SS symmetry
Article

Functional Activation and Connectivity of the Left Inferior
Frontal Gyrus during Lexical and Phonological Retrieval
Miguel Ángel Rivas-Fernández 1 , Benxamín Varela-López 1 , Susana Cid-Fernández 2
and Santiago Galdo-Álvarez 1, *
1

2

*



Citation: Rivas-Fernández, M.Á.;
Varela-López, B.; Cid-Fernández, S.;
Galdo-Álvarez, S. Functional
Activation and Connectivity of the
Left Inferior Frontal Gyrus during
Lexical and Phonological Retrieval.
Symmetry 2021, 13, 1655. https://
doi.org/10.3390/sym13091655
Academic Editors: Adriana Sampaio,

Department of Clinical Psychology and Psychobiology, Universidade de Santiago de Compostela,
Rúa Xosé María Suárez Núñez S/N, 15782 Santiago de Compostela, Spain;
miguelangel.rivas.fernandez@usc.es (M.Á.R.-F.); benxamin.varela.lopez@usc.es (B.V.-L.)
Department of Developmental and Educational Psychology, Universidade de Santiago de Compostela,
Rúa Xosé María Suárez Núñez S/N, 15782 Santiago de Compostela, Spain; susana.cid@usc.es
Correspondence: santiago.galdo@usc.es

Abstract: Being language a paradigm of structural and functional asymmetry in cognitive processing,
the left Inferior Frontal Gyrus has been consistently related to speech production. In fact, it has been
considered a key node in cortical networks responsible for different components of naming. However,
isolating these components (e.g., lexical, syntactic, and phonological retrieval) in neuroimaging
studies is difficult due to the use of different baselines and tasks. In the present study, functional
activation and connectivity of the left inferior frontal gyrus was explored using functional magnetic
resonance imaging. Participants performed a covert naming task (pressing a button based on a
phonological characteristic). Two conditions were compared: drawings of objects and single letters
(baseline condition). Differences in activation and functional connectivity were obtained for objects
and letters in different areas of the left Inferior Frontal Gyrus. The pars triangularis was involved in
the retrieval of lexical-phonological information, showing a pattern of connectivity with temporal
areas in the search for the name of objects and with perisylvanian areas for letters. Selection of
phonological information seems to involve the pars opercularis both to letters and objects but
recruiting supramarginal and superior temporal areas to letters, probably related to orthographicphonological conversion. The results support the notion of the left Inferior Frontal Gyrus as a buffer
forwarding neural information across cortical networks responsible for different components of
speech production.
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1. Introduction
Language is probably the most paradigmatic example of structural and functional
asymmetry in cognitive processing. In fact, alterations in language lateralization have been
linked to language disorders [1], for example in developmental disorders such as autism
spectrum disorder [2].
Even in neurotypically developing individuals, and despite the apparent ease with
which human beings are able to name, this process involves numerous cognitive functions,
making naming a linguistic process particularly sensitive to errors. In fact, errors in naming
are a common symptom in different aphasic syndromes [3], semantic dementia [4], or even
in the absence of any kind of pathological condition, as in the case of the tip of the tongue
phenomenon [5].
It is not surprising, therefore, that naming has been an important object of study in
cognitive neuroscience. The development of neuroscientific techniques such as positron
emission tomography or functional magnetic resonance imaging (fMRI) has made it possible to associate the brain activity of different neural circuits with the processes involved in
naming (although temporal dynamics and the relationship between components is still a
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matter of debate; see [6–9]). Thus, a complex network of brain structures involved in object
naming has been described (see reviews in [10,11]), including occipital and occipitotemporal areas associated with the extraction of visual characteristics of objects [12], a distributed
network of temporal and frontal areas, mainly in the left hemisphere, involved in accessing
semantic information [13–16], left brain regions (including inferior and middle frontal gyri
and temporal areas) involved in name retrieval, i.e., access to lexical-phonological information [16–19], and motor and premotor structures that have been commonly associated with
creating a motor plan and articulating the name [13,15].
There is a great consensus in considering the inferior frontal gyrus (IFG) as an essential
region in name retrieval and speech production [11]. The importance of the left IFG has
been confirmed by numerous studies that have contrasted the participation of different
areas of the IFG (pars triangularis, pars opercularis and pars orbitalis; [20]) in the retrieval
of single words.
Concretely, the activity of pars triangularis has been associated with processes of
retrieval and selection of lexical and syntactic information from stimuli [14,21], while
the activity of pars opercularis seems to be more involved in the access and analysis of
phonological characteristics [16,22]. On the other hand, pars orbitalis activity has been
associated with the retrieval and selection of semantic characteristics [23], especially when
access to long-term stored information is required [24]. That is why it has been proposed
that the left IFG is a key node in manipulating and forwarding neural information across
cortical networks responsible for different components of speech production [20,25].
However, as shown by Price et al. [26], the use of different baselines made it difficult
to interpret the role that different neural circuits play in naming objects. This variability
between studies has been especially relevant to the task that participants perform in a
brain imaging environment. Thus, in order to avoid the muscular artifacts inherent in the
articulation of a name, some studies employed covert naming tasks in which there are no
observable measures to contrast the performance or the timing of naming [15,19]. Other
studies, despite the presence of muscle artifacts and head movements that compromise
the signal acquisition and analysis [27], have used tasks that require name articulation
compared to conditions that do not require it [28,29] or more standardized forms of articulation [30,31].
In addition, name retrieval (access to lexical and phonological information) is difficult
to explore given that studies suggested that it might take place in parallel to semantic
processing [32]. In fact, Price et al. [26] designed a covert naming task which, using the same
perceptual and motor baselines, compared the activity of the left IFG when participants
had to perform a semantic task and a phonological task. Results confirmed the role of
the pars opercularis in phonological access, but they could not isolate the role of anterior
regions of left IFG in semantic and lexical processing, given that both conditions involved
this processing. Moreover, the instructions between conditions to perform the task were
different, introducing again differences in the task.
As a result, there are still questions to be resolved regarding how different regions
of the left IFG are involved in name retrieval. As far as we are concerned, there are
no previous studies comparing a condition requiring name retrieval with one that does
not, using the same task, that is, providing the same instructions. Secondly, although
there is consensus of the role of left IFG regions in the different components of naming,
evidence is scarce on how these regions interact with other structures to retrieve lexical
and phonological information.
The present study, therefore, aims to contrast the functional activation and connectivity
of the left IFG (pars orbitalis, pars triangularis, and pars opercularis) in the process of name
retrieval, using the fMRI technique. To this aim, blood oxygen level-dependent (BOLD)
activation and connectivity analyses were combined in two conditions (pictures of objects
and letters) requiring the same task (the same instructions). In order to avoid muscular
artifacts/head movements within the scanner, an adaptation of Van Turennout et al.’s
paradigm [33] has been designed: participants responded by pressing a button based on a
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phonological feature (the name of the object begins with a vowel or a consonant). Therefore,
in order to respond adequately, the name of the stimulus must be retrieved. In addition, an
attempt has been made to homogenize as much as possible the perceptual characteristics
(different stimuli in each trial) and the task to be carried out from the baseline condition
with that of naming objects, using letter drawings.
Based on the previous literature and given that aspects related to the characteristics
of the task (absence of articulation, equal phonological decision to perform the task) are
matched, a greater involvement of the left IFG to object drawings with respect to the
letter drawings is expected to be found. In addition, it is expected to observe a greater
connectivity of this region with temporal areas associated with the recovery of lexical
information for objects relative to letters; however, as letters require a grapheme-phoneme
conversion to perform the task, a greater connectivity of the left IFG with regions associated
with the posterior perisilvian regions [34] is expected in the case of letters.
2. Materials and Methods
2.1. Participants
Twenty-two young adults (11 women) between 19 and 37 years old (mean age:
27.14 years old; SD: 5.56) and a mean of 15 years of formal education (SD: 3.24) participated
voluntarily in the study. All participants had normal audition and normal or corrected
to normal vision, and none had any history of neurological or psychiatric disorders. All
participants were right-handed, and all of them gave their written informed consent prior
to participation in the study. The research project was approved by the regional Clinical
Research Ethics Committee and was performed in accordance with the ethical standards
established in the 1964 Declaration of Helsinki.
2.2. Stimuli and Task
The task was designed in the context of a research project (see Funding section)
focused on assessment and rehabilitation of aphasic patients.
Sixty black and white images (30 letter drawings and 30 object drawings) were used on
a white square with a size of 4.98◦ × 4.98◦ visual angle. Table 1 shows the psycholinguistic
characteristics (obtained from the EsPAL database; [35]) of the names of the objects used as
stimuli. In the case of letters, pictures with different shapes were used in each trial (see
Figure 1).
Table 1. Psycholinguistic characterization of the object names.
Feature

N

Mean

Standard Deviation

Word frequency (per million)
Number of letters
Number of substitution neighbors
Number of phonemes
Number of syllables
Number of phonological neighbors
Familiarity *
Imageability *
Concreteness *

30
30
30
30
30
30
26
26
26

30.76
6.13
5.97
5.97
2.67
14.30
5.91
6.17
5.95

46.13
1.96
7.25
1.85
0.76
14.87
0.75
0.30
0.52

* 4 of the words had no value for this feature.

All subjects listed the instructions of the task using a compatible headphone system
and stimulus were displayed using an MRI compatible Visual HD System (NordicNeuroLab, Inc., Milwaukee, WI, USA). Responses were collected with a fiber-optic response
box (NordicNeuroLab, Inc.,) that participants held in the left hand. Task presentation and
recording of behavioral data was handled by a PC running Presentation software (Version
12.2, Neurobehavioral Systems, Inc., Berkeley, CA, USA).
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Figure 1. Schematic representation of the covert naming task.

During the task, in order to avoid eye movements, a fixation cross was kept present at
all times, except for the period of time when the stimuli were presented. The presentation
of each object and each letter had a duration of five seconds. These stimulus trials were
completed with one second with the fixation cross to match the repetition time of signal
acquisition. The stimulus trials were interspersed with null trials that subserved as baseline
trials, in which the fixation cross was presented for a variable length (from 2 to 10 s). The
stimuli were pseudorandomly presented, that is, the presentation of each condition and null
trials (including their length) was determined to optimize the recovery of BOLD response
(using Optseq 2.0 https://surfer.nmr.mgh.harvard.edu/optseq/ accessed on 3 August
2021), as recommended to account for the statistical power in fMRI studies [36]. The task
(see Figure 1) consisted in pressing a button with the index finger of the left hand if the
presented image corresponded to an object whose name started with a vowel or if the image
corresponded to the drawing of a vowel. On the other hand, if the image corresponded to
an object whose name started with a consonant or if the image presented was a consonant,
the participants had to press a button with their left thumb. Therefore, all the participants
performed the different conditions, and the same sample was measured repeatedly.
2.3. Procedure
Magnetic resonance imaging was performed on a Philips 3T Achieva scanner (Philips
Medical System, Latham, NY, USA). A sagittal T1-weighted 3D Magnetization Prepared
Rapid Acquisition Gradient Echo (MPRAGE) sequence (repetition time/echo
time = 7.45 ms/3.40 ms, flip angle = 8◦ ; 180 slices, voxel size = 1 × 1 × 1 mm3 , field
of view = 240 × 240 mm2 , matrix size = 240 × 240 mm2 ) and functional magnetic resonance images were acquired with a gradient echo-planar imaging (EPI) sequence sensitive
to BOLD contrast (repetition time/echo time = 2000 ms/30 ms, flip angle = 87◦ ; 37 interleaved slices, voxel size = 3 × 3 × 3.5 mm3 , field of view = 240 × 240 mm2 , matrix
size = 80 × 80 mm2 ) during the performance of the naming task. Four dummy scans were
automatically discarded before image acquisition to avoid signals arising from progressive
saturation. Head movements of the participants were minimized by using a vacuum
cushion during the MRI acquisition.

Symmetry 2021, 13, 1655

5 of 15

2.4. Data Analysis
2.4.1. Behavioral Data
To analyze the behavioral results, t-tests were performed for related samples by
comparing the percentage of hits and reaction times between objects and letters, calculated
with SPSS (version 25 for Mac).
2.4.2. Blood Oxygen Level-Dependent (BOLD) Activation Functional Magnetic Resonance
Imaging (fMRI) Image Preprocessing
Image preprocessing and statistical analysis of fMRI data was performed in Matlab
R2016a (Mathworks, Inc., Natik, MA, USA) using the Statistical Parametric Mapping
software SPM12 (Wellcome Centre for Human Neuroimaging, London, UK). Structural
and functional EPI images were visually inspected and examined for excessive motion and
signal artifacts.
Preprocessing implied, firstly, a reorientation of the structural and functional images to
the anterior-posterior commissure. Then, functional images were slice-timed corrected, realigned and a mean realigned functional image was calculated for each subject averaging all
realigned functional scans. Then, structural T1-images and the realigned functional images
were coregistered. Next, gray matter (GM), white matter (WM) and the cerebrospinal fluid
(CSF) tissues were obtained with the application of the unified segmentation algorithm [37]
over the structural T1-weighted image of each subject. Finally, functional images were
normalized to the Montreal Neurological Institute (MNI) space and spatially smoothed
using a Gaussian kernel of 8 mm full-width at half maximum (FWHM).
The spatially normalized and smoothed functional images of each subject were analyzed within the general linear model (GLM) approach implemented in SPM12 in order
to model the BOLD signal at each voxel. All statistical analyses were performed only in
the brain activity evoked during the presentation of objects and letters using the fixation
cross (null trials) as baseline. Thus, onsets and durations (corrected by RTs) of event-related
responses evoked during the presentation of objects, letters and the fixation cross were
defined into the GLM. Six movement parameters (three translations, three rotations) were
included in the model as regressors in order to control residual movement-related effects.
The haemodynamic response to the onset of each event type was modelled with the canonical haemodynamic response function (HRF). A high-pass filter with a cut-off of 128 s was
applied in order to filter out the low-frequency variations from the time series. Parameter
estimates of the model were estimated and then five linear contrasts were calculated using a
two-sample t-test: (1) brain activity evoked during the Objects condition (Object > Fixation);
(2) brain activity evoked during the Letters condition (Letters > Fixation); (3) significantly
higher brain activity in Objects than in Letters (Objects > Letters); (4) significantly higher
brain activity in Letters than in Objects (Letters > Objects).
Group analysis was performed using the individual contrast images via one sample
t-tests to estimate the brain activity evoked during the Objects condition and Letters
conditions as well as the other contrasts, that is, higher brain activity in Objects than in
Letters and vice versa. All statistical analyses were performed considering the whole brain
as the volume of interest when conditions of the task were compared with the fixation
and results were assessed at p < 0.05 family-wise error (FWE) voxel-level corrected for
multiple comparisons. However, when comparing both experimental conditions (i.e.,
Objects > Letters; Letters > Objects) statistical analyses were performed across the entire
brain and also adopting a follow-up region of interest (ROI) analyses restricted to three a
priori hypothesized regions, including the left IFG subregions (triangular, opercular and
orbital part). The ROIs were created by using the Wake Forest Pick Atlas toolbox [38].
The results obtained in the comparison between the Objects and Letters conditions were
assessed at p < 0.05 FWE cluster-level corrected for multiple comparisons in a combination
with a threshold of p < 0.001 at the uncorrected voxel level. All statistical analyses were
performed holding the parametric assumptions of random field theory [39,40].
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2.4.3. Functional Connectivity fMRI Image Preprocessing
Both structural and functional images were pre-processed and analysed using the
CONN 19c [41] and SPM12 toolboxes implemented in Matlab R2019a (Mathworks, Inc.,
Natik, MA, USA).
We followed the default preprocessing pipeline of CONN toolbox which included the
functional realignment and unwarping, functional centering of the image to (0, 0, 0) coordinates, slice-timing correction, functional outlier detection, functional direct segmentation
and normalization to MNI space, structural centering to (0, 0, 0) coordinates, structural
segmentation and normalization to MNI space and functional smoothing with a kernel of 8
mm FWHM. Potential confounding effects to the estimated BOLD signal (noise components from white matter and cerebrospinal areas, estimated subject-motion parameters,
scrubbing and task effects) were estimated and removed separately for each voxel and for
each subject using ordinary least squares (OLS) regression to project each BOLD signal
timeseries to the sub-space orthogonal to all potential confounding effects as part of the
denoising step [41–44].
CONN’s default denoising pipeline implements an anatomical component-based
noise correction procedure (aCompCor), which can extract white matter and cerebral
spinal fluid noise components [42]. This procedure is combined with the quantification
of participant motion and the identification of outlier scans through the Artifact Rejection
Toolbox (ART) [41,45]. The ART was set to the 97th percentile setting with the mean
global-signal deviation threshold set at z = ±5 and the participant-motion threshold set
at 0.9 mm. Motion and outliers information were included as covariates in our first-level
analyses. Linear regression of the potential confounds and temporal high-pass filtering
(0.008-inf) were applied on our data to exclude signal frequencies outside the range of
expected BOLD signals, reduce the impact of participant motion, extract white matter and
cerebral spinal fluid noise components, account for the common task effects and control for
within-participant realignment and scrubbing covariates.
We performed a weighted seed-based connectivity (SBC) analysis to compare functional connectivity between task conditions (Objects vs. Letters). Weighted SBC maps
are used to characterize task- or condition-specific functional connectivity strength [41].
Specifically, we applied a GLM using the HRF weighted to the first level using the standard
bivariate correlation measure for functional connectivity analyses. Individual seed-to-voxel
functional connectivity maps were created for each participant, seed (pars triangularis, pars
opercularis and pars orbitalis obtained through WFU Pick Atlas toolbox) and condition
(Objects/Letters). The mean BOLD time series was calculated across all voxels within each
ROI and Fisher Z transformation was applied to correlations values between each pair of
sources. The second-level analysis was composed by the individual seed-to-voxel maps.
The results obtained in the comparison between the Objects and Letters conditions were
assessed at p < 0.05 FWE cluster-level corrected for multiple comparisons in a combination
with a threshold of p < 0.001 at the uncorrected voxel level. All statistical analyses were
performed holding the parametric assumptions of random field theory [39,40].
3. Results
3.1. Behavioral Data
The t-tests showed significant differences depending on the type of stimulus both in
the percentage of hits (t(21) = −2.806; p = 0.011; Cohen’s d = 0.598) and in reaction times
(t(21) = 9.847; p ≤ 0.001; Cohen’s d = 2.099). The participants obtained a higher percentage
of hits (98.33 vs. 96.52) and shorter reaction times (894.52 ms vs. 1275.42 ms) for letters
than for objects.
3.2. Task-Based Activation Results
Table 2 shows the significant brain activity obtained in the group analysis for Objects
and Letters with respect to the fixation (see Figure 2). Table 3 shows the significant brain
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activity obtained in the group analysis for Letters with respect to Objects (see Figure 2) and
Objects with respect to Letters (see Figure 3).
Table 2. Significant whole brain activated regions during Objects and Letters conditions.
Brain Region

t-Value

Cluster Size

L/R

MNI Coordinates (x,y,z)

231

R
R
R
L/R
L/R
L/R
L/R
R
R
R
R
R
R
L/R
R
R
L
L
L
L
L
L
L
L
L
L
L
L
R
R
R
R
L
L
R

42
39
33
−9/15
−24/30
−30/30
−18/27
3
36
12
51
6
3
−12/15
18
18
−33
−45
−24
−48
−27
−45
−6
−45
−45
−42
−48
−18
36
27
51
42
−18
−12
30

26
29
29
−91/−88
−52/−58
−82/−85
−64/−61
−67
−79
−76
−19
23
5
−16/−13
5
14
17
17
−76
−25
−58
−28
−73
8
11
20
−25
−4
−10
−1
17
−31
−4
−16
−46

−1
2
−10
8/5
−16/−13
2/14
−16/−19
−13
−1
−13
20
38
47
5/8
2
2
−1
−7
32
44
50
47
38
35
29
17
23
2
53
62
32
50
65
47
50

12.88
12.35
8.33
11.50/8.25
9.64/11.08
8.43/10.83
8.60/10.31
9.98
9.37
9.04
10.43
10.40
9.75
6.44/9.85
8.22
7.67
9.54
9.52
9.30
8.69
8.67
8.28
6.42
8.89
8.72
6.28
8.64
7.66
7.56
7.52
6.79
6.72
6.33
6.27
6.18

R
R
R
R
R
R
R
L/R
L
L
L
L
L
L
L
L
L

27
39
39
24
48
12
15
−6/6
−18
−18
−12
−36
−24
−45
−42
−42
−39

−55
−76
−76
−82
−55
−79
−70
−73/−67
−64
−76
−61
−79
−58
−61
−58
−31
−70

−13
8
−1
23
−13
29
−4
41/41
−7
26
−10
5
47
−7
−19
50
−7

11.91
9.40
8.34
7.88
7.75
7.60
7.50
6.51/7.14
11.86
8.98
8.96
8.95
8.37
8.31
8.00
7.94
7.92

OBJECTS > FIXATION
Insula
Inferior Frontal Gyrus (triangular part)
Inferior Frontal Gyrus (orbital part)
Calcarine Sulcus
Fusiform Gyrus
Middle Occipital Gyrus
Cerebellum
Cerebellum Vermis
Inferior Occipital Gyrus
Lingual Gyrus
Rolandic Operculum
Mid Cingulate Cortex
Supplementary Motor Area
Thalamus
Globus Pallidus
Putamen
Insula
Inferior Frontal Gyrus (orbital part)
Superior Occipital Gyrus
Inferior Parietal Lobule
Superior Parietal Lobule
Postcentral Gyrus
Precuneus
Precentral Gyrus
Inferior Frontal Gyrus (opercular part)
Inferior Frontal Gyrus (triangular part)
Rolandic Operculum
Globus Pallidus
Precentral Gyrus
Superior Frontal Gyrus
Inferior Frontal Gyrus (opercular part)
Postcentral Gyrus
Supplementary Motor Area
Mid Cingulate Cortex
Inferior Parietal Lobule

1421

30
550
114

233
278

131

31
18
29
4
15
1
2
1

LETTERS > FIXATION
Fusiform Gyrus
Middle Occipital Gyrus
Inferior Occipital Gyrus
Superior Occipital Gyrus
Inferior Temporal Gyrus
Cuneus
Lingual Gyrus
Precuneus
Lingual Gyrus
Superior Occipital Gyrus
Cerebellum
Middle Occipital Gyrus
Superior Parietal Lobule
Inferior Temporal Gyrus
Fusiform Gyrus
Postcentral Gyrus
Inferior Occipital Gyrus

731

916

Keywords: L/R: Left or right hemisphere; Cluster size: numbers of voxels in each cluster; MNI: Montreal Neurological Institute coordinates;
Results are significant at p < 0.05 family-wise error (FWE) cluster-corrected in a combination with a threshold of p < 0.001 at the uncorrected
voxel level.
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Figure 2. Significant brain activity obtained in the group analysis for Objects and Letters with respect
to the fixation and also Letters compared to Objects.

Figure 3. Significant brain activity obtained in the group analysis for Objects with respect to Letters
in the pars triangularis (top panel) and the pars orbitalis (lower panel) of the inferior frontal gyrus.
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Table 3. Significant results in the comparison between Objects and Letters conditions.
Brain Region

MNI Coordinates (x,y,z)

t-Value

−55
23
38
−25
5
−46
−34
−64/−49
−28/−28
−19
−22
−16
−43
−64
−13

9.25
8.17
7.03
5.66
5.53
5.43
4.85
5.52/6.72
4.22/4.05
5.51
5.26
3.68
4.96
4.96
4.27

Cluster Size

L/R

Angular Gyrus
Middle Frontal Gyrus
Superior Frontal Gyrus
Supramarginal Gyrus
Precentral Gyrus
Superior Temporal Gyrus
Postcentral Gyrus
Precuneus
Mid Cingulate Cortex
Supramarginal Gyrus
Postcentral Gyrus
Rolandic Operculum
Superior Temporal Gyrus
Middle Temporal Gyrus
Insula

1749

72

R
R
R
R
R
R
R
L/R
L/R
L
L
L
L
L
L

Brain region

Clustersize

L/R

15

L

−48

32

8

4.24

6

L

−39

26

−10

3.89

LETTERS > OBJECTS

WHOLE
BRAIN
ANALYSES

683
269

77

45
30
24
57
48
51
33
−3/12
−3/3
−51
−45
−45
−57
−51
−42

32
44
41
29
41
20
59
47/38
41/41
35
41
20
20
17
2

MNI Coordinates (x,y,z)

t-value

OBJECTS > LETTERS
ROI
ANALYSES

Inferior Frontal Gyrus
(triangular part)
Inferior Frontal Gyrus (orbital
part)

Keywords: L/R: Left or right hemisphere; Cluster size: numbers of voxels in each cluster; MNI: Montreal Neurological Institute coordinates;
NS: Not significant. Results are significant at p < 0.05 family-wise error (FWE) cluster-corrected in a combination with a threshold of
p < 0.001 at the uncorrected voxel level.

In the comparison between Letters and Objects conditions (see Table 3 and Figure 2),
the whole brain analyses showed that during the Letters condition, relative to the Objects
condition, brain activity was significantly higher in frontal brain regions (right middle and
superior frontal gyrus), parietal brain regions (right angular gyrus, bilateral precuneus,
bilateral supramarginal gyrus), temporal brain regions (left middle and bilateral superior
temporal gyrus), sensoriomotor areas (bilateral postcentral gyrus and right precentral
gyrus), the insular cortex (left insula and left rolandic operculum) and also in the bilateral
midcingulate cortex. The follow-up ROIs analysis did not reveal any significant result in
subregion of the left IFG.
The whole brain analyses did not reveal higher activity to Objects than to Letters.
However, as can be observed in Table 3 and Figure 3, the follow-up ROI analysis showed
that, relative to the Letters condition, during the Objects condition brain activity was
significantly higher in the triangular and the orbital part of the left IFG. No significant
results were found in the opercular part of the left IFG.
3.3. Task-Based Functional Connectivity Results
Two of the seeds used in the functional connectivity analysis reported significant
results between conditions (Object vs. Letters). Specifically, the left pars triangularis
and pars opercularis were the regions that showed a significant change in whole brain
connectivity between conditions (see Table 4, Figure 4).
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Table 4. Significant differences (increase/decrease) in functional connectivity between left pars triangularis (top panel)
or left pars opercularis (bottom panel) and the whole brain. Positive t values implies functional connectivity increases
(Objects > Letters), and Negative t values.
Brain Region

Cluster Size

L/R

241

539

L
L
L
L
R

Brain region

Clustersize

L/R

OBJECTS > LETTERS
Superior Temporal Gyrus
Supramarginal Gyrus

117

R
R

OBJECTS > LETTERS
Inferior Occipital Gyrus
Inferior Temporal Gyrus
Lingual Gyrus
Fusiform Gyrus
Supramarginal Gyrus

t-Value

MNI Coordinates (x,y,z)

−36
−48
−30
−28
54

−72
−54
−64
−72
−30

−4
−14
−2
−6
40

t-value

MNI Coordinates (x,y,z)
52
46

−36
−38

5.21
5.10
4.62
4.49
−5.97

24
30

−4.40
−3.74

Keywords: L/R: Left or right hemisphere; Cluster size: numbers of voxels in each cluster; MNI: Montreal Neurological Institute coordinates.
Results are significant at p < 0.05 Family-Wise Error (FWE) cluster-corrected in a combination with a threshold of p < 0.001 at the uncorrected
voxel level.

Figure 4. Significant differences (left) and effect size based on mean Fisher’s Z scores (right) in functional connectivity
analyses for objects with respect to letters. Top panel: functional connectivity increase between the pars triangularis of
the left inferior frontal gyrus and left occipito-temporal brain regions; middle panel: functional connectivity decrease
between the pars triangularis of the left inferior frontal gyrus and the right supramarginal gyrus; bottom panel: functional
connectivity decrease between the pars opercularis of the left inferior frontal gyrus and right temporo-parietal brain regions.
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For the left pars triangularis seed significant results between conditions were observed
in both directions (increase and decrease in functional connectivity). The Objects condition
presented an increase in the functional connectivity of the left pars triangularis with left
temporo-occipital regions (inferior occipital gyrus, inferior temporal gyrus, lingual gyrus
and fusiform gyrus) compared to the Letters condition. On the other hand, a decrease in
the functional connectivity between the left pars triangularis and right parietal regions
(supramarginal gyrus) was found in Objects relative to the Letters condition.
Connectivity analyses for the left pars opercularis seed only reported significant results
in one direction between conditions. Specifically, the analyses showed a decrease in the
functional connectivity between the left pars opercularis and right temporo-parietal regions
(superior temporal gyrus and supramarginal gyrus) for the Objects condition compared to
the Letters condition.
4. Discussion
Since Paul Broca’s 1861 description of patient Tan, showing the relevance of brain
asymmetries in proper cognitive performance, numerous studies have corroborated the
involvement of the left Inferior Frontal Gyrus in language production [10,11], including
naming. However, previous studies have shown the importance of baseline features in the
study of the neural bases of naming, making it difficult to understand the role different
areas play in the functions required from the perception of the stimulus to the articulation
of a name [26]. The aim of this work was to contrast the activation and connectivity of
different areas within the left IFG, using a baseline that required performing the same
task as in the condition of naming objects, but requiring more effort in name retrieval.
This is consistent with the higher percentage of hits and shorter reaction times, although
other factors (psycholinguistic characteristics, visual complexity . . . ) may contribute to
behavioral differences.
As in numerous previous studies (see reviews in [10,11]), comparing the naming
condition with respect to fixation has revealed the activation of a wide distributed network
including bilateral frontal brain regions, left parietal brain regions, and occipital/occipitotemporal brain areas, as well as sensorimotor areas. Also, a very similar network has
been found to be activated by comparing letter drawings with fixation, suggesting that the
characteristics of the control condition (letter drawings) have been largely equated with
those of object drawings. Additionally, a greater activation has been observed for letters
than for objects in a distributed network including bilateral temporal, parietal and frontal
regions, a result similar to that obtained in previous studies when faced with rapid naming
tasks of letters compared to objects [34].
Although the whole brain analyses in the comparison Objects > Letters did not
reveal significant differences, the ROI analyses revealed a greater activation of the IFG for
objects with respect to letters in the left middle (pars triangularis) and left anterior (pars
orbitalis) IFG.
Concretely, the activity of pars triangularis has been associated with processes of retrieval and selection of lexical information from stimuli [14]. In the present study, therefore,
it is confirmed that, with respect to the baseline, the middle area of the left IFG is more
involved when more effort is required in the search for lexical information. Furthermore,
the analyses have provided evidence of larger functional connectivity in objects relative to
letters between the left pars triangularis and occipitotemporal regions such as the inferior
occipital gyrus, the inferior temporal gyrus, the fusiform gyrus and the lingual gyrus. The
activity of these areas has been associated to the retrieval of the object features [46,47], and
it has been considered as a store for the lexical nodes in common nouns [17], as it is the
case for the stimuli of the present study. Furthermore, inferior temporal gyrus and pars
triangularis connection is enhanced in tasks when lexical decisions are needed [48]. The
result is consistent with the anatomical connections of the left IFG, as well as the functional
connectivity observed in resting-state fMRI [49]. Thus, in line with the hypotheses presented by other authors [20,25], the left pars triangularis may be considered as a buffer
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manipulating and forwarding neural information across large-scale cortical networks to
retrieve the required lexical information.
The results have also shown similar differences between conditions in the left pars
orbitalis. According to the data observed in the literature, pars orbitalis activity has been
associated with the retrieval and selection of semantic characteristics [23], especially when
access to long-term stored information is required [24]. However, the lack of significant
differences in the functional connectivity analyses make the interpretation of this activation
difficult in the present study. On the one hand, it can be considered that there is an automatic retrieval of semantic concepts associated with the stimuli, similar to the presentation
of words [50]; in this case, this activation can contribute to the semantic priming effects
in naming tasks described in the literature (see review in [51]). On the other hand, in line
with serial language production theories [52], the activation of semantic conceptual representations is a requirement for the activation of lexical and phonological nodes. Studies of
event-related potential using the paradigm adapted in this study effectively suggested this
serial processing [33,53], although later studies, using faces [32], evidence was obtained
of parallel access, in line with models of face processing and naming [51]. Future studies, using pictures with words referring to objects instead of letters, could shed light on
whether the recovery of semantic representations is automatic or a requirement to access
lexical-phonological information in object naming.
Although both Objects and Letters revealed activation of the left pars opercularis when
compared to a fixation cross baseline, no differences have been observed in the activation of
this area between conditions, which seems to support the role of this region in the retrieval
of phonological information [16,22]. Both conditions required access to such information
to produce a response. However, the greater connectivity of pars triangularis and pars
opercularis with the supramarginal and superior temporal gyri to letters with respect to
objects could be related to the processes of orthographic-phonological conversion [15,34,54],
which only takes place with letters.
There are some limitations that should be considered in the present work. The use
of the covert naming task, despite overcoming the overlap of motor activity that can
artefact the BOLD signal, has also been criticized due to its difference to naming in natural
environments and the presence of additional cognitive and meta-cognitive processes [6].
However, it is important to highlight that despite this fact, the cortical network observed in
the present study corresponds consistently with those regions observed in overt naming
studies [11]. In addition, object naming was contrasted with a condition (letters) that shared
the cognitive and meta-cognitive processing of covert naming tasks.
5. Conclusions
In summary, this study supported that, using a condition that required the same
phonological decision task as a baseline, the asymmetric specialization of the left inferior
frontal gyrus plays a role as buffer forwarding neural information across cortical networks
responsible for different components of speech production. The activity of pars triangularis,
functionally connected to occipitotemporal areas, is required to retrieve lexical information
in object naming. However, further research is needed to disentangle the role of the left pars
orbitalis in naming, reflecting automatic semantic representations retrieval or a requirement
to access lexical-phonological information.
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