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Categorization is the mental operation by which the brain classifies objects and events.
It is classically assessed using semantic and non-semantic matching or sorting tasks.
These tasks show a high variability in performance across healthy controls and the
cerebral bases supporting this variability remain unknown. In this study we performed
a voxel-based morphometry study to explore the relationships between semantic and
shape categorization tasks and brain morphometric differences in 50 controls. We found
significant correlation between categorization performance and the volume of the gray
matter in the right anterior middle and inferior temporal gyri. Semantic categorization
tasks were associated with more rostral temporal regions than shape categorization
tasks. A significant relationship was also shown between white matter volume in the
right temporal lobe and performance in the semantic tasks. Tractography revealed that
this white matter region involved several projection and association fibers, including the
arcuate fasciculus, inferior fronto-occipital fasciculus, uncinate fasciculus, and inferior
longitudinal fasciculus. These results suggest that categorization abilities are supported
by the anterior portion of the right temporal lobe and its interaction with other areas.

Keywords: categorization, semantic, interindividual variability, structural anatomy, voxel-based morphometry

Highlights:

• Anterior temporal lobe morphometry correlates with categorization performances
• Semantic is associated with a more rostral temporal region than shape categorization
• Semantic categorization performances are associated with right temporal connections.

INTRODUCTION

Categorization is the mental operation by which the brain classifies objects and events. The ability
to categorize information has an impact in virtually all domains of cognition and behavior, from
learning (children learn new concepts by categorizing items that look similar or have similar
properties) to survival (to recognize an animal as dangerous, primates need to categorize it as
similar to a previously encountered dangerous animal).
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The evaluation of categorization abilities relies on various
tests, including semantic and visual categorization tests. Semantic
categorization abilities are usually assessed by matching tests
based on taxonomic or thematic categorization, such as the
Pyramid and Palm Tree Test (PPT test) (Howard and Patterson,
1992), and by the production of the relevant abstract category
as in the similarities subtest of the Wechsler Intelligence Adult
Scale (WAIS) (Wechsler, 2008). Categorization abilities can also
be assessed by sorting tests such as the Delis–Kaplan Executive
Function (D-KEFS) sorting test (Delis et al., 2001) and the
Wisconsin Card Sorting Test (WCST) (Milner, 1963), that use
semantic and/or visuoperceptual material. All of these tests
but the WAIS are designed to screen and detect deficits in
patients. However, normative studies focused on these tests show
inter-individual variability in healthy subjects’ performances
with a relative standard deviation (i.e., rSD = standard
deviation/mean) of 4–12% in the PPT test (Howard and
Patterson, 1992; Rami et al., 2008; Klein and Buchanan, 2009;
Gamboz et al., 2009; Callahan et al., 2010), an rSD of 25–45%
in the similarities subtest of the WAIS (Wechsler, 2008; Wisdom
et al., 2012; Harrison et al., 2014), an rSD of 20–40% in the
D-KEFS sorting test (Delis et al., 2001; Homack et al., 2005;
Mattioli et al., 2014), and an rSD of 20%–60% in the number of
categories found in the WCST (Caffarra et al., 2004; Shan et al.,
2008; Arango-Lasprilla et al., 2015). Whether this inter-individual
variability in categorization tasks is related to variability in brain
structure remains unknown.

Functional neuroimaging studies in healthy subjects, as well
as electrophysiological studies in primates, have shown the
involvement of various brain regions in categorization tasks. For
instance, the ventrolateral prefrontal cortex (PFC) (Grossman
et al., 2002; Vogels et al., 2002; Koenig et al., 2005; Milton
et al., 2009), the lateral and/or inferior temporal cortices (Gerlach
et al., 2000; Sigala and Logothetis, 2002; Pernet et al., 2005), or
both frontal and temporal cortices (Tyler et al., 2001; Adams
and Janata, 2002; Devlin et al., 2002; Pilgrim et al., 2002;
Reber et al., 2002; Pernet et al., 2004; Sass et al., 2009; Visser
et al., 2012) are involved during semantic and visuoperceptual
categorization tasks. Some authors used distinct task instructions
to explore executive control processes separately from bottom–up
access to visuoperceptual and semantic representations (Koenig
et al., 2005; Milton et al., 2009; Garcin et al., 2012). For
instance, Garcin et al. (2012) used matching and non-matching
sorting tasks and showed that BOLD signal was higher in the
ventrolateral PFC for the matching than the non-matching tasks
suggesting that matching involves more control processes than
non-matching. All these studies examined the regions activated
during categorization, without assessing the relationship between
brain structural variability and categorization abilities.

Regarding brain structure, the exact shape of every human
brain is unique, resulting in inter-individual anatomical
variability (Mazziotta et al., 1995; Uylings et al., 2005; Fischl
et al., 2008), but whether inter-individual variability can affect or
predict individual categorization performance is unknown. We
hypothesized that structural variations in the regions classically
observed in functional imaging (the lateral prefrontal cortex
and the lateral and inferior temporal cortices) may be related to

subjects’ performance in categorization. To address this question,
we performed a voxel-based morphometry (VBM) study in
healthy subjects using a sorting test adapted from the PPT test
(Howard and Patterson, 1992) that allowed us to assess separately
semantic and visuoperceptual categorization in matching and
non-matching conditions.

MATERIALS AND METHODS

Participants
Fifty right-handed native French speakers (25 females; age
22–71 years, mean = 47 ± 14.3 years) participated in the study.
A large age range was chosen to represent the diversity of
the general population. All participants were healthy adults
with no history of neurological or psychiatric disorders and no
abnormalities were revealed on their structural MRI. Participants
had an average of 15.4 ± 3.0 years of education (range, 10–26).
They had no cognitive impairment as assessed with the Mini
Mental State Examination (Folstein et al., 1975) and the Frontal
Assessment Battery (Dubois et al., 2000). They all underwent
a French verbal semantic matching test adapted from the
word-written version of the PPT test (Merck et al., 2011) and
showed no impairment. The experiment was approved by the
local ethics committee (CPP-Ile de France-6). All participants
provided written informed consent and were paid for their
participation.

Experimental Stimuli, Tasks, and
Procedure
We used a short version of the categorization paradigm described
in a previous functional imaging study (Garcin et al., 2012).
The principle of this task is similar to that of the PPT test, a
semantic matching task designed to search for semantic deficits
in patients. Compared to the PPT, the categorization paradigm
was designed to assess both semantic and visuoperceptual
categorization, with two distinct sorting conditions: matching
and non-matching conditions. The paradigm used a factorial
design with two dimensions (i.e., Shape and Category) assessing
semantic (Category) and visuoperceptual (Shape) categorization,
and two conditions (i.e., Same and Different) assessing matching
(Same) and non-matching (Different) sorting.

Stimuli
Stimuli consisted of triads of black-and-white drawings of
real-life objects that were displayed on a computer screen. One
drawing at the top of the screen was framed; the two other
drawings were located at the bottom left and right sides of
the screen (Figure 1). For each trial, there was a semantic link
between the framed drawing and one of the two bottom ones,
as well as a similarity of shape between the framed drawing
and one of the two bottom ones (for more information, see the
legend of Figure 1). Of the 576 stimuli used in our previous
fMRI study (Garcin et al., 2012), 160 stimuli were selected to
create a shorter version of the paradigm. Stimuli belonged to
107 different categories, among which 60% were taxonomic (e.g.,
fruits or insects, n = 64), and 40% were thematic (e.g., rugby
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FIGURE 1 | Samples of stimuli. The framed drawing was compared with the two bottom ones according to four possible instructions: Same Shape, Same Category,
Different Shape, and Different Category. There was systematically an abstract and/or a shape relationship between the framed drawing and at least one of the two
others. In half of the stimuli, one drawing had a similar shape, whereas the other one belonged to the same category as the framed drawing, such as in stimuli (A,B).
In stimulus (A), the bottom right drawing belonged to the same category as the framed drawing (“fruits”), and the bottom left drawing was of the same shape
(“round”). In stimulus (B), the bottom right drawing was of the same shape as the framed drawing, and the bottom left belonged to the same category. In the other
half, the drawing with the most similar shape belonged to the same category as the framed one, such as in stimuli (C,D). Some categories (60%) were taxonomic,
such as in stimuli a (“fruits”) and d (“mammals”), while others (40%) were thematic, such as in stimuli b and c (“contextual and functional link”).

or transportation, n = 43). Among all drawings, 60% were
non-living objects and 40% were living objects. Some objects
were easy to handle (e.g., tools, fruit), and others were not (e.g.,
buildings, wild animals). See Supplementary Material 1.

Experimental Task
The 160 stimuli were divided into four sets of 40 stimuli each.
Each set was assigned to one of the four following tasks: the
same shape task, same category task, different shape task, and
different category task. In the same shape task, participants had
to choose the drawing that had the most similar shape to that
of the framed drawing. In the same category task, participants
had to choose the drawing that belonged to the same category
as the framed drawing. In the different shape task, participants
were asked to choose the drawing that had the most different
shape from that of the framed drawing. In the different category
task, participants had to choose the drawing that did not belong
to the same category as the framed drawing. Correct items were
equally distributed between the bottom–left and bottom–right
drawings for each task. In each task, one bottom drawing had
both the same shape and the same category as the framed drawing
in half of the trials, whereas one bottom drawing had a similar

shape and the other one belonged to the same category in the
other half of the trials. This step ensured that shape had no effect
on category decision and vice versa. The number of categories
and their nature (taxonomic/thematic, living/non-living) were
equally distributed in the four tasks.

Experimental Procedure
Stimulus presentation was programmed on a PC using
meyeParadigm 1.17 software1. The order of the tasks and the
order of trials within each task were randomized between
subjects, and each task was performed in a block of 40 trials.
Training was performed before the beginning of the test. The
instruction was given orally before each block, and it was
reminded on the screen during 5 s at the beginning of each
block. Participants had a maximum time of 10 s to answer
to each stimulus, and a reminder of the instruction appeared
during 1.5 s between each trial. Subjects had to press the E key
to choose the left drawing and O key for the right drawing.
Participants were asked to answer as fast and as accurate as
possible. The total duration of the procedure was between

1www.eye-brain.com
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20 and 25 min. A quick debriefing was performed after each
block.

Behavioral Analysis
Accuracy and response times (RTs) were measured and
statistical analyses were conducted using SPSS software2.
Repeated measures two-way ANOVA analyses were performed
to compare participants’ performance (accuracy and RTs for
correct responses only) according to two factors: dimension
(Category/Shape) and condition (Same/Different). We also ran
Pearson correlation analyses between age and experimental
scores, as well as between education and experimental scores.
We compared the performance of men and women using an
independent samples t-test.

VBM Study: Image Acquisition and
Analysis
Structural T1-Weighted Images
All participants underwent the same high-resolution
T1-weighted structural MRI scans acquired on a Siemens
3 Tesla VERIO TIM system equipped with a 32-channel
head coil. An axial 3D MPRAGE dataset covering the whole
head was acquired for each participant as follows: 176 slices,
voxel resolution = 1 mm × 1 mm × 1 mm, TE = 2.98 ms,
TR= 2300 ms, flip angle= 9◦.

VBM Pre-processing
3D T1-weighted sequences were processed and analyzed
with SPM8 (Wellcome Department of Imaging Neuroscience,
London, United Kingdom) running on Matlab (Mathworks Inc.,
United States).3 We used the VBM8 toolbox4 to perform MRI
data pre-processing5. First, we spatially normalized the T1 images
to the MNI152 Dartel template using high-dimensional Dartel
normalization (Ashburner, 2007). SPM8’s new version of the
unified segmentation method (new segment) (Ashburner and
Friston, 2005) was used to segment T1 images into gray matter
(GM), white matter (WM), and cerebrospinal fluid. Default
estimation parameters were used to compute normalized images
with an isotropic voxel size of 1.5 mm3. Normalized images were
modulated to compensate for regional volume changes caused
by normalization. The “normalized non-linear modulation only”
option was used, allowing us to analyze relative differences
in regional GM volume corrected for individual brain size.
The quality was evaluated by displaying one slice for each
image module and searching for visual abnormalities and by
checking sample homogeneity using the covariance between
individual images. The images with low covariance (−2 standard
deviations, n = 4) were visually examined, and none of them
had to be excluded. In addition, all normalized 3D images
were visually inspected and compared with the template using
frontal anatomical landmarks by an expert neurologist (B.G.).
Modulated and normalized GM images were then smoothed

2http://www-01.ibm.com/software/analytics/spss/
3www.mathworks.com/matlabcentral
4http://dbm.neuro.uni-jena.de/vbm/
5http://dbm.neuro.uni-jena.de/vbm8/VBM8-Manual.pdf

using a Gaussian kernel of 8 mm3 full width at half maximum
to enable interindividual comparisons and parametric statistics.
The resulting GM images were used for statistical analyses.

VBM Whole-Brain Statistical Analysis
To investigate the relationship between VBM regional gray
matter (GM) structural variability and different aspects of
categorization, we ran multiple regression analyses in SPM8
between GM volume and behavioral scores. RTs for accurate
responses were used for the analyses because of a ceiling effect
in accuracy. First, the averaged scores in the Category dimension
(same category and different category tasks) and the averaged
scores in the Shape dimension (same shape and different shape
tasks) were entered separately as covariates in two separate
regression models. In a second step, the averaged scores in the
Same conditions (same category and same shape tasks) and the
averaged scores in the Different conditions (different category
and different shape tasks) were entered separately as covariates
in separate regression models. Age, gender, and education were
co-varied out in all the regression models. Data were also
normalized and corrected for individual total GM volume by
entering their global values as covariates in the linear model.
Global values of total GM volume were extracted and calculated
from the get_totals scripts.6 For each regression analysis, we
investigated significant results at p < 0.05 using a familywise error
(FWE) correction at the cluster level with a voxel-level threshold
of p < 0.001 uncorrected. Non-stationary smoothness of the
data was taken into account for cluster-level threshold. Results
at p < 0.001 uncorrected for multiple comparisons at the voxel
level, with a minimal cluster size of 100 voxels, are reported in
the Supplementary Results for information purposes.

To investigate the relationship between VBM regional white
matter (WM) density and different aspects of categorization, we
ran multiple regression analyses in SPM8 between WM volume
and behavioral scores. We used the same models and covariates
as for the GM VBM analyses. Data were also normalized and
corrected for individual total WM volume by entering their
values as covariates in the linear model. For each regression
analysis, we investigated significant results at p < 0.05 using
FWE correction at the cluster level with a voxel-level threshold
of p < 0.001 uncorrected. Non-stationary smoothness of the
data was taken into account for cluster-level threshold. Results
at p < 0.001 uncorrected for multiple comparisons at the voxel
level, with a minimal cluster size of 100 voxels are reported in the
Supplementary Results.

Connectivity Study: Image Acquisition,
Preprocessing, and Analysis
The functions of brain regions depend on their connectivity
with other brain regions. Therefore, anatomical connectivity of
the VBM results was investigated in a connectivity study using
diffusion images. We explored the connections terminating in
and emerging from the brain regions identified in the WM VBM
in 44 out of the 50 participants (22 females; age 22–71 years,
mean= 46.5± 14.5 years).

6http://www0.cs.ucl.ac.uk/staff/g.ridgway/vbm/get_totals.m
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Diffusion Image Acquisition
A total of 70 near-axial slices were acquired during the same
MRI session as T1 images. We used an acquisition sequence
fully optimized for tractography of DWI that provided isotropic
(2 mm × 2 mm × 2 mm) resolution and coverage of the
whole head. The acquisition was peripherally gated to the
cardiac cycle with an echo time (TE) of 85 ms. We used
a repetition time (TR) equivalent to 24 RR. At each slice
location, six images were acquired with no diffusion gradient
applied. Sixty diffusion-weighted images were acquired in which
gradient directions were uniformly distributed in space. Diffusion
weighting was equal to a b-value of 1500 s/mm2.

Diffusion Imaging Pre-processing
One supplementary image with no diffusion gradient applied
but with reversed phase-encode blips was collected. This step
provided us with a pair of images with no diffusion gradient
applied and distortions going in opposite directions. From
these pairs, the susceptibility-induced off-resonance field was
estimated using a method similar to that described in Andersson
et al. (2003) and corrected on the whole diffusion-weighted
dataset using the tool TOPUP as implemented in FSL (Smith
et al., 2004). Finally, at each slice, diffusion-weighted data
were simultaneously registered and corrected for subject motion
and geometrical distortion, adjusting the gradient accordingly
(ExploreDTI)7 (Leemans and Jones, 2009).

Spherical Deconvolution Tractography
Reconstruction
Spherical deconvolution was chosen to estimate multiple
orientations in voxels containing different populations of
crossing fibers (Tournier et al., 2004; Anderson, 2005). The
damped version of the Richardson–Lucy algorithm for spherical
deconvolution (Dell’acqua et al., 2010) was calculated using an
in-house developed software. Algorithm parameters were chosen
as previously described (Dell’acqua et al., 2012).

Whole-brain tractography was performed by selecting every
brain voxel with at least one fiber orientation as a seed voxel.
From these voxels and for each fiber, orientation streamlines
were propagated using Euler integration with a step size of
1 mm. When entering a region with crossing WM bundles,
the algorithm followed the orientation vector of the least
curvature (Schmahmann et al., 2007). Streamlines were halted
when a voxel without fiber orientation was reached or when
the curvature between two steps exceeded a threshold of 60◦.
Spherical deconvolution, fiber orientation vector estimation, and
tractography were performed using in-house software developed
with Matlab 7.8.8

Tractography Dissections
The significant results of WM VBM analysis were used as regions
of interest (ROIs) for tract dissections. We dissected the tracts
connecting the observed ROIs associated with Category (i.e., same
category+ different category) performances.

7http://www.exploredti.com
8http://www.mathworks.com

In short, each participant’s convergence speed maps
(Dell’acqua et al., 2012) were registered to the MNI152 template
using Advanced Normalization Tools (Klein et al., 2009). Inverse
deformation was then applied to the ROIs to bring them within
the native space of each participant. Binary individual visitation
maps were created for the connections emerging from or
terminating in the observed ROI by assigning each voxel a value
of 1 or 0, depending on whether the voxel was intersected by
the streamlines of the tract. Binary visitation maps of each of
the dissected tracts were normalized to the MNI space using the
same affine and diffeomorphic deformations as calculated above.
We created percentage overlap maps by adding the normalized
visitation maps from each subject at each point in the MNI space.
Therefore, the overlap of the visitation maps varies according
to inter-subject variability. We inspected tracts reproducible in
more than 50% of the participants using a method described
previously in Thiebaut de Schotten et al. (2011). Tracts resulting
from this analysis were visually inspected and identified using an
atlas of human brain connections (Thiebaut de Schotten et al.,
2011; Rojkova et al., 2015).

RESULTS

Behavioral Results
Accuracy (Figure 2A)
The mean error rate was low (mean: 3.2%, all conditions
included). Repeated measures two-way ANOVAs revealed no
effect of dimension [i.e., Category vs. Shape; F(1,49) = 0.98,
p = 0.32] or condition [i.e., Same vs. Different; F(1,49) = 0.47,
p= 0.49].

Response Times (Figure 2B)
Repeated measures two-way ANOVA revealed a significant effect
of dimension [F(1,49)= 18.7, p < 0.001, Shape mean= 1902 ms,
Category mean = 2140 ms] and a significant effect of condition
[F(1,49) = 12.7, p = 0.001, Same mean = 1965 ms, Different
mean = 2077 ms]. No significant interaction was found between
dimension and condition [F(1,49)= 0.39, p= 0.53].

Correlations: Age, Gender, and Education
Age was significantly positively correlated with RT in all
conditions: same shape (r = 0.50, p < 0.001), different shape
(r = 0.55, p < 0.001), same category (r = 0.47, p = 0.001), and
different category (r = 0.47, p = 0.001). There was no significant
gender difference for each task. Education was not correlated with
RT in any tasks or with average RT of all tasks pooled together.

GM Correlations with RT in the Shape
and Category Dimensions (Table 1,
Figure 3, and Supplementary Figure 2)
Voxel-wise multiple regression analyses of RTs for each task
dimension (Shape and Category) were conducted within GM
with age, gender, and education as covariates of non-interest.
Correlation between VBM regional gray matter (GM) structural
variability and age are proposed in Supplementary Results.
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FIGURE 2 | Behavioral data. Histograms represent means ± standard errors
of the mean. ∗∗∗p ≤ 0.001. (A) Accuracy in Shape, Category, Same, and
Different tasks. Repeated measures two-way ANOVAs revealed no effect of
dimension (i.e., Category vs. Shape) or condition (i.e., Same vs. Different).
(B) RTs for Shape, Category, Same, and Different tasks. Repeated measures
two-way ANOVA revealed a significant effect of dimension (Shape vs.
Category tasks, p < 0.001) and a significant effect of condition (Same vs.
Different tasks, p = 0.001). No significant interaction was found between
dimension and condition.

At an FWE-corrected threshold, RTs in the Shape and Category
dimensions were both negatively correlated with GM volume in
the right temporal lobe, i.e., less GM volume was related to slower
RTs. RTs in the Category dimension were correlated with the right
temporal pole, middle temporal gyrus, and inferior temporal
gyrus (BA 20/21/38). RTs in the Shape dimension were correlated
with the right middle temporal and inferior temporal gyri (BA
20/21). As Figure 3 shows, RTs in the Category dimension were
correlated with a region in the ATL that was more rostral than the
region correlated with RTs in the Shape dimension. No significant
positive correlation was observed. At p < 0.001 uncorrected
threshold, additional clusters were identified that are described
in the Supplementary Results.

To illustrate this finding, we examined the functional profile
of Shape-related (the right posterior ATL region; r-post-ATL, in
green on Figure 3) and Category-related (the right anterior ATL
region; r-ant-ATL, in red on Figure 3) regions. GM measures
were extracted from each individual pre-processed structural
images using FSL software, and averaged across voxels within
each of these 2 clusters, excluding the region of overlap between
the two clusters. We ran multiple regressions between each region
(r-ant-ATL and r-post-ATL) and Category and Shape RTs. GM
volume in each region was entered as the dependent variable in
regression models, and performance in both Shape and Category
tasks were entered as independent variables, together with age,
gender, education and total GM volume. R-ant-ATL volume

FIGURE 3 | Results from the whole-brain GM VBM analysis according to
dimension. p < 0.05 after FWE correction. Significant regions associated with
changes in GM volume related to performance in terms of RT are
superimposed on a coronal (left) and sagittal (right) view. Additional slices
can be found in Supplementary Figure 2. The whole-brain analyses identified a
right anterior temporal region (r-ant-ATL) (in red), in which GM volume was
negatively correlated with RT in the Category dimensions (same and different
category tasks) and a most posterior ATL region (r-post-ATL) (in green) in
which GM volume was negatively correlated with RT in the Shape (same and
different shape tasks) dimensions. Shared regions are shown in yellow. Plots
between performance and GM measures within these 2 regions are displayed
in the partial regression diagrams: X axes represent the residual RT in each
experimental dimension, and Y-axes the residual of the mean GM volume
within each region. This analysis showed that the r-ant-ATL is significantly
associated with Category but not Shape, while the r-post-ATL is significantly
associated with Shape but not Category.

(F(6,43)= 8.1; p < 0.001) was significantly predicted by Category
RT (β: −0.673, p = 0.001) but not by Shape RT (β: −0.020;
p = 0.927), nor by age, gender, education or total GM volume.
R-post-ATL volume (F(6,43) = 4.813; p = 0.001) was predicted
by Shape RT (β: −0.598; p = 0.016) but not by Category RT
(β:−0.072; p= 0.740), nor by age, gender, education, or total GM
volume. The plots are provided in Figure 3.

GM Correlations with RTs in the Same
and Different Conditions (Table 1 and
Supplementary Figure 3)
At an FWE-corrected threshold, RTs in the Same condition were
negatively correlated with GM volume in the right temporal pole,
middle temporal gyrus, and inferior temporal gyrus, whereas RTs
in the Different condition were negatively correlated with the
right middle and inferior temporal gyri, i.e., less GM volume was
related to slower RTs. There was a large overlap of both clusters
(Same and Different) in the temporal lobe (Supplementary
Figure 3). No positive correlation was found with RTs in the Same
and Different conditions.
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TABLE 1 | Gray matter VBM–whole brain analysis: negative GM correlations with RT in Shape, Category, Same, and Different tasks at p < 0.05 after FWE correction at
the cluster level.

Brain region Side BA MNI coordinate
(maxima)

T-value Cluster size Cluster-level
P(FWE)

Shape Middle and inferior temporal gyrus R 20/21 56 −19 −20 4.74 679 0.044

Category Temporal pole, middle and inferior temporal gyrus R 20/21/38 57 −2 −27 4.97 1558 0.003

Same Temporal pole, middle and inferior temporal gyrus R 20/21 57 −13 −20 5.00 1352 0.004

Different Middle and inferior temporal gyrus R 20/21 57 −16 −21 4.41 1308 0.009

TABLE 2 | White matter (WM) correlations with RT in Category at p < 0.05 after FWE correction at the cluster level.

Negative correlation Brain region Side MNI coordinate T-value (peak) Cluster size Cluster-level P(FWE)

Category Temporal lobe R 48 −9 −27 4.92 689 0.023

Same, Different and Shape conditions were not significant.

At p < 0.001 uncorrected threshold, additional negative
correlations were found with RTs in the Same and Different
conditions as described in the Supplementary Results.

WM Correlations with RT in Shape,
Category, Same, and Different Tasks
At an FWE-corrected threshold, RTs in the Category dimension
were negatively correlated with WM volume in the right
temporal lobe (Table 2) i.e., less WM volume was related to
slower RTs. This WM region was strictly adjacent to the GM
cluster that was correlated negatively with RTs in the Category
dimension (Figure 4a). To determine what fibers were passing
through this region, we explored the anatomical connectivity
of the WM-VBM region using tractography-based analyses.
No negative correlation was observed with RTs in the Shape
dimension, as well as the Same and Different conditions. No
significant positive correlation was observed.

At p < 0.001 uncorrected for multiple comparisons, additional
negative correlation was found as described in the Supplementary
Results.

Connectivity Patterns of the WM-VBM
Region (Figure 4b)
The connectome representing fibers connecting the right
temporal WM region associated with category performance
included projection fibers from the right arcuate fasciculus
(AF, long segment), inferior fronto-occipital fasciculus (IFOF),
uncinate fasciculus (UF), inferior longitudinal fasciculus (ILF),
and commissural fibers encompassing the anterior commissure
and corpus callosum (splenium).

DISCUSSION

In this study we performed a voxel-based morphometry
study to explore the relationship between semantic and shape
categorization tasks and morphometric differences in the brain.
Three findings emerge from our work. Firstly, our results
revealed a significant correlation between subjects’ performance
in terms of RT in all conditions and dimensions, and the

FIGURE 4 | Results from whole-brain WM analysis. p < 0.05 after FWE
correction. (a) Significant regions associated with changes in GM volume (red)
and WM volume (blue) related to performance in Category tasks are
superimposed on a coronal (left) and axial (right) view. (b) The connectome
(light blue) represents fibers connecting the right temporal WM region (dark
blue) associated with category performance. It includes projection fibers from
the right arcuate fasciculus (AF, long segment), inferior fronto-occipital
fasciculus (IFOF), uncinate fasciculus (UF), and inferior longitudinal fasciculus
(ILF). The axial view is displayed on the left, and the sagittal views are on the
right.

volume of the right anterior middle and inferior temporal
gyri encompassing the ATL. Secondly, the semantic (Category)
dimension was associated with a more rostral temporal region
than the visuoperceptual (Shape) dimension. Finally, WM and
connectivity analyses showed a correlation between semantic
categorization abilities and WM volume in the right temporal
lobe, suggesting the role of the right temporal lobe connections
in categorization. Tractography analysis showed that these
connections might run through the AF, IFOF, UF, and ILF.

The Right Anterior Middle and Inferior
Temporal Gyri and Categorization Tasks
Interindividual variability in RTs in categorization tasks was
related to the GM volume in the right lateral temporal regions.
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Subjects who were faster to categorize drawings had higher
GM volume in the right anterior middle and inferior temporal
gyri. To our knowledge, this study is the first to show a
correlation between categorization abilities and regional GM
volume in healthy participants. This result suggests the role of
the lateral part of the right ATL in categorization. Our results
are consistent with previous studies that showed a correlation
between conceptual processing performances in healthy subjects
and resting functional connectivity in the ATL (Wei et al., 2012)
in relation to the default mode network.

Previous functional imaging data inconsistently showed
the involvement of the ATL during perceptual or semantic
categorization tasks. Some authors showed an activation of the
ATL (Devlin et al., 2000; Binney et al., 2010; Visser et al.,
2010a, 2012), whereas others found an activation of the lateral
and/or inferior temporal cortex that was posterior to the ATL
(Gerlach et al., 2000; Adams and Janata, 2002; Reber et al., 2002;
Pernet et al., 2004, 2005; Garcin et al., 2012). The discrepancy of
these results may be explained by several factors. First, in fMRI,
the observed recruitment of the ATL, a region that is thought
to function as a supramodal hub in semantic representation
(Patterson et al., 2007), is highly dependent on the contrasting
control task that may (Gerlach et al., 2000; Sass et al., 2009)
or may not include (Pilgrim et al., 2002; Garcin et al., 2012)
a semantic treatment. Second, imaging temporal lobes during
classical functional imaging requires a large field of view to ensure
whole-brain coverage (Visser et al., 2010b). Finally, evidence of
ATL activation is difficult to capture from functional imaging
because of susceptibility artifacts caused by variations in magnetic
field strength at the interface between brain, bone, and air-filled
sinuses; such variations will produce signal loss and distortion
(Gorno-Tempini et al., 2002; Visser et al., 2010a). Differences
between some of the functional imaging studies and our results
may have additional explanations. First, in previous functional
imaging studies, the authors examined the regions that were
similarly activated across subjects during categorization; they
did not explore whether regional activity depends on individual
capacities. Second, the correlations found in the present study
were based on RTs that, in categorization matching tasks,
might correlate with different regions in the temporal lobe than
accuracy.

Previous functional imaging data showed the involvement
of both the right and left lateral and inferior temporal cortices
(Adams and Janata, 2002; Pernet et al., 2004; Garcin et al., 2012)
and both right and left ATL (Devlin et al., 2000; Binney et al.,
2010; Visser et al., 2010a) in categorization tasks. The right
lateralization of our findings based on a categorization paradigm
using drawings raised the question of a possible hemispheric
specialization according to the nature of the stimuli. The possible
specialization of the left and right ATLs for verbal versus pictorial
semantic input is currently under debate in the field (Visser
et al., 2010b; Gainotti, 2012, 2015). In semantic dementia, left
ATL atrophy is correlated with performance in tasks using verbal
stimuli (words), whereas right ATL atrophy is correlated with
performance in similar tasks using pictorial material (Acres et al.,
2009; Butler et al., 2009). Additional anatomic or functional
imaging studies of patients with semantic dementia (Butler et al.,

2009; Mion et al., 2010; Snowden et al., 2012) and healthy
subjects (Thierry et al., 2003; Tsukiura et al., 2006), as well
as a recent review on this topic (Gainotti, 2015), suggested
a verbal/non-verbal dissociation in the ATL. On the contrary,
(Pobric et al., 2010) showed that inhibitory repetitive transcranial
magnetic stimulation over the right or left temporal pole induces
a similar verbal and pictorial (non-verbal) deficit in semantic
categorization tasks. A recent meta-analysis on the role of ATL
in semantic processing performed by the same group did not
find support for lateralization within the ATL but demonstrated
that visual object processing often recruits ventral ATL structures,
while linguistic and auditory processing recruits lateral ATL
structures (Visser et al., 2010b). More recently, Lambon Ralph
and colleagues proposed an updated version of the “hub and
spokes” model of semantic knowledge representation in the brain
(Patterson et al., 2007; Ralph et al., 2017). They propose that
both ATLs are multimodal, but differences between left and right
ATLs in semantic representation are due to differences in white-
matter connectivity between the right and left ATLs, the left
ATL being more connected to verbal inputs. On the other hand,
Gainotti (2017) maintains that these differences are probably
due to the different format of the representations subsumed
by the right and left ATLs, rather than to their presumed
differences in connectivity. Additional studies will be necessary to
determine whether there is an actual hemispheric specialization
according to the nature of the stimuli and to test whether
categorization performances with verbal stimuli are correlated
with morphometry of the left ATL.

We cannot exclude that the right lateralization of the main
effects in our study can be due to more structural variability on
the right ATL than on the left ATL.

Overall, our results complete previous functional imaging
findings by demonstrating the relationship between the ability to
categorize and the structure of the anterior temporal cortex.

Specialization within the Anterior
Temporal Cortex
We showed a rostrocaudal specialization within the temporal
lobe: performance in the semantic (Category) tasks was associated
with more anterior regions of the middle and inferior right
temporal gyri than performance in the perceptual (Shape)
tasks (Figure 3 and Supplementary Figure 2). These results
are in agreement with previous imaging data, suggesting that
the posteroventral temporal cortex may encode perceptual
categorization, such as categorization based on shape or color,
sometimes referred to as “presemantic” (Whatmough et al.,
2002), whereas more anterior areas encode semantic categories
(Devlin et al., 2005; Binder et al., 2009; Chan et al., 2011;
Peelen and Caramazza, 2012). Some authors have proposed
that modality specific information is processed in relatively
specialized parts of the posterior temporal lobe, whereas the
anterior regions are more modality invariant (Visser et al.,
2012) or process more abstract/conceptual associations (Bonner
and Price, 2013). Our findings are consistent with these views,
by suggesting a rostrocaudal specialization within the right
lateral temporal cortex for processing the Category and Shape
dimensions. However, it should be noted that the shape-related
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area in our study is more anterior than the posteroventral
temporal region that is usually associated with perceptual
categorization. The reasons for this difference with fMRI
findings is unclear and should be explored in a further study.
Whether the specialization we observe within the ATL relies
on a difference in abstraction between shape and category
dimensions, or on the semantic or verbal nature of the
category task also remains to be tested. In support of the later
hypothesis, participants reported a subvocal verbalization of
the semantic category in the Category but not in the Shape
task.

Involvement of Frontotemporal
Connections
VBM of the WM and connectivity analyses showed a correlation
between RTs in semantic categorization (Category dimension)
and WM volume in the right temporal lobe. The WM VBM
region was adjacent to the GM VBM right temporal region that
was correlated with the performance in the Category dimension
(Figure 4a). The WM VBM region included projection fibers
from the right IFOF, UF, long segment of the AF, and ILF.
The ILF is associated with object and face recognition, and it
is part of the ventral stream (Ortibus et al., 2012; Tavor et al.,
2014). Its involvement in our tasks was expected, as subjects
had to identify objects to categorize them. According to previous
work (Duffau et al., 2005), the IFOF and UF are important
pathways for relaying information in semantic memory in the
dominant hemisphere. This finding is concordant with a recent
morphometry study that found a correlation between the left
IFOF and UF and semantic memory performance in healthy
subjects (de Zubicaray et al., 2011). Although right-sided, the
implication of the IFOF and UF is relevant in the Category
dimension that relies on the semantic knowledge of the objects
to categorize.

IFOF, UF, and AF connect the ATL with the frontal lobe. More
specifically, the IFOF and UF connect the ATL with medial and
lateral orbitofrontal PFC, whereas the AF connects the ATL with
the ventrolateral PFC (Thiebaut de Schotten et al., 2011; Binney
et al., 2012; Rojkova et al., 2015). Frontal lobes are most likely
involved in categorization tasks, notably in the executive control
necessary for categorization. Increasing evidence supported the
role of frontal lobes in categorization. Patients with frontal lobe
lesions show categorization difficulties (Pribram and Luria, 1973;
Stuss et al., 1983; Dubois et al., 2000; Fine et al., 2009; Garcin
et al., 2012; Lagarde et al., 2015). Functional imaging studies also
indicated a role of the lateral PFC for categorization (Tyler et al.,
2001; Adams and Janata, 2002; Devlin et al., 2002; Grossman
et al., 2002; Pilgrim et al., 2002; Reber et al., 2002; Vogels et al.,
2002; Pernet et al., 2004; Koenig et al., 2005; Sass et al., 2009;
Milton et al., 2009; Garcin et al., 2012; Visser et al., 2012),
and electrophysiological recording in primates demonstrated a
specific role of the PFC in categorization (Freedman et al.,
2003). In agreement with these data, our results of GM volume
relationships at an uncorrected threshold showed a positive
correlation between RTs in the Shape dimension and the right IFG
(BA 47), and between RTs in the Category dimension and the left
inferior and middle frontal gyri (BA 45/46) (see Supplementary

Material). Overall, the correlation of subjects’ performances in
the Category tasks with a temporal WM region and with the tracts
that connect the temporal lobes with the frontal lobe, combined
with the correlation of frontal GM volume with categorization
tasks, suggest a role of the lateral PFC in these tasks.

Limitations
We could not exclude that variable processing speed may have
influenced our results, because our findings were based on RTs
and not accuracy. A previous study performed on 367 healthy
subjects found a correlation between processing speed as assessed
by the part A of the Trail Making Test (Reitan, 1955) and
GM volume in the right occipital lobe but no correlation with
the temporal GM volume (Ruscheweyh et al., 2013). Studies
performed on healthy adults revealed a correlation between
processing speed and global WM volume, but no correlation
was found with regional WM volume (Penke et al., 2010;
Magistro et al., 2015). Finally, our results are concordant with
previous studies showing that surgical unilateral resection of
the ATL in patients with epilepsy (Lambon Ralph et al., 2012)
or inhibition of the ATL induced by repetitive transcranial
magnetic stimulation in healthy subjects (Pobric et al., 2010) can
increase RTs in semantic assessment tasks. For these reasons,
our correlations were unlikely solely caused by processing speed
itself.

Additionally, the physiological significance of GM volume
correlation remains unclear. For instance, performances
negatively correlated with GM volume of the PFC. Correlations
between cognition and GM volume, notably in the PFC, do
not always respond to the assertion “bigger is better.” Some
studies have reported a positive correlation (Yuan and Raz,
2014) and others have found a negative correlation (Salat et al.,
2002; Goh et al., 2011; Smolker et al., 2015; Aichelburg et al.,
2016). The physiological link between cognitive performances
and GM volume is not fully understood and may depend on
brain maturation and on the synaptic pruning that leads to
cortex thinning (Shaw et al., 2006; Dumontheil et al., 2008), as
well as on environmental factors, such as training and cognitive
stimulation.

CONCLUSION

Our results showed the role of the right ATL in categorization
abilities in healthy subjects. This study suggested a rostrocaudal
specialization in the temporolateral cortex according to the
nature of the category. Semantic category judgment was
associated with more anterior regions than visuoperceptual
category judgment. To our knowledge, this is the first study on
the cerebral basis of interindividual variability of categorization
abilities. The results add to the current knowledge of the cerebral
basis of categorization.
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