orthographic knowledge, and behavioral results while performing the experimental task

B ———

Demographic data
Age 18.6 (0.98)
Estimated 1Q 107.7 (8.8)

Orthographic knowledge

Reading speed 165.3 (23.8)
Reading errors 0.9(1.7)
Reading comprehension 7.9 (2.1)
Orthographic errors 7.2 (3.0)
Interference task results
Word meaning correct responses 33.2 (6.9)
Word color correct responses 35.2 (5.5)
Word meaning reaction time 780.5 (88.8)
Word color reaction time 7705 (112.7)

df: degrees of freedom; SD: standard deviation; n.s.: not significant.

whose ages ranged from 17 to 20 years
(M = 18.63 years, SD = 0.928; 10 females) participa-
ted during 2017; all were right-handed as assessed
by the Edinburgh Handedness Inventory and had nor-
mal or corrected-to-normal vision'*. None had any
personal or family history of psychiatric, neurological,
or degenerative illness, nor diagnoses of ADHD, emo-
tional disturbances, or behavioral disorders, accor-
ding to the DSM-V criteria'®. They all signed an infor-
med consent form and received economic
compensation for their participation, following permis-
sion and recommendations of the Ethics Committee
of the Instituto de Neurociencias (Universidad de
Guadalajara), which approved the study.

The sample was obtained from a pool of 380 stu-
dents in the final year of high school (public) or the
first semester at a public university. Participants were
divided into two groups according to their performan-
ce on four orthographic knowledge tasks from the
Bateria de Conocimiento Ortografico (BCO, orthogra-
phic knowledge test)'s. These tasks involved word
completion (complete words by choosing between
two or three homophone letters), text dictation (a na-
rrative text in the form of a letter), word dictation (a
list of 40 words all susceptible to pseudohomophone
errors), and text correction exercises (an expository
text in which 22 words were replaced by pseudoho-
mophonic errors). The BCO is a four-test battery va-
lidated for high school students, with a Cronbach’s
internal consistency reliability of oo = 0.859, and a
construct validity analysis showing that all tests con-
tribute to a single construct that explains 71% of total

18.7 (0.90) t(27.7) = 0.2 n.s.
101.3 (5.2) t(22.5) = 2.4 n.s.
133.6 (25) t(20.4) = 4.4 <0.001
8.5 (6.1) t(16.2) = -4.6 < 0.001
6.6 (2.4) t(27.3)= 1.6 n.s.
35.2 (0.7) t(15.4) = -34.9 < 0.001
33.1 (5.8) t(28) = 0.02 n.s.
35.9 (2.3) t(28) = 0.4 ns.
855.1 (103.9) t(28) = -2.1 0.044
842.7 (108.7) t(28) = -1.8 ns.

variability. A previous study with a sample of 827
native Spanish-speaking young adults demonstrated
that BCO had a very high discriminability in terms of
distinguishing groups with different orthographic abi-
lities (t = 11.608; p< 0.001)'6.

Groups were formed as follows: high spelling skills
(HSS), 15 participants (6 females) with fewer errors
than those corresponding to the 10" percentile of the
standardized BCO scores, and low spelling skills (LSS),
15 participants (4 females) with a number of errors abo-
ve the 90™ percentile. All subjects had a global IQ > 90
as measured by a short version of the Wechsler Adult
Intelligence Scale IlI"”. Due to excessive head move-
ments during the functional magnetic resonance ima-
ging (fMRI) recording session, one female participant
from the LSS group had to be excluded from further
analysis.

The groups were matched according to age and edu-
cational level. All participants underwent an extensive
clinical interview before the experimental sessions.
Prior to the neuroimaging studies, and due to the strong
relationship found between spelling difficulties and low
reading fluency, we decided to explore whether LSS
also had problems related to reading accuracy or
speed'®. Consequently, all subjects were asked to read
aloud an expository text of 504 words as quickly and
accurately as possible. Table 1 shows the demographic
characteristics, orthographic knowledge profiles, and
reading test performance of all subjects.

During the MRI scan session, participants performed
a variant of the Stroop task in which the words green,
blue, and red appeared printed in congruent or
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Figure 1. Experimental flowchart. In word meaning, the participants are instructed to press one button to identify the
color denoted by the word presented on the screen. In word color, they are instructed to press the button that
corresponds to the color in which the word shown is printed (e.g., when the word red appears printed in blue, the
subject should press the button that corresponds to the blue option).

incongruent colors. The tasks were identified as word
meaning and word color, and their presentation order
was counterbalanced. In word meaning, subjects had
to read the word and identify its meaning by pressing
a corresponding button. In word color, they were
instructed to press a button that indicated the color in
which the word was printed while ignoring the meaning
of the word that appeared. Figure 1 illustrates the
experimental design.

Procedure

During the fMRI scans, the stimuli were administered
using E-Prime Studio v.2.0 (Psychology Software Tools,
Inc., 2010). Images were projected through a Google
system, and responses were collected using a magne-
tic -resonance-compatible, handheld, four-button res-
ponse pad connected to the computer by an optical
cable interface.

Days before the scanning session, task instructions
were presented and explained to the subjects during
their assessment session. Subjects then performed se-
veral series of training trials with feedback provided to
familiarize them with the task. All subjects were

instructed as to the arrangement of the keypad buttons,
which represented green, blue, and red from left to ri-
ght. They were told to use the index, middle, and ring
fingers of their right hand to respond. They were also
instructed to respond as quickly as possible while kee-
ping in mind that the main goal was to perform the
tasks correctly.

Both tasks were administered through a block design
with 8 activation blocks. Blocks were separated by res-
ting periods. During the resting periods, the participant
focused on a fixation point presented at the center of
the screen. Prior to each activation block, an instruction
lasting 3000 ms was presented. Both stimulus and in-
terstimulus intervals lasted 1050 ms, resulting in 80
trials with a total duration of 6 min 12 s and 10 stimuli
per active block (Fig. 1). A total of 124 brain volumes
were obtained from each experimental task, but 12 were
eliminated from the subsequent statistical analysis. The
first two volumes discarded contained the warnings that
preceded the beginning of the task. Furthermore, the
volumes corresponding to the instructions preceding
each of the 8 active blocks were deleted. The other 2
discarded volumes were those used to inform subjects
that they had completed the task.
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Image acquisition

A GE Excite HDxT 1.5 Tesla device (GE Medical Sys-
tems, Milwaukee, WI, USA) with an 8-channel head coil
was used. For each experimental task, 32 contiguous
axial slices were obtained (4 mm thick). An echo-planar
pulse sequence was used with a repetition time of 3 s,
echo time of 60 ms, flip angle of 90%, FOV of 25.6 cm,
and a 64 x 64 matrix. Voxel size was 4 x 4 x 4 mm.

Data analysis

The demographic and behavioral results were
analyzed using SPSS 20.0. An Independent Samples
t-test was performed to compare the two conditions
within the groups. Spatial preprocessing and statisti-
cal inference of the images were carried out using the
SPM12 computer package (http://www.fil.ion.ucl.
ac.uk/spm/software/spm12/). The images were spa-
tially realigned, readjusted to the voxel size, and nor-
malized in accordance with the Montreal Neurological
Institute reference. For smoothening, a kernel Gaus-
sian filter 3 times the voxel size was used on the x,
y, and z axes.

Brain activations in response to the two conditions
were examined by performing a first-level general linear
model (GLM) analysis for each subject using a statis-
tical threshold of p = 0.05. To compare activation pat-
terns between the groups and conditions, a second-le-
vel GLM analysis was conducted using the same
statistical threshold for cluster level and applying pos-
terior correction with a Bonferroni procedure to reduce
nominal type | error.

Results

Reading performance

Reading performance was analyzed by an indepen-
dent t-test, assuming equal variances (Levene test:
F = 0.808; p = 0.376). A significant difference in reading
speed was found between the  groups
(t (20.4) = 4.4; p = 0.001; r = 0.639), with a greater
number of words per minute and fewer reading errors
in HSS than LSS (Table 1).

With respect to reading comprehension, and
assuming equal variances (Levene test: F = 1.073;
p = 0.309), no significant differences were found be-
tween the groups (t (27.3) = 1.60; p= 0.119; r = 0.289),
though the number of correct responses achieved by
HSS was slightly higher than in LSS.

Behavioral paradigm results

For the experimental task, we analyzed two variables
using independent t-tests: the number of correct respon-
ses and response times (RTs). We only found significant
between-group differences in the RT word meaning con-
dition (t (28) = -2.11; p = 0.044: r = 0.361), assuming
equal variances (Levene test: F =.592; p = 0.448). LSS
showed slower RT in both conditions (word meaning and
word color) than HSS, but only RT during word meaning
differed significantly. Accuracy between the groups, in
contrast, was similar in both conditions (Table 1).

Neuroimaging results

Tables 2 and 3 show the main activation clusters
observed in the experimental groups during task perfor-
mance. As was expected, main between-group differen-
ces involved the left supramarginal gyrus (LSG) and
MFG, both of which were highly activated in HSS during
recognition of word meaning. This group also involved
the superior parietal lobe together with other right cor-
tical structures while processing the word interference
task (word color). In contrast, LSS did not show signifi-
cant activations at LSG and MFG while performing the
experimental tasks. Predominantly, LSS showed sub-
cortical activations, primarily involving cerebellar struc-
tures. Figure 2 shows the main BOLD activated struc-
tures in both the groups while processing the word
meaning and word color task sections, respectively.

Discussion

The present study evaluated the behavioral and brain
activation patterns of Spanish-speaking young readers
with different levels of orthographic processing skills
during performance of an interference task. One of our
objectives was to assess whether lower orthographic
processing skills in Spanish might reflect a deficit in
attentional control.

At first, and unsurprisingly, LSS showed slower
reading speeds, thus confirming the significant rela-
tionship between spelling knowledge and reading speed
reported for transparent orthographies®'°. Both spelling
performance and reading speed are important factors
for the development of reading and writing. In addition,
several studies have observed problems in spelling and
reading speed in subjects with reading disorders, even
in adults who had reached high educational levels?%?'.
It has been proposed that these problems may be due
to a unique mechanism that underlies the ability to store
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Table 2. Brain functional activations per condition in the high skill spelling group

Task W‘ MNI coordinates Brain region Brodmann area
Word 1532 L Supramarginal gyrus; Middle frontal gyrus 40, 6
meaning
464 3.74 6 -60 -22 R Cerebellar culmen (anterior lobe); Cerebellar *
tonsil (posterior lobe)
197 3.00 50 12 18 R Inferior frontal gyrus; Middle frontal gyrus 6, 44, 46
120 3.00 38 -56 46 R Supramarginal gyrus; Superior parietal lobule 40,7
115 234 -38 -64 -30 L Cerebellar tuber; cerebellar declive (posterior lobe) *
Word 1821 542 -42 -32 46 L Supramarginal gyrus; Superior parietal lobule 40,7
color
1089 459 38 -60 -30 R Cerebellar tuber (posterior lobe); Cerebellar d
pyramid (anterior lobe)
270 4.00 38 -56 50 R Superior parietal lobule; Inferior parietal lobule 7,40
234 3.43 58 12 34 R Middle frontal gyrus 9,6

H: hemisphere; L: left; R: right.

Table 3. Brain functional activations per condition in the low skill spelling group

MNI coordinates

w-

Brain region

Brodmann area

Word R Cerebellar dentate (anterior lobe); Cerebellar *
meaning pyramid (posterior lobe)
" 212 -42 -5 -26 L Cerebellar tuber *
10 2.01 -34 16 -6 L Inferior frontal gyrus 47
Word color 423 3.67 26 -52 -34 R Cerebellar tonsil; Cerebellar inferior semilunar lobe *
38 2.69 -34 0 22 L Precentral gyrus; Superior temporal gyrus 6, 22
4 2.29 34 24 -6 R Inferior frontal gyrus 47

H: hemisphere; L: left; R: right.

representations of the written form of words in long-term
memory and thus facilitates the process of reading and
the efficient recovery of that material®.

Paradoxically, there were no significant interference
effects during the word color assignment in either
group. Here, several factors may have been involved:
the low number of stimuli; the training received before
task performance; the time that each word was shown;
the way in which the stimuli were delivered; and the
response modality of button pressing which is different
from a typical Stroop task in which words/colors are
produced aloud, among several other possible influen-
ces. Having said this, the behavioral results obtained
while performing the MRI scanning may not

comparably reflect what a representative Stroop task
performance might yield under regular conditions.

Turning to our behavioral results, LSS showed signi-
ficantly longer reaction times than HSS during both the
word meaning and word color tasks. Given that slow
reading speed is the core element of reading disabili-
ties in Spanish, LSS’ performance in our study seems
to coincide with previously reported findings in people
with reading disorders®10:23:24,

Taken together, the results of the present study sug-
gest that slower performance observed in LSS might
extend to non-linguistic processing of printed words
and probably reflects an additional deficit in the me-
chanisms of attentional control.
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Figure 2. Functional neuroimages for the word meaning and word color conditions. Neurological view (left-right). Red-
to-white colors represent the statistical activity (z) of the HSS group. Blue-to-white colors represent the statistical

activity (z) of the low spelling skills group.

As hypothesized at the outset, neurofunctional corre-
lates of task performance differentially involved the
LSG and MFG of the two study groups. This emphasi-
zes that attention and word recognition processes are
the main foundations of the more developed spelling
abilities in native Spanish-speaking young adults. In
contrast, our LSS subjects mainly activated subcortical
areas involving cerebellar regions that have been linked
to language processes, especially when articulation is
a factor to be considered?®. This also occurs with the
insula, another area that has been linked to many lin-
guistic processes, including language production,
repetition, and naming?®.

In fact, our LSS individuals showed significant activa-
tions in cerebellar and posterior frontal cortical areas
while processing the interference task. These regions
have been related to executive functions and attentional
control?’. The left caudate and cerebellum have been
associated with the suppression of irrelevant words whi-
le performing interference tasks®. In addition, the left

caudate has been closely associated with the cingulate
gyrus (which in turn has been related to conflict moni-
toring), and with other structures related to perception
and the visual recognition of stimuli and letters, inclu-
ding the fusiform, lingual, and inferior occipital gyri®°.
Although the lack of a clear interference effect might
limit the scope of the present study, the neurofunctional
differences detected between the groups: (1) indicate that
both attentional control and word management are invol-
ved in solving interference while reading and (2) distinguish
the level of orthographic processing in native Spani-
sh-speaking young adults. However, further studies are
required to fully understand the relation between these
variables in a transparent language such as Spanish.

Conclusions

The subcortical and cerebellum involvement obser-
ved in LSS might reflect an adaptive effort to recruit
additional processing resources in order to fulfill task
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requirements. Furthermore, the increased activity ob-
served in the left MFG in HSS might reflect a higher
level of attention and cognitive control, as postulated
by Egner and Hirsch®.
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