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Although the human temporal lobe has been documented to participate in semantic pro-

cessing of both verbal and nonverbal stimuli, the exact neural basis underlying the com-

mon and unique processing of the two modalities is unclear. Semantic dementia (SD), a

disease with a semantic-selective deficit due to predominant temporal lobe atrophy is an

ideal lesion model to address this issue. However, many previous studies of SD used an

impure patient sample or did not appropriately control for common components between

tasks. To overcome these limitations, the present study aims to identify amodal semantic

hubs and modality-specific regions in the temporal lobe by investigating behavioral per-

formance on a verbal modality task (word associative matching) and a nonverbal modality

task (picture associative matching) and neuroimaging data in 33 SD patients. We found

that the left anterior fusiform gyrus was an amodal semantic hub whose gray matter

volume correlated significantly with both modalities. We also observed two verbal

modality-specific regions (the left posterior inferior temporal gyrus and the left middle

superior temporal gyrus) and a nonverbal modality-specific region (the right lateral ante-

rior middle temporal gyrus) whose gray matter volume correlated significantly with one

modality when performance on the other modality was partialled out. The results

remained significant when we excluded a wide range of potential confounding variables.

Furthermore, to confirm the observed effects, we compared the performance of left- and

right-hemispheric-predominant atrophic patients on the verbal and nonverbal tasks. The

left-predominant patients showed more severe deficits in performance of the verbal task
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than the right-predominant patients, whereas the two groups of patients presented com-

parable deficits in the performance of the nonverbal task. These findings refined the

structure of semantic network in the temporal lobe, deepening our understanding of the

critical role of the temporal lobe in semantic processing.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The temporal lobe in the human brain has been found to be

critical in semantic processing (Lambon Ralph, 2014; Rice,

Lambon Ralph, & Hoffman, 2015; Vandenberghe, Price, Wise,

Josephs, & Frackowiak, 1996). However, the exact basis of se-

mantic processing of different types of information in the

brain is not fully known (Gainotti, 2011, 2015; Lambon Ralph,

Pobric, & Jefferies, 2009; Pobric, Jefferies, & Lambon Ralph,

2010). The specialization hypothesis speculates that left and

right temporal lobes participate in information processing of

verbal and nonverbal input modalities, respectively (Gainotti,

2011, 2012). However, the hub-and-spoke hypothesis proposes

that temporal lobes serve as verbal and nonverbal spokes, and

the anterior part of the temporal lobes (ATLs) underpins a

semantic hub which unifies verbal and nonverbal conceptual

knowledge to form a semantic concept (Lambon Ralph, 2014;

Patterson, Nestor, & Rogers, 2007). Thus, one of the key sci-

entific issues for semantic neural substrates is to precisely

differentiate the brain areas of modality-specific and amodal

semantic processing within the temporal lobe (Binney,

Embleton, Jefferies, Parker, & Lambon Ralph, 2010; Lambon

Ralph et al., 2009; Pobric, Jefferies, & Lambon Ralph, 2007;

Visser & Lambon Ralph, 2011). Semantic dementia (SD) has

been proven to be an ideal lesionmodel of semantic deficits to

address this issue.

SD is a neurodegenerative disease associated with bilateral

atrophy of the temporal lobes (Chan et al., 2001; Galton et al.,

2001) and selective loss of semantic memory (Patterson et al.,

2007). Patients with SD exhibit semantic impairments irre-

spective of input or output modalities, indicating the exis-

tence of an amodal semantic hub (Hoffman, Jones, & Lambon

Ralph, 2012; Lambon Ralph, Sage, Jones, & Mayberry, 2010).

Previous studies have indicated that the semantic hub is

located in the temporal pole, and this is supported by studies

involving functional neuroimaging (Price, Devlin, Moore,

Morton, & Laird, 2005), and studies involving repetitive

transcranial magnetic stimulation (rTMS; Pobric et al., 2010),

as well as the localization of atrophy in SD patients (Butler,

Brambati, Miller, & Gorno-Tempini, 2009; Patterson et al.,

2007). Recent studies have begun to reveal that other regions,

e.g., the left fusiform gyrus (FFG), act as an amodal semantic

hub (Ding et al., 2016; Mion et al., 2010). For instance, Ding

et al. (2016) found that the degree of atrophy of two tempo-

ral regions (the left FFG and the left parahippocampal gyrus)

was associated with composite scores on verbal and

nonverbal tasks in 19 SD patients.When the degree of atrophy

of the other region was partialled out, only the left FFG
maintained a significant correlation with the semantic com-

posite scores on verbal and nonverbal tasks.

In addition to the evidence showing the existence of an

ATL semantic hub, the existence of functional specialization

between and within the temporal lobes based on input mo-

dalities has also been indicated in the literature (Gainotti,

2012, 2015; Rice, Caswell, Moore, Hoffman, & Lambon Ralph,

2018; Rice, Lambon Ralph et al., 2015). Evidence also comes

from SD, in which temporal lobe atrophy is often asymmetric.

Snowden, Thompson, and Neary (2004), for example, found

that SD patients with left-predominant atrophy in ATL per-

formed more poorly on tasks involving the recognition of

famous people when the stimuli were presented as written

names rather than as pictures. Patients with right-

predominant atrophy in ATL showed the opposite pattern.

Similar conclusions have been drawn based on studies using

voxel-based morphometry to correlate behavioral perfor-

mance on semantic tasks to gray matter integrity. For

example, Butler et al. (2009) studied patients with neurode-

generative disease of mixed etiology and correlated perfor-

mance on verbal and nonverbal versions of semantic

association tasks with voxelwise gray matter atrophy. Stimuli

modality-specific correlations were found in the left temporal

regions for verbal stimuli and in the right fusiform gyrus for

non-verbal stimuli. Acres, Taylor, Moss, Stamatakis, and Tyler

(2009) examined a group of patients with temporal lobe

damage due to SD, herpes simplex encephalitis and other

causes, and found that integrity of the left inferior and ante-

rior temporal regions was significantly correlated with verbal

performance, whereas integrity of the right inferior and

anterior temporal regions correlated with nonverbal

performance.

Obviously, the above findings have provided important

insights into amodal and modality-specific semantic regions

in the temporal lobe. However, these findings should be

interpreted with caution for the following reasons: 1) The

participants in some of these studies included not only SD

patients but also patients with other diseases, such as Alz-

heimer's disease, mild cognitive impairments (e.g., Butler

et al., 2009) and herpes simplex encephalitis (e.g., Acres

et al., 2009). Therefore, these findings required confirmation

with a pure cohort of SD patients. 2) The identification of

modality-specific regions might not have accurately consid-

ered the common components of verbal and nonverbal per-

formance, such as selective attention and executive control

(e.g., Acres et al., 2009). New studies should identify the

modality-specific region when it is associated with the pro-

cessing of a given modality even when the influence of the

other modality is excluded. 3) The identification of amodal

https://doi.org/10.1016/j.cortex.2019.05.014
https://doi.org/10.1016/j.cortex.2019.05.014


c o r t e x 1 2 0 ( 2 0 1 9 ) 7 8e9 180
hub semantic regions might be based on confounding

behavioral measurements. For example, semantic ability in

Ding et al. (2016) was measured with a semantic composite

score that was calculated by combining verbal and nonverbal

semantic performance. However, this measure might be

driven by one of the modalities (e.g., verbal processing) due to

its more severe deficits. Thus, the observed effects of amodal

semantic regions might be associated only with the verbal or

nonverbal modality but not with both modalities.

The present study aimed to identify amodal and modality-

specific regions in the temporal lobe by considering the as-

sociation and dissociation between verbal and nonverbal task

performance in 33 SD patients. We calculated the correlation

between the severity of verbal and nonverbal processing

deficits and the degree of cortical atrophy across the patients.

The severity of the deficits was measured by well-matched

verbal (word) and nonverbal (picture) semantic associative

matching tasks, and the atrophic degree was measured by

determining the gray matter volume (GMV) of each voxel. The

amodal semantic hub was identified by correlating voxelwise

GMVwith performance on the verbal and nonverbal tasks and

then selecting the regions associated with both tasks. The

modality-specific regions were identified by correlating vox-

elwise GMV with the patients’ scores on one modality task

(e.g., a verbal task), while partialling out the scores on the

other modality task (a nonverbal task). To exclude the influ-

ence of primary visual perception, the performance on a

perceptual matching control task was introduced as a covar-

iate in all analyses. The results were further confirmed by

statistically removing the effects of potential confounding

variables (e.g., overall cognitive state, total GMV, and perfor-

mance on two nonsemantic control tasks). Moreover, we also

compared the performance on verbal and nonverbal tasks

between the left- and right-predominant atrophic SD patients.
2. Materials and methods

2.1. Participants

SD patients and healthy control (HC) subjects were recruited

from Huashan Hospital in Shanghai from 2011 to 2018. All

participants were right-handed (Oldfield, 1971), native Chi-

nese speakers and provided written informed consent. This

study was approved by the Institutional Review Board of the

Huashan Hospital affiliated with Fudan University.

SD patients. Thirty-three SD patients were included (15

males, age: 62.27 ± 7.49 years, educational level: 11.73 ± 3.01

years). Nineteen of them were from all of our recent study

(Ding et al., 2016), and others were newly recruited. Each pa-

tient met the diagnostic criteria for SD (Gorno-Tempini et al.,

2011) with the appearance of clinical diagnostic features (i.e.,

impaired confrontation naming, impaired single-word

comprehension and predominant ATL atrophy) and at least

three of other diagnostic features (i.e., impaired object

knowledge particularly for low-frequency concepts, surface

dyslexia, spared repetition and spared speech production).

The neuropsychological tests and neuroimaging measures

used for diagnosis can be found in Tables 1 and 2, respectively.
The average score on the Mini-Mental State Examination

(MMSE; Folstein, Folstein, & McHugh, 1975) was 21.91 ± 4.01.

Detailed procedures of our neuropsychological tests have

been introduced in Ding et al. (2016). Here, we only described

how we defined a Chinese speaker with surface dyslexia. We

selected 24 Chinese semantic-phonetic compound characters.

Each character contains a phonetic radical and a semantic

radical that provide clues about the pronunciation and the

meaning of the character, respectively (Bi, Han, Weekes, &

Shu, 2007; Shu, Chen, Andersen, Wu, & Xuan, 2003; Weekes

& Chen, 1999; Zhou & Marslen-Wilson, 1999). For example,

the compound character “妈” (/m�a/, mother) comprises the

phonetic radical “马” (/mǎ/, horse) and the semantic radical

“女” (/nǚ/, female). The compound characters consisted of 12

regular characters whose pronunciation are identical to those

of their phonetic radicals (e.g., 蝗/hu�ang/grasshopper /

phonetic radical: 皇/hu�ang/emperor; semantic radical: 虫/

ch�ong/worm) and 12 irregular characters whose pronuncia-

tion differ from those of their phonetic radicals (烦/f�an/

annoyance / phonetic radical: 页/y�e/emperor; semantic

radical:火/huǒ/anger). Each subject was instructed to read the

24 characters aloud. A patient was diagnosed with surface

dyslexia if he or she, relative to healthy controls, presented an

obvious regularity effect (i.e., reading accuracy for irregular

characters was lower than that of regular ones) or a higher

rate of regularization errors (i.e., an irregular word was

misread as its phonetic radical; e.g., the word 烦 (/f�an/) / 页/

y�e/). The cutoff values for the effects were set as lower than

�1.96 for the corrected t-score of regularity effect (the correct

numbers on irregular wordsminus those on regular words), or

higher than 1.96 for the corrected t-score of regularization

errors. The method obtaining the corrected t-score was

explained in “Behavioral data preprocessing” section below.

Healthy controls. There were 20 HC subjects (8 males, age:

60.50 ± 3.93 years, educational level: 10.45 ± 2.89 years), who

were identical to the healthy subjects of our recent study (Ding

et al., 2016). Their MMSE score was 28.10 ± 1.37.

Compared with the HC group, the SD group was compa-

rable in age, gender distribution, and educational level (p

values > .05) but had a lower MMSE score (t ¼ �8.12, p < .001).

2.2. Behavioral data collection

We carried out a series of neuropsychological assessments on

SD and HC subjects using identical procedures (Table 1). Given

that we were especially concerned with the association and

dissociation between verbal and nonverbal semantic

comprehension of patients, we mainly analyzed subjects’

performance on word and picture associative matching tasks.

In addition, a perceptual matching task was used to eliminate

the influence of primary perceptual processing. Two non-

semantic control tasks (i.e., oral repetition and number

calculation) that required minimal semantic processing were

used to assess the semantic specificity of the observed re-

gions. Participants were tested individually in a quiet room.

Each task was run in separate sessions on a PC computer

using the DMDX program (Forster& Forster, 2003). These tasks

were used in our recent studies (Ding et al., 2016; Han et al.,

2013; Zhao et al., 2017).

https://doi.org/10.1016/j.cortex.2019.05.014
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Table 1 e Demographic and neuropsychological profiles of SD patients and healthy controls.

Assessments HC subjects
(n ¼ 20)

SD patients
(n ¼ 33)

Left-predominant SD
patients (n ¼ 16)

Right-predominant
SD patients (n ¼ 17)

Raw score Raw score Corrected
t-score

Raw score Corrected
t-score

Raw score Corrected
t-score

Background information

Age (years) 60.50 (3.93) 62.27 (7.49) 61.06 (7.89) 63.41 (7.14)

Gender (M:F) 8:12 15:18 8:8 7:10

Education (years) 10.45 (2.89) 11.73 (3.01) 12.13 (3.34) 11.35 (2.71)

Neuropsychological tests used for diagnosis

Confrontation naming

Oral picture naming

(n ¼ 140)#
124.25 (7.95) 44.42 (26.60)*** �9.44 (3.26) 30.88 (22.93)*** �11.37 (2.88) 57.18 (23.79)*** �8.10 (2.93)

Oral sound naming

(n ¼ 36)#
25.40 (4.06) 8.39 (5.18)*** �3.85 (1.33) 8.44 (5.38)*** �3.89 (1.25) 8.35 (5.16)*** �3.81 (1.43)

Single-word comprehension

Picture associative

matching (n ¼ 70)þ,#

66.45 (2.39) 50.88 (6.77)*** �5.32 (2.36) 50.19 (8.63)*** �5.51 (3.04) 51.53 (4.56)*** �5.14 (1.56)

Word associative matching

(n ¼ 70)þ,#

67.15 (1.46) 52.33 (8.34)*** �15.10 (9.11) 49.19 (9.12)*** �18.80 (9.92) 55.29 (6.48)*** �11.71 (6.90)

Word-picture verification

(n ¼ 70)#
67.25 (1.94) 42.36 (15.71)*** �11.40 (7.52) 38.00 (17.79)*** �13.50 (8.61) 46.47 (12.64)*** �9.41 (5.91)

Object knowledge for low-frequency concepts

Naming to definition

(n ¼ 22)þ
18.35 (2.43) 5.06 (4.09)*** �7.81 (2.97) 2.69 (2.87)*** �8.98 (2.89) 7.44 (3.78)*** �6.64 (2.64)

Surface dyslexia

Regularity effect of word

reading (the correct

numbers on irregular

words e those on regular

words)

�.40 (.82) �2.12 (1.87)*** �2.35 (2.64) �2.69 (2.09)** �3.10 (3.03) �1.59 (1.50)* �1.65 (2.06)

Regularization errors of

word reading (max ¼ 12)

.40 (.75) 1.82 (1.42)*** 2.69 (2.61) 2.13 (1.50)*** 3.09 (2.79) 1.53 (1.53)** 2.32 (2.45)

Repetition

Oral repetition (n ¼ 12)þ 11.55 (.94) 11.39 (.83)* �.84 (1.73) 11.31 (.95) �1.05 (2.00) 11.47 (.72) �.64 (1.46)

Speech production

Percentage of reasonable

sentences for Cookie

Theft picture description

(accuracy)

91% (13%) 90% (12%) �.11 (.84) 90% (11%) �.12 (.84) 90% (13%) �.10 (.86)

Other neuropsychological tests

Arithmetic ability

Number calculation (n¼ 7)þ 6.50 (.69) 6.39 (.86) �.27 (1.11) 6.63 (.62) �.12 (.84) 6.18 (1.01) �.52 (1.26)

Number proximity

matching (n ¼ 3)#
2.80 (.41) 2.61 (.66) �.23 (1.43) 2.56 (.73) �.38 (1.61) 2.65 (.61) �.09 (1.28)

General cognitive state

MMSE (max ¼ 30) 27.95 (1.61) 21.91 (4.01)*** �3.90 (2.45) 21.69 (4.57)*** �4.06 (2.92) 22.12 (3.53)*** �3.74 (2.00)

Visual form perception

Perceptual matching

(n ¼ 25)þ
23.95 (1.23) 21.91 (2.32)*** �2.23 (2.42) 21.50 (2.48)** �2.52 (2.50) 22.29 (2.17)* �1.96 (2.38)

Visual perception (n ¼ 30)# 27.25 (1.62) 27.55 (1.80) .13 (.86) 27.88 (1.50) .29 (.69) 27.24 (2.05) �.02 (.99)

Visuospatial perception

REY-O copy (max ¼ 36) 34.75 (1.77) 32.45 (3.86)* �1.20 (1.72) 31.88 (4.94) �1.42 (1.90) 33.00 (2.50) �.99 (1.56)

Sound perception

Sound perception (n ¼ 44)# 38.55 (4.36) 33.42 (5.63)** �.96 (1.02) 36.44 (4.50) �.43 (.83) 30.59 (5.17)*** �1.45 (.95)

Episodic memory

REY-O recall (max ¼ 36) 16.05 (6.53) 9.33 (6.73)*** �1.35 (1.73) 9.31 (6.48)** �1.46 (1.11) 9.35 (7.17)** �1.24 (1.25)

Note: The values in table are mean (standard deviation). þ: the semantic and nonsemantic control tasks used in the main analysis; #: the se-

mantic and nonsemantic tasks used in principal component analysis (PCA). *p < .05, **p < .01, ***p < .001 indicate significant difference with raw

scores of healthy controls.

c o r t e x 1 2 0 ( 2 0 1 9 ) 7 8e9 1 81
2.2.1. Word associative matching
This task was adapted from the Pyramids and Palm Trees test

(Howard& Patterson, 1992). In each trial, the written names of

three objects from the same category were simultaneously
presented on the touch screen. Participants were instructed to

decide which of the two bottom objects (e.g., axe, broom) was

semantically closer to the top one (e.g., hammer). The

response was made by pressing the corresponding object

https://doi.org/10.1016/j.cortex.2019.05.014
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Table 2 e Mean gray matter volume of the whole brain and ATLs in healthy controls, SD, left-predominant SD patients and
right-predominant SD patients.

In the whole brain (cm3) In the anterior temporal lobe (cm3)

Left ATL Right ATL Left versus right ATL

Healthy subjects Raw score .39 (.03) .50 (.05) .50 (.05) p ¼ .58

All SD patients Raw score .35 (.05)*** .31 (.06)*** .31 (.10)*** P ¼ .92

Corrected t-score �1.27 (1.17) �3.15 (.99) �3.54 (1.70) p ¼ .28

Left-predominant SD patients Raw score .36 (.05)* .28 (.06)*** .39 (.09)*** p < .0001

Corrected t-score �1.02 (1.26) �3.74 (.91) �2.23 (1.39) p < .0001

Right-predominant SD patients Raw score .34 (.04)*** .34 (.04)*** .24 (.04)*** p < .0001

Corrected t-score �1.50 (1.07) �2.60 (.71) �4.78 (.77) p < .0001

Note: ATL ¼ anterior temporal lobe. *p < .05, **p < .01, ***p < .001 indicate significant difference with raw scores of healthy controls.
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name on the screen. There were 70 trials in total, in which 10

trials were from each of seven categories (i.e., animal, tool,

common artifact, fruit and vegetable, large nonmanipulable

object, person and action).

2.2.2. Picture associative matching
This task was identical to the word associative matching task

except that the written names of objects were replaced with

the corresponding pictures, and the item order was changed.

Other behavioral tasks were inserted between these two

matching tasks in order to reduce the practice effects.

2.2.3. Perceptual matching
We used the perceptual matching test from the Birmingham

Object Recognition Battery (n ¼ 25; Riddoch & Humphreys,

1993). In each trial, subjects were asked to decide which of

the two bottom objects was viewed from a different perspec-

tive but had the same identity as the top object.

2.2.4. Nonsemantic control tasks
We designed two nonsemantic control tasks. The oral repe-

tition task included eight words and four sentences. Partici-

pants were asked to repeat the words/sentences that they

heard. The number calculation task included seven number

calculation questions: two additions (5 þ 2, 19 þ 26), two

subtractions (9e 4, 78e 15), twomultiplications (2� 4, 13� 6),

and one division (6 ÷ 2).

2.3. Behavioral data preprocessing

Because the patients who participated in this study varied

considerably in demographic characteristics (e.g., age, gender,

and education), their raw behavioral scores might not mean-

ingfully reflect the degree of deficits. Our patients' behavioral
scores were corrected by considering the performance distri-

bution of the HC subjects and transforming each patient's raw
score into a standardized t-score (Crawford & Garthwaite,

2006; see details in; Han et al., 2013). In brief, for each task, a

regression model was first established in the HC group with

raw accuracy scores as the dependent variable and age,

gender and education as predictors. Then, a predicted accu-

racy for each patient was acquired by introducing his or her

demographic information into themodel. A discrepancy value

was calculated with the following formula:

Discrepancypatient ¼ observed accuracyepredicted accuracy.
Then, a corrected standard error of estimate for each patient

(SEpatient) was obtained. Finally, the patient's t-score was

computed: t-scorepatient ¼ Discrepancypatient/SEpatient.

Moreover, we also obtained a measure of semantic ability

that was unbiased for verbal and nonverbal processing. This

measure was acquired from a principal component analysis

(PCA) on basis of six general semantic tasks (oral picture

naming, oral sound naming, picture associative matching,

word associative matching, word-picture verification, and

naming to definition) and three nonsemantic control tasks

(visual perception, sound perception and number proximity

matching). Specifically, the t-scores of the nine taskswere first

entered into PCA program. We used subcommands for vari-

max rotation, plot of eigenvalues (>1), and principal compo-

nents extraction. The semantic PCA factor was defined as a

component that had a high loading weight on the semantic

tasks but a low loading weight on the control tasks. The scores

corresponding to this factor were considered to reflect se-

mantic ability that was unbiased for verbal and nonverbal

processing. These scores were used to confirm the amodal

semantic region in the following validation analysis.

2.4. Imaging data collection

SD and HC subjects were scanned with a 3T Siemens scanner

at Huashan Hospital in Shanghai. We obtained 3D T1-

weighted MPRAGE images along the sagittal plane using the

following parameters: repetition time (TR) ¼ 2300 msec, echo

time (TE) ¼ 2.98 msec, flip angle ¼ 9�, matrix size ¼ 240 � 256,

field of view (FOV) ¼ 240 mm � 256 mm, slice number ¼ 192

slices, slice thickness ¼ 1 mm, and voxel

size ¼ 1 mm � 1 mm � 1 mm.

2.5. Imaging data preprocessing

T1 images were preprocessed using the VBM toolbox of the

Statistical Parametric Mapping 8 (SPM8, http://www.fil.ion.

ucl.ac.uk/spm/) software package with default parameters.

T1-weighted images were segmented into gray matter (GM),

white matter and cerebrospinal fluid at

1.5 mm � 1.5 mm � 1.5 mm resolution and normalized into

the Montreal Neurological Institute (MNI) space using the

Diffeomorphic Anatomical Registration Through Expo-

nentiated Lie (DARTEL) registrationmethod (Ashburner, 2007).

The GM images were further modulated and smoothed with

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
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Fig. 1 e The mean gray matter volume (GMV) map of each subject group. The first row shows the mean of raw GMV images

of healthy controls (HC), semantic dementia (SD) patients, left- and right-predominant atrophic SD patients. The second row

shows the t-scored GMV maps of three patient groups obtained by considering the demographic variables and the GMV

images of control subjects.
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an 8-mm full-width at half maximum (FWHM) Gaussian

kernel to obtain the gray matter volume (GMV) images. Since

MRI with voxel-based morphometry can be insensitive in

conditions of severe atrophy as occurs in SD (e.g., due to

misregistration in severely atrophic regions), the main ana-

lyses were also carried out with 12-mm and 16-mm FWHM

Gaussian kernels (Supplementary Figures 1 and 2).

The t-scored GMV images were generated for SD patients

by considering three demographic variables (age, gender, and

education) and GMV maps in reference healthy controls

(Crawford & Garthwaite, 2006, Fig. 1). The method used to

calculate the corrected t-score was identical to that in section

“Behavioral data preprocessing”. This analysis was conducted

within a GM mask (Nvoxels ¼ 278,516), which was generated by

thresholding the mean GM probability map of all 53 subjects

with a cutoff value of .2 (Dai et al., 2014).

2.6. Identification of amodal and modality-specific
semantic regions

To determine the cortical areas that are associated with

amodal and modality-specific semantic processing, we con-

ducted a lesion-behavior correlation analysis. Specifically, the

amodal region was identified by overlapping the regions

associated with both the verbal task and the nonverbal task.

We computed the correlation between the GMV values of each

voxel in the GMmask with the subject's performance on word

associative matching and picture associative matching tasks,

partialling out the scores on the perceptual matching task.

The voxels that were significantly correlated with the perfor-

mance of both tasks (AlphaSim-corrected p < .001; single voxel

p < .01, cluster size > 745 voxels) were considered as the

amodal semantic hub. The verbal and nonverbal modality-

specific regions were identified by correlating the GMV

values of each voxel within the GM mask with the scores on

one semantic task (e.g., word associative matching) and par-

tialling out the scores on the other semantic task (e.g., picture

associative matching) and the perceptual matching control

task (AlphaSim-corrected p < .001; single voxel p < .01, cluster

size > 745 voxels).
2.7. Validation of the effects of amodal and modality-
specific semantic regions

In the above main analysis, the amodal semantic hub was

defined as the area of the overlap of the regions related to the

verbal and nonverbal tasks. However, this analysis carried the

risk that the effects of the so-called “hub”might be driven only

by verbal or only by nonverbal semantic processing. To

address this concern, a validated analysis was conducted by

adopting another measure of semantic ability (i.e., semantic

PCA factor) that was unbiased for verbal and nonverbal pro-

cessing. The semantic PCA scores were correlated with the

mean GMV of the hub region across SD patients, partialling

out the demographic variables (age, gender and educational

level).

Furthermore, to further determine whether the effects of

the amodal and modality-specific regions that we observed in

the above analyses were driven by other potential confound-

ing variables, we applied a set of validation analyses. For each

observed region in the above analyses, we again conducted

partial correlation analysis between the mean GMV values of

each semantic region and the semantic tasks while addition-

ally controlling for the following variables: (1) the total GMV

(summing the GMV values of all voxels in the whole brain),

which was used to control for the overall severity of brain

damage; (2) the MMSE score, which was used to control for

overall cognitive state; (3) the oral repetition score, and (4) the

number calculation score, which were both used to consider

the influence of semantic specificity. Bonferroni correction

p < .05 was adopted.

2.8. Comparison of the verbal and nonverbal semantic
performance in the left- and right-predominant-atrophic SD
patients

To further verify the laterality effects of ATLs in verbal and

nonverbal processing, we divided our patients into left- and

right-predominant-atrophic groups and compared the per-

formances of the two groups on the verbal and nonverbal

semantic tasks. The ATL regions were masked by adopting a

https://doi.org/10.1016/j.cortex.2019.05.014
https://doi.org/10.1016/j.cortex.2019.05.014


Table 3 e Amodal and modality-specific regions that were identified by calculating the correlations between the voxelwise
gray matter volume (GMV) values and performance on the verbal and nonverbal semantic tasks across 33 SD patients.

Brain regions (AAL template) Cluster size (voxels) Peak coordinates MNI rpeak

x y z

Amodal region

Region A: Region correlated with word associative matching

Cluster1: Left fusiform gyrus and left inferior temporal gyrus 9811 �39 �42 �18 .69***

left fusiform gyrus 2341

left inferior temporal gyrus 2072

Left middle temporal gyrus 1056

left parahippocampus gyrus 730

left middle temporal pole 609

left superior temporal pole 545

left superior temporal gyrus 453

left insula 430

left hippocampus gyrus 428

Left amygdala 365

Region B: Region correlated with picture associative matching

Cluster1: Left anterior fusiform gyrus 788 �22.5 12 �37.5 .56***

left fusiform gyrus 132

left amygdala 131

left middle temporal pole 113

left parahippocampus gyrus 109

Amodal region: common region of region A and region B

Cluster1: Left anterior fusiform gyrus 566

left amygdala 130

left fusiform gyrus 123

left parahippocampus gyrus 109

left middle temporal pole 79

Verbal region: Region correlated with WAM scores partialling out PAM scores

Cluster1: Left posterior inferior temporal gyrus 2151 �39 �42 �18 .64***

left fusiform gyrus 1428

left inferior temporal gyrus 621

Cluster2: Left middle superior temporal gyrus 2859 �57 �25.5 0 .62***

left middle temporal gyrus 1748

left superior temporal gyrus 895

Non-verbal region: Region correlated with PAM scores partialling out WAM scores

Cluster1: Right anterior middle temporal gyrus 1604 58.5 10.5 �27 .55**

right middle temporal gyrus 1221

right middle temporal pole 186

Note: MNI ¼ Montreal Neurological Institute; PAM ¼ picture associative matching; WAM ¼ word associative matching. *p < .05, **p < .01,

***p < .001.
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previous method (Rice, Lambon Ralph et al., 2015;

Supplementary Figure 3). The ATL included the areas anterior

to the plane perpendicular to the long axis of the temporal

lobe (passing through the fusiform gyrus at y ¼ �20, z ¼ �30

and superior temporal gyrus at y ¼ 0, z ¼ �5). A left-

predominant-atrophic patient had a lower t-score of the

mean GMV in the left ATL than those in the right ATL, vice

versa. The two-way repeated-measures analysis of variance

was conducted to analyze the effects of the 2 subject groups

(the left-predominant atrophic SD vs right-predominant

atrophic SD) and the 2 stimuli input modalities (nonverbal vs

verbal) and their interaction.
3. Results

3.1. Clinical profiles of participants

The demographic and neuropsychological profiles of our sub-

jects are shown inTable 1. The SDpatients exhibited a profound
impairment of semantic knowledge as indicated by severe def-

icits in confrontation naming (mean t-score < �6), single-word

comprehension (mean t-score < �10), and object knowledge

particularly for low-frequencyconcepts (mean t-score<�7).The

patients also suffered from surface dyslexia with a regularity

effect for reading words (mean t-score < �2) and considerable

regularization errors (mean t-scores > 2). In contrast, the other

cognitive abilities of the patients (e.g., repetition, speech pro-

duction, arithmetic calculation, and episodic memory) were

relatively spared (mean t-score>�1.35). The lower scores of the

SD patients on the MMSE (mean t-score ¼ �3.42) might arise

from the semantic involvement of the test.

To evaluate whether the degree of semantic impairments

of SD patients showed sufficient variation to meet the

regression analysis standard, we examined the performance

of our patients (n ¼ 33) on the two key semantic task, each of

which included 70 items. The mean accuracy of picture

associative matching was 73% (SD ¼ 10%; range: 53%e93%)

andmean accuracy of the word associative matching was 75%

(SD ¼ 12%; range: 47%e96%). Furthermore, the patients’
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accuracies on both tasks were significantly lower than those

of healthy controls (ps < .001; see Table 1). These observations

suggest that our group of patients included the individuals
Fig. 2 e Amodal semantic region. We identified the amodal semantic region, the anterior fusiform gyrus (antFFG) (C), as a

region that correlated significantly (AlphaSim-corrected p < .001) with the scores on both the word associative matching

task (A) and the picture associative matching task (B). The scatter plots indicate the partial correlation between the mean

GMV of the voxels within the cluster region with word associative matching, picture associative matching and semantic

PCA scores after partialling out the scores on the perceptual matching test. The horizontal and vertical coordinates of the

data are the residual of the GMV of the regions and the residual of the semantic tasks. *p < .05, **p < .01, ***p < .001.
with mild to severe semantic dysfunction. Therefore, the data

should be suitable for use in regression analyses.

Compared with HC subjects, SD subjects showed the most

severe atrophy in the bilateral ATL, extending into the more

posterior temporal lobes, insula and ventral frontal lobes (Fig. 1

and Table 2). Basedon a comparison of the t-scores of themean

GMVof the left and rightATLs (Supplementary Figure 3), the SD

patients could be divided into 16 left-predominant atrophic

patients and 17 right-predominant patients. In all SD patients,

theGMVvalues of the left and rightATLswere comparable (raw

score: p ¼ .92; t-score: p ¼ .28; Table 2). In left-predominant SD

patients, the GMV values of the left ATL were lower than those

of the right ATL (raw score: p< .0001; t-score: p< .0001), while in

right -predominant SD patients, the GMV values of the left ATL

were higher than those of the right ATL (raw score: p < .0001; t-

score: p < .0001; Table 2). The GMV values of the left ATL were

lower in left-predominant SD patients than in right-

predominant SD patients (raw score: p < .001; t-score:

p < .001). Similarly, the values of the right ATL were lower in

right-predominant SD patients than in left-predominant SD

patients (raw score: p < .0001; t-score: p < .0001).

3.2. Amodal and modality-specific semantic regions

The amodal and modality-specific regions that we observed

are displayed in Table 3 and Figs. 2 and 3. To identify amodal
semantic regions, we correlated the GMV values of each voxel

with word associative matching and picture associative

matching scores across 33 SD patients, partialling out the
scores on the perceptual matching control task (AlphaSim-

corrected p < .001). We found that GMV values of 9811 voxels

were correlated with the verbal task, while GMV values of 788

voxels were correlated with the nonverbal task. These two

analyses yielded a common cluster in the left anterior fusi-

form gyrus (antFFG; MNI coordinates of the center: �26.5, �6,

�30; cluster size ¼ 566 voxels).

To identify verbal-specific semantic regions, we correlated

the GMV values of each voxel with scores on the verbal se-

mantic task across SD patients, factoring out the scores on the

nonverbal semantic task and the perceptual matching task

(AlphaSim-corrected p < .001). We obtained two regions: the

left posterior inferior temporal gyrus (posITG; peak co-

ordinates: �39, �42, �18; peak partial r ¼ .64, p < .001; cluster

size ¼ 2151 voxels) and the left middle superior temporal

gyrus (midSTG; peak coordinates: �57, �25.5, 0; peak partial

r ¼ .62; peak p < .001; cluster size ¼ 2859 voxels).

When identifying nonverbal semantic regions, we

calculated the correlation between the GMV values of each

voxel with the scores on the nonverbal semantic task across

patients, factoring out the scores on the verbal semantic

task and perceptual matching task (AlphaSim-corrected

p < .001). We obtained one cluster in the right lateral ante-

rior middle temporal gyrus (antMTG; peak coordinates: 58.5,

10.5, �27; peak partial r ¼ .55; peak p < .01; cluster

size ¼ 1604 voxels).
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Fig. 3 e Modality-specific regions. (A) Verbal region: The GMVs of the left posterior inferior temporal gyrus (posITG) and the

left middle superior temporal gyrus (midSTG) were significantly correlated with the scores on the verbal task (word

associative matching) after controlling for scores on the nonverbal task (picture associative matching) and perceptual

matching task (AlphaSim-corrected p < .001). (B) Nonverbal regions: The GMV of the right anterior middle temporal gyrus

(antMTG) was significantly correlated (AlphaSim-corrected p < .001) with the scores on the nonverbal task after controlling

for the scores on the verbal task and the perceptual matching task. The scatter plots show the partial correlation between

the mean GMV within the cluster region with scores on the semantic task involving one modality after partialling out the

scores on the perceptual matching test and the semantic task involving the other modality. *p < .05, **p < .01, ***p < .001.

c o r t e x 1 2 0 ( 2 0 1 9 ) 7 8e9 186
When the GMV images were smoothed with larger FWHM

Gaussian kernel (i.e., 12-mm and 16-mm), the result patterns

were highly similar to thosewith the 8-mmkernel. The results

of these two larger kernels were illustrated in Supplementary

Figures 1 and 2.
Table 4e Partial correlation coefficients between the graymatter
SD patients, after additionally controlling for potential confound
calculation).

Amodal and modality-specific regions

Amodal region

Left anterior fusiform gyrus Correlated with W

Correlated with PA

Correlated with se

Verbal region

Left posterior inferior temporal gyrus Correlated with W

Left middle superior temporal gyrus Correlated with W

Non-verbal region

Right anterior middle temporal gyrus Correlated with PA

Note: MMSE ¼ Mini-Mental State Examination; PAM ¼ picture associative

*p < .05, **p < .01, ***p < .001, i.e., p < .0083, p < .0016, p < .00016.
3.3. Validating the effects of the amodal and modality-
specific semantic regions

PCA analysis based on six general semantic tasks and three

controls tasks extracted three components. Component 1
volume of the observed clusters and the semantic scores in
ing factors (MMSE, total GMV, oral repetition, and number

Behavior index Partial correlation

AM scores .58**

M scores .53*

mantic PCA scores .61**

AM scores partialling out PAM scores .61**

AM scores partialling out PAM scores .68***

M scores partialling out WAM scores .58**

matching; WAM ¼ word associative matching. Bonferroni corrected:

https://doi.org/10.1016/j.cortex.2019.05.014
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accounted for 46% of the model variance (under varimax

rotation); the six general semantic tasks had higher loading

values (.64e.74) and the three control tasks had lower

loading values (�.09 to 0). We thus labeled this component as

the semantic processing component and derived scores for

each patient's general semantic processing ability based on

this component. Components 2 (19% of model variance) and

3 (15% of model variance) were treated as perceptual and

arithmetic components, respectively, because of their

respective heaviest loading weights on the visual and audi-

tory perceptual tasks (.79e.80) and on the number proximity

matching task (.94). To eliminate the risk that the observed

amodal region might be driven by verbal or nonverbal se-

mantic processing, a validation analysis was conducted. We

correlated the mean GMV value of the amodal region of the

main result, i.e., the left antFFG, with the semantic PCA

scores across the 33 SD patients, partialling out age, gender

and educational level. The results demonstrated a significant

correlation effect (r ¼ .65, p < .0001), confirming that the

amodal region we observed contributes to verbal and

nonverbal semantic processing.

Table 4 shows the correlations between the GMV of the

amodal or modality-specific semantic regions and the se-

mantic scores of the patients after regressing out the influence

of potential confounding factors. Themean GMV values of the

amodal hub region, namely, the left antFFG, were still signif-

icantly correlated with all three semantic measures (verbal

semantic score, nonverbal semantic score, semantic PCA

score) when controlling for theMMSE scores, total graymatter

volume, performance on the repetition task and calculation

tasks (partial r values > .53, Bonferroni corrected p

values < .05). Similarly, the effects of the modality-specific

regions were still significant when the influence of potential

confounding variables was eliminated (partial r values > .58,

Bonferroni corrected p values < .01). These results demon-

strate that the effects of the amodal and modality-specific

regions could not be explained by the potential confounding

variables.
Fig. 4 e Behavioral performance on the verbal and

nonverbal tasks by the left- and right-predominant

atrophic SD patients. *p < .05.
3.4. Distinctive performance on verbal and nonverbal
tasks by the left- and right-predominant atrophic SD
patients

Fig. 4 shows the results of the two-factor repeated-measures

analysis of variance of the 2 subject groups (the left-

predominant atrophic SD patients vs right-predominant

atrophic SD patients SD) and 2 stimuli input modalities

(nonverbal vs verbal modalities). This analysis revealed a

significant main effect of group (F ¼ 4.66, p ¼ .039), in which

the left-predominant atrophic SD patients performed worse

than the right-predominant atrophic SD patients on the two

semantic tasks. We also observed a significant interaction

between the two factors (F¼ 6.48, p¼ .016). A simple effect test

indicated that the two SD groups exhibited comparable per-

formance on the nonverbal task (i.e., the picture associative

task) (t¼�.43, p¼ .67), whereas the left-predominant atrophic

SD subjects had lower scores on the verbal task (i.e., word

associative matching) than the right-predominant atrophic

SD subjects (t ¼ �2.40, p ¼ .023).
4. Discussion

The purpose of this study was to identify an amodal semantic

hub and modality-specific regions in the temporal lobe using

patientswith SD as a lesionmodel.We attempted to overcome

the shortcomings of previous studies by using a pure SD

cohort and considering the association and dissociation be-

tween performance on the verbal and nonverbal tasks. By

correlating the severity of deficits on the verbal and nonverbal

tasks with the degree of cortical atrophy across of the 33 SD

patients, we observed that the amodal semantic hub was

located in the left antFFG. The verbal-specific regions included

the left posITG and the midSTG, while the nonverbal-specific

region included the right antMTG. These observed effects

could not be accounted for by a wide range of potential con-

founding variables (e.g., MMSE score, total GMVs or perfor-

mance on nonsemantic control tasks). We further found that

the subjects with left-predominant atrophic SD performed

more poorly on the verbal modality task than the subjects

with right-predominant atrophic SD, but that the perfor-

mance of the two groups on the nonverbal modality task was

not significantly different. These observations provide new

evidence for the existence of a semantic hub and reveal the

location of amodal and modality-specific semantic regions

within the temporal lobe (Patterson et al., 2007; Rogers et al.,

2004).

4.1. Left anterior fusiform gyrus: an amodal semantic
hub region

We found that the semantic hub was located in the left

antFFG, consistent with the findings of other studies (Ding

et al., 2016; Mion et al., 2010). Functional neuroimaging

studies have also observed that the left antFFG engages in

semantic processing during the performance of both verbal

(Binder, Desai, Graves, & Conant, 2009; Binney et al., 2010;

https://doi.org/10.1016/j.cortex.2019.05.014
https://doi.org/10.1016/j.cortex.2019.05.014


c o r t e x 1 2 0 ( 2 0 1 9 ) 7 8e9 188
Bright, Moss, & Tyler, 2004; Martin, 2007; Visser, Embleton,

Jefferies, Parker, & Lambon Ralph, 2010) and nonverbal se-

mantic tasks (Binney et al., 2010; Bright et al., 2004; Martin,

2007; Visser et al., 2010). This central hub integrates seman-

tic verbal and nonverbal information and forms transmodal

conceptual representations that capture deeper patterns of

coherent variation across all sensory-motor and verbal mo-

dalities. Therefore, pathological changes in this area lead to

both verbal and nonverbal semantic deficits in SD patients.

We also observed that the left-predominant atrophic SD pa-

tients presented more severe semantic impairments than the

right-predominant atrophic patients. This difference might

also result frommore severe damage to the left antFFG hub in

the patients with left-predominant SD than in those with

right-predominant SD.

Although we found that a large area of the left FFG is

associated with semantic processing, only a very small part of

it was found to represent the amodal semantic region (see

Fig. 2). The roles of the areas beyond the amodal hub in se-

mantic processing are unknown. Indeed, some researchers

have proposed the “graded theory” to interpret the complex

principle of semantic processing in the temporal lobe (Binney,

Parker, & Lambon Ralph, 2012; Lambon Ralph, Jefferies,

Patterson, & Rogers, 2016; Rice, Hoffman et al., 2015). This

theory holds that the function of the semantic hub near the

anterior basal temporal lobe is distinct from that of other re-

gions due to its differential pattern of connectivity with other

regions. Hub areas other than the amodal hub have advan-

tages for specific functions. Thus, we speculate that the

portion of the left FFG outside the amodal regions might be a

graded hub area that not only contributes to all modalities but

is also relatively specific to one given modality.

Notably, we found a role for the left antFFG but no role for

the right antFFG in semantic processing. This finding is not

consistent with the prominent hub-and-spoke theory, which

argues that the semantic hub lies in both the left and right

antFFG regions (Mion et al., 2010; Patterson et al., 2007). There

might be three possible reasons for the null results for the

right antFFG in our study. First, the right antFFGmay also be a

semantic hub, and the negative result might be due to our

insensitive behavioral and imaging measures. Second, this

region might be responsible for abstract semantic processing

(Rice, Hoffman et al., 2015,Rice, Lambon Ralph et al., 2015);

however, the use of concrete stimuli in the current study may

have led to a failure to reveal significant effects. Finally, the

regionmay not be a semantic hub, and the positive findings in

previous studies might be driven by nonverbal semantic pro-

cesses of this region.

4.2. Hemispheric lateralization of verbal and nonverbal
semantic processing

We replicated previous research findings that showed that

verbal and nonverbal modality-specific processes are sup-

ported by the left and right temporal lobes, respectively

(Gainotti, 2012, 2015). The left verbal regions (posITG and

midSTG) were found to be more strongly activated in verbal

semantic tasks than in nonverbal tasks in functional studies

(Thierry & Price, 2006; Vandenberghe et al., 1996). The left

posITG might be engaged in orthographic lexical processing
(Carreiras, Armstrong, Perea, & Frost, 2014), while the left

midSTG is involved in phonological lexical retrieval (Binder

et al., 2009; Graves, Grabowski, Mehta, & Gupta, 2008;

Vigneau et al., 2006). By linking verbal input with semantic

content, these regions support verbal information compre-

hension. Nonverbal effects of the right region (antMTG) were

also reported in SD patients (Butler et al., 2009). Furthermore,

functional neuroimaging studies have also observed

enhanced activation in response to nonverbal stimuli in the

region (Tsukiura, Mochizuki-Kawai, & Fujii, 2006). These ob-

servations support the view that a visual object is perceived in

the primary visual cortices and that the visual information is

then transferred to the temporal lobe via the inferior longi-

tudinal fasciculus. In the anterior temporal lobe, the visual

attributes of the object are further processed, and the object is

recognized (Behrmann & Plaut, 2015).

We further observed a significant interaction between ce-

rebral atrophy laterality and stimuli input modality. Left- and

right-predominant atrophic SD patients performed compa-

rably on the nonverbal task (picture associative matching).

This comparable performance might have occurred because

the two subject groups exhibited damage in the left hub and

the right nonverbal regions, respectively. These two types of

brain regions both participate in nonverbal processing. In

contrast, the left-predominant atrophic SD patients displayed

more severe impairment on the verbal task (word associative

matching task) than did the right-predominant patients. This

difference might be interpreted as indicating that there was

greater damage to the left verbal-specific regions in the left-

predominant patients than in the right-predominant patients.

The current study and previous studies which compared

left and right SD patients consistently revealed marked dis-

sociations of verbal deficits (impairments on naming or word-

based semantic tests) and nonverbal deficits (impairments on

picture-based semantic tests) in the two subgroups (Binney

et al., 2016; Snowden et al., 2018, 2004; Woollams &

Patterson, 2018). This hemispheric lateralization of verbal

and nonverbal semantic processing indicated by these SD

studies was reinforced by the results found in other brain-

injured individuals, such as patients with postsurgical tem-

poral lobe epilepsy (TLE). Left-resected TLE patients showed

weaker performance on tasks that required accessing se-

mantic information from a written word, whereas right-

resected TLE patients were relatively more impaired at

recognizing information from pictures (Rice et al., 2018).

Moreover, the results are also consistent with rTMS studies

(Woollams, Lindley, Pobric, & Hoffman, 2017) and functional

MRI in healthy participants (Rice, Lambon Ralph et al., 2015).

The specialization of the left and right ATLs might arise from

differential functional and structural connectivity with lan-

guage regions and perceptual regions (Lambon Ralph et al.,

2016; Lambon Ralph, McClelland, Patterson, Galton, &

Hodges, 2001; Pobric et al., 2010).

4.3. Bilateral pattern of atrophy of two hemispheres in
SD patients

The 33 SD patients in the current study showed a bilaterally

balanced atrophy between the left and right ATLs (see Table 2,

Fig. 1). This pattern is rarely reported in the literature. Most
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previous studies found more left-lateralized severe degener-

ation in SD patients. Our results might be because we

recruited similar numbers of patients with left- and right-

predominant atrophy (16 vs 17). When these two types of pa-

tients were considered as a single group, no difference in at-

rophy between the ATLs in the two hemisphers was observed.

In contrast, most previous studies have included more in-

dividuals with left-than right-predominant atrophy (e.g., 70 vs

24, Hodges et al., 2010; 36 vs 11, Thompson, Patterson, &

Hodges, 2003; 10 vs 3, Snowden et al., 2004; 6 vs 0, Mummery

et al., 2000; 5 vs 0, Hodges & Patterson, 1996). Thus, these

previous studies observed a left-predominant atrophy pattern

in SD. It is noteworthy that an elegant study by Mion et al.

(2010) selected the same numbers of left- and right-

predominant atrophy SD patients (15 vs 15), and compared

their behavioral performance. We surmise that the effects of

the laterality of cortical atrophymight become less significant

when the patients are assessed as a single group.

4.4. Limitations

This study has some caveats. First, the neuropathological

profiles of the SD patients were not assessed, although the

patients’ clinical data were collected. Second, we only

identified amodal and modality-specific regions for the vi-

sual modality; thus, whether the effects of these regions

could also be generalized to other modalities (e.g., auditory,

tactile) is unclear. Third, we administered the word and

picture associative tasks in a fixed order. A practice effect or

fatigue effect might have occurred because the picture tasks

was always performed after the word task. Future studies

should balance the testing order among subjects. Finally,

the hub-and-spoke theory speculates that information is

interchanged between the semantic hub and modality-

specific regions. The current study only identified these

local brain regions. In the future, we should further recon-

struct the functional and structural connectivity between

the regions.

4.5. Conclusion

By investigating the relationship between the GMV values and

semantic verbal and nonverbal performance, we identified the

semantic hub and modality-specific regions in the temporal

lobe.We observed that the verbal information associated with

an object is represented in the left posITG and left midSTG,

while the nonverbal information associated with the object is

represented in the right antMTG. Eventually, these pieces of

modality-specific information converge in the hub region (i.e.,

the left antFFG) to achieve conceptual recognition. These re-

sults provide new evidence for the organization of semantic

memory on the basis of the SD lesion model, deepening our

understanding of the neuroanatomical network of semantic

processing.
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