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Abstract
Language has been extensively investigated by functional neuroimaging studies. However, only a limited number of
structural neuroimaging studies have examined the relationship between language performance and brain structure
in healthy adults, and the number is even less in older adults. The present study sought to investigate correlations
between grey matter volumes and three standardized language tests in late life. The participants were 344 nondemented, community-dwelling adults aged 70-90 years, who were drawn from the population-based Sydney
Memory and Ageing Study. The three language tests included the Controlled Oral Word Association Task (COWAT),
Category Fluency (CF), and Boston Naming Test (BNT). Correlation analyses between voxel-wise GM volumes and
language tests showed distinctive GM correlation patterns for each language test. The GM correlates were located in
the right frontal and left temporal lobes for COWAT, in the left frontal and temporal lobes for CF, and in bilateral
temporal lobes for BNT. Our findings largely corresponded to the neural substrates of language tasks revealed in
fMRI studies, and we also observed a less hemispheric asymmetry in the GM correlates of the language tests.
Furthermore, we divided the participants into two age groups (70-79 and 80-90 years old), and then examined the
correlations between structural laterality indices and language performance for each group. A trend toward significant
difference in the correlations was found between the two age groups, with stronger correlations in the group of 70-79
years old than those in the group of 80-90 years old. This difference might suggest a further decline of language
lateralization in different stages of late life.
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Introduction

specifically verbal fluency and naming tests, have been
commonly used by clinical psychologists to assess language
function of participants [16]. Both verbal fluency and naming
tests require overt speech production that can cause head
movements and increase image artefacts, making them
unsuitable for fMRI studies [17]. Different from fMRI studies,
structural MRI studies investigate the relationships between
brain structural measures and language performance, which
can provide insights regarding the neuroanatomical basis of
standardized language tests [18].
In contrast to abundant functional neuroimaging studies on
language, only a small number of structural neuroimaging
studies have examined the correlations between grey matter
(GM) measures and language performance in healthy adults

The neural basis of language has been extensively studied,
showing that distinct brain regions play different roles in
language processing [1-7]. The temporal lobe functions as a
core storage site for phonemic and semantic information
[2,5,8,9]; the frontal lobe is involved in executive control and
articulatory planning [10-13]; and the parietal lobe is associated
with the integration of information regarding various attributes
of objects [14,15]. Functional magnetic resonance imaging
(fMRI) has been widely used in language studies, as it can
directly measure neural activity during language tasks.
However, the adaptation of standardized tests to fMRI designs
has been constrained. Standardized language tests,
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[18-20]. In participants with a wide age range across young and
old adulthoods, language tests have been found to be
positively correlated with regional GM measurements. Previous
studies have shown that positive GM correlates of phonemic
fluency tests were located in the left frontal and temporal lobes
[19,20]; and the positive GM correlates of semantic fluency
tests were located in the left temporal lobe [19]. The results
from structural imaging studies are concordant with the findings
of functional neuroimaging studies, as the locations where the
GM volumes are positively correlated with language
performance are consistent with the brain regions that show
functional activations during comparable language tasks.
As ageing is accompanied with brain atrophy and cognitive
decline, the structure-language relationship in old adulthood
might be different from the relationship in young adulthood.
However, only a few studies have examined the correlations
between GM measures and language tests in older adults, and
their results are rather diverse. One study reported that naming
tests were positively correlated with GM volumes in the left
temporal lobe [21]. In another two studies, however, no positive
correlation was found between GM volumes and verbal fluency
and naming tests [22,23]. The inconsistent results may be due
to different sample compositions across studies. Several
studies have shown that language function remains stable until
late old age [24-26]. One recent study demonstrated a late
change in the structural cortical network associated with
language function [27]. In people of early old age, individual
variations on language performance and relevant brain
structures may be limited, which reduce the likelihood of a
relationship between the two variables [22,23]. The small
sample size of studies may also contribute to the inconsistency
of results [21,23]. Thus, a further study in a large sample of
elderly adults aged 70 and beyond is warranted to better
understand the structure-language relationship in late life.
Language has an interesting characteristic as its neural basis
often presents an asymmetric pattern, showing a lefthemispheric dominance in the frontal and temporal lobes,
termed as language lateralization [28-30]. Most studies on
language lateralization employ fMRI to directly compare
bilateral neural activities related to a language task. However,
structural MRI studies also provide evidence to support
language
lateralization.
Structural-functional
correlation
analysis has shown that the GM volumes that are positively
correlated with verbal fluency tests are mainly located in the left
frontal and temporal lobes [19,20]. Moreover, the variation in
language lateralization is found to be associated with the
degree of structural laterality [31-33]. Evidence also suggests
that higher degree of leftward asymmetry in language-related
regions is correlated with better language function [34-36]. In
older adults, however, the neural basis of language displays a
more symmetric pattern, located in the bilateral frontal and
temporal lobes [37-39]. Based on substantial evidence
provided by fMRI studies, a theory was proposed (the
HAROLD model) [40], suggesting that the reduction of
hemispheric asymmetry in older adults may reflect the plasticity
of the ageing brain to engage extra neural circuits to
compensate age-related neural inefficiency [40-42]. A recent
fMRI study examined language lateralization in different age
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groups of healthy adults ranging from 5 to 67 years old, and the
results showed a trend of decreasing language lateralization
from 25 years old onwards [43]. However, few studies have
investigated how language lateralization might change in
different stages of late life.
The present study employed three standardized language
tests to evaluate the performance of older adults in verbal
fluency and naming ability. The performance on language tests
was correlated with GM volumes at the voxel-level across the
whole brain, which precludes a priori hypotheses for particular
brain regions. Our participants were epidemiologically recruited
from community-dwelling non-demented adults. With a big
sample size (n=344) and an old age range for the participants
(70-90 years), this study allows greater inter-individual
variations on language performance and GM volumes, which
may increase the likelihood of a relationship between the two
variables. We hypothesized that some regional GM correlates
of language tests might be located in the right hemisphere,
consistent with the reduction of hemispheric asymmetry in old
age. Moreover, we divided the whole sample into two age
groups (70-79 and 80-90 years old), calculated the correlations
between structural laterality indices and language tests for
each group, and then compared the correlations between the
two age groups. We aimed to explore whether the relationship
between structural laterality and language function differs in the
two age groups, which may indicate a change of language
lateralization in different stages of late life.

Methods
Subjects
The whole sample (n=344) was drawn from Wave 1 of the
Sydney Memory and Ageing Study (MAS). The MAS
participants (n=1037) were randomly recruited from
community-dwelling adults aged 70-90 years [44], with the
following exclusion rules: dementia based on DSM-IV criteria
[45]; adjusted Mini-Mental State Examination score (MMSE)
<24 [46,47]; developmental disability; history of psychosis;
multiple sclerosis; motor neuron disease; progressive
malignancy; or inadequate English to complete basic
assessment.
For the purposes of this study, additional exclusion criteria
were applied to the eligible MAS participants: no MRI scan data
(n=495); diagnosed with stroke (n=12), Parkinson's disease
(n=8), epilepsy (n=4), severe head injury (unconsciousness >
24 hrs, n=2), brain cancer (n=1), benign meningioma (n=2),
brain infection (n=6), transient global amnesia (n=3), or
depression (n=60); non-English speaking background (n=78);
incomplete data on language tests (n=10); extreme outliers of
the language tests scores (> 3 interquartile range below/above
1st/ 3rd quartile) (n=1); or poor MRI scan quality (including MR
artifacts, or errors in data saving or converting) (n=11). Of all
participants (n=340), 93.3% are right-handers (n=321), 3.2%
are left-handers (n=11), and 3.5% are ambidextrous individuals
(n=12).
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Ethics Statement

(WM) from all T1 images. Each T1 image was then registered
to the customized templates to create the modulated warped
tissue class image. Then, spatial normalization of GM to the
Montreal Neurological Institute (MNI) space was achieved by
using an affine transformation to the ICBM152 template. Lastly,
the 12-mm full width at half maximum Gaussian kernel
smoothing was performed to generate the voxel-based GM
volumes for each subject for the subsequent statistical
analysis.

The study was approved by the ethics committee of the
University of New South Wales and written informed consent
was obtained from each participant.

Neuropsychological Tests
In the present study, three standardized language tests were
administered to all participants by trained psychology
graduates. The three language tests were part of a
comprehensive battery of neuropsychological tests applied in
the Sydney Memory and Ageing study to assess cognitive
function of the participants. The Controlled Oral Word
Association Task (COWAT) was conducted by asking
participants to verbally generate as many words as possible
within 60 seconds, beginning with an assigned letter, in this
case the letters F, A, and S [48]. The Category Fluency test
(CF) required participants to verbally generate as many words
from a particular category as possible within 60 seconds, in this
study ‘animals’ [49]. The 30 item Boston Naming Test (BNT)
consists of 30 picture plates with drawn objects, and required
participants to verbally name them [50].

Statistical Analysis
Correlation analyses between voxel-wise GM volumes and
language performance were performed in the whole sample
(n=344). Using the SPM5 package, the GM volume for each
voxel was regressed on the raw score of each test after
controlling for age, sex, years of education, total intracranial
volume (TIV), scanner, cardiovascular risk score (CVR), and
handedness. The calculation of CVR was performed by the
MAS research group based on a regression model developed
by the researchers of The Framingham Stroke Study [53]. A
non-stationary correction toolbox was utilized to overcome the
non-stationarity problem in VBM [54,55]. Anatomical locations
of the peak voxels were labelled using the SPM Anatomy
Toolbox version 1.7 (http://www.fz-juelich.de/inm/inm-1/
spm_anatomy_toolbox)
[56],
and
xjView
8
(http://
www.alivelearn.net/xjview/). For the voxel-wise GM correlation
analyses, the significance threshold in the whole sample was
set at a voxel-level inference of p<0.001 (uncorrected)
combined with a cluster-level inference of p<0.05 (FWEcorrected).
A conjunction analysis was performed to locate the common
brain areas where GM volumes were positively correlated with
all three tests or any two tests in the whole sample, based on
the conjunction null method [57]. The positive GM correlates of
the three language tests that survived the significance
threshold were overlapped with each other, and the common
areas were extracted for illustration.
Furthermore, we divided the whole sample into two age
groups (aged 70-79 years, n=205; aged 80-90 years, n=139).
Based on the results from prior analysis in the whole sample,
brain regions where GM volumes were positively correlated
with a language test were determined as region-of-interests
(ROIs) for that test, and the boundaries of bilateral ROIs were
defined using the Automated Anatomical Labelling atlas (AAL)
[58]. The structural laterality index (sLI) for each ROI was
computed individually with the formula used by previous
studies, sLI = (Vleft - Vright)/(Vleft + Vright) [33]. The values of Vleft
and Vright were calculated as the sum of voxel-wise GM
volumes within bilateral ROIs. Then the correlation coefficient
(r) between sLI and language test was calculated for each age
group, after controlling for age, years of education, sex, TIV,
scanner, CVR, and handedness (IBM SPSS 20.0, New York).
Lastly, to compare the correlation coefficients between two age
groups, a Fisher’s z-transformation of the r values was
performed and the level of significance was determined [59].

MRI Acquisition
Structural MRI scans of 184 participants were acquired using
a Philips 3T Intera Quasar scanner (Philips Medical Systems,
Best, The Netherlands). The remaining 160 participants were
scanned on a Philips 3T Achieva Quasar Dual scanner which
replaced the original one in 2007 for reasons outside of the
investigators’ control. Acquisition parameters for all T1weighted structural MRI scans were: TR=6.39 ms, TE=2.9 ms,
flip angle=8°, matrix size=256x256, FOV=256x256x190, and
slice thickness=1 mm with no gap between; yielding 1x1x1
mm3 isotropic voxels. No significant differences on GM, WM,
and cerebrospinal fluid volumes were found between the two
scanner groups. Moreover, no significant difference in the
distribution of two age groups (70-79 and 80-90 years old) was
found between the two scanner groups (p=0.24). Nevertheless,
a binary variable accounting for each of the scanners was
included in the statistical analysis as a covariate to minimize
potential scanner effects.

Image Processing
The procedure for processing T1-weighted MRI scans using
the approach of voxel-based morphometry (VBM) had been
described previously [51]. In brief, after visual inspection by
experienced radiologists the brain scans with structural
abnormalities such as brain tumour or severe image artifacts
were removed from the study. Secondly we used the hidden
Markov random field option in the unified segmentation of the
Statistical Parametric Mapping software (SPM5, Wellcome
Department of Imaging Neuroscience, London, UK; http://
www.fil.ion.ucl.ac.uk/spm) to segment T1 images into different
tissues with the most commonly used ICBM152 atlas as the
template. Next, the toolbox of Diffeomorphic Anatomical
Registration Through and Exponentiated Lie Algebra
(DARTEL) [52] in SPM5 was used to generate a series of
customized templates and flow fields of GM and white matter
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Figure 1. Grey matter correlates of COWAT. Brain regions where voxel-based GM volumes are positively correlated with
COWAT in 344 participants aged 70-90 years, are superimposed on the sagittal slices of the brain template. The slices are at 5 mm
intervals between and including -80 mm and 75 mm. The colour bar represents the t score ranging from 0 to 5.5; and yellow
indicates a higher t score than red.
doi: 10.1371/journal.pone.0080215.g001

Results

Table
1.
Demographic
neuropsychological performance.

The demographic characteristics of age, sex and years of
education, and the raw scores for each of the three language
tests in all participants as well as each age group are shown in
Table 1. Correlations between voxel-wise GM volumes and
three language test were all positive as no negative
correlations were found. The cluster of voxels, where GM
volumes were significantly positively correlated with language
performance in the whole sample, were superimposed on the
sagittal slices of the standard brain template (provided by the
MRIcro package http://www.mricro.com), as illustrated in
Figure 1-3 for each language test separately. Within the
suprathreshold clusters, the neuroanatomical locations of peak
voxels were summarized in Table 2 for each language test
individually.
The cluster of voxels where GM volumes were positively
correlated with COWAT were located in the left posterior
middle temporal gyrus, right precentral and inferior frontal gyri,
right hippocampus, right substantia nigra, and bilateral
cerebellum (Figure 1). The positive GM correlates of CF were
only located in the left hemisphere, including the hippocampus,
parahippocampal gyrus, temporal pole, orbitofrontal gyrus,
inferior frontal gyrus, insula, and cerebellum (Figure 2). The
positive GM correlates of BNT were located in largely
symmetrical positions of bilateral hemispheres, including the
bilateral hippocampi, parahippocampal gyri and temporal poles,
as well as the right fusiform gyrus (Figure 3).
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70-79 years

characteristics

and

80-90 years

% or Mean (SD) Total (n=344) (n=205)

(n=139)

p-value

Sex (% male)

45.6

47.3

43.2

0.45

Age

78.3 (4.8)

75.0 (2.4)

83.2 (2.7)

<0.001

Education (year) 11.8 (3.6)

11.9 (3.6)

11.5 (3.7)

0.77

COWAT

37.8 (12.3)

39.0 (12.2)

36.1 (12.4)

0.06

CF

16.0 (4.4)

16.7 (4.5)

14.8 (3.8)

<0.001

BNT

24.9 (3.4)

25.3 (3.2)

24.4 (3.6)

0.02

COWAT = Controlled Oral Word Association Task; CF = Category Fluency; BNT=
Boston Naming Test.
Ratio of males was compared between the two age groups using the chi-square
test. Age, years of education, and raw score on each of the three language tests
were compared between two age groups using a univariate general linear model.
doi: 10.1371/journal.pone.0080215.t001

The conjunction analysis revealed no common GM
correlates to all three language tests. However, there were
common GM correlates (893 voxels) to CF and BNT in the left
hippocampus and left parahippocampal gyrus (Figure S1A).
The common GM correlates to COWAT and CF (34 voxels)
were located in the left cerebellum (Figure S1B), and the
common GM correlates to COWAT and BNT (8 voxels) were
located in the right hippocampus (Figure S1C).
The correlations between structural laterality indices of ROIs
and language tests in two age groups were shown in Table 3.
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Figure 2. Grey matter correlates of CF. Brain regions where voxel-based GM volumes are positively correlated with CF in 344
participants aged 70-90 years, superimposed on the sagittal slices of the brain template. The slices are at 4 mm intervals between
and including -48 mm and -20 mm. The colour bar represents the t score ranging from 0 to 5.5; and yellow indicates a higher t score
than red.
doi: 10.1371/journal.pone.0080215.g002

Figure 3. Grey matter correlates of BNT. Brain regions where voxel-based GM volumes are positively correlated with BNT in 344
participants aged 70-90 years, superimposed on the sagittal slices of the brain template. The slices are at 4 mm intervals between
and including -48 mm and 44 mm. The colour bar represents the t score ranging from 0 to 5.5; and yellow indicates a higher t score
than red.
doi: 10.1371/journal.pone.0080215.g003

We found a significantly positive correlation between CF and
sLI of the inferior frontal gyrus (r=0.142, p=0.047) and an
almost significant correlation between COWAT and sLI of the
precentral gyrus (r=0.126, p=0.079) in the group of 70-79 years
old, but both were not significant in the 80-90 year old group.
Furthermore, Fisher's z test revealed a trend toward significant
difference between the two age groups in the correlation
between COWAT and sLI of the precentral gyrus (z=1.83,
p=0.067), and the correlation between CF and sLI of the
inferior frontal gyrus (z=1.65, p=0.099). After adjusted by
Bonferroni correction for multiple comparisons, however, the
differences between two age groups in the correlations
between structural laterality indices of ROIs and language tests
were not significant. The boundaries of bilateral ROIs were
illustrated in Figure S2. Descriptive statistics of sLI for two age
groups were presented in Table S1.
In addition, we divided the whole sample into two groups
according to the two scanners, and then performed correlation
analysis between voxel-wise GM volumes and language tests
for each scanner group. We found similar patterns in the GM
correlates of language tests between the two scanner groups
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(see Figure S3). Furthermore, we performed correlation
analyses between structural laterality indices and language
tests for each scanner group. The correlation coefficients were
not significantly different between the two groups.

Discussion
Our study demonstrated that three language tests were all
positively correlated with GM volumes in the frontal, temporal
and parietal lobes in the non-demented elderly adults. Our
results also displayed distinct GM correlation patterns for each
language test. Although all three tests involve word retrieval
and articulation, they differ in the strategies applied in word
searching, selection and inhibition processes. Both verbal
fluency tests, COWAT and CF, measure the efficiency of word
generation, but differ in how the output is induced by either
phonemic or semantic cues. The confrontational naming test,
BNT, does not require automatic word generation, but
evaluates the naming ability induced by visual stimulus. The
GM correlation patterns of three language tests were discussed
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Table 3. Correlations between structural laterality indices of
ROIs and language tests in two age groups.

Table 2. Anatomical region and coordinates of peak voxels
within the suprathreshold clusters correlated with three
language tests in 344 participants aged 70-90 years.

Young
Test

Cluster-level

Difference
p-

T
p (FWE) size (n)

Old

Voxel-level
MNI coordinates value
X

Y

Anatomical location
(BA)

COWAT PRE

Z

IFG
L posterior middle

r

p-value

r

0.126

0.079

0.102

0.154

MTG

0.025

p-value

z

value

-0.078 0.379

1.83

0.067

0.094

0.289

0.07

0.94

0.030 0.738

-0.04 0.968

0.732

COWAT 0.002

466

-52

-38

-4

4.47

IFG

0.142

0.047*

-0.042 0.639

1.65

0.099

0.008

221

-20

-40

-38

4.46

L cerebellum

TP

0.114

0.111

0.019

0.832

0.85

0.395

0.035

275

60

-2

20

4.07

R precentral gyrus (6)

HIPP 0.027

0.707

0.164

0.064

-1.23 0.219

56

14

24

3.88

TP

30

-22

-10

3.28

R hippocampus

32

-20

-12

3.27

R substantia nigra

The correlation coefficient (r) between structural laterality index of each ROI and
each language test was calculated for each age group, using partial correlation

0.008

CF

257

CF

R inferior frontal gyrus

BNT

(44)

0.262

-0.025 0.777

0.94

HIPP -0.015 0.829

0.080

-0.012 0.896

-0.03 0.976

FG

-0.013 0.883

-0.07 0.944

-0.021 0.772

0.347

0.027

177

20

-42

-38

4.27

R cerebellum

<0.001

3357

-32

-26

-10

5.14

L hippocampus

model and controlling for age, years of education, sex, TIV, scanner, CVR, and

-50

18

-12

4.38

L temporal pole (38)

handedness. Then the correlation coefficients were compared between the two

-42

0

2

3.67

L insula

age groups, using a Fisher’s z-transformation of the r values and the level of

L orbitofrontal gyrus

significance was determined.

(47)

Abbreviation for ROIs: PRE = precentral gyrus; IFG = inferior frontal gyrus

L inferior frontal gyrus

(including opercular part and triangular part); MTG = middle temporal gyrus; TP =

-38

BNT

temporal gyrus (21)

24

-20

3.60

-42

6

8

3.83

(44)

superior temporal pole; HIPP = combined hippocampus and parahippocampal

L cerebellum

gyrus; FG = fusiform gyrus.

L parahippocampal

*. p<0.05

gyrus (28)

doi: 10.1371/journal.pone.0080215.t003

<0.001

847

-28

-62

-38

3.95

0.001

1198

-24

4

-26

4.14

-34

6

-26

3.59

L temporal pole (38)

-26

-10

-24

3.56

L hippocampus

36

8

-28

4.38

R temporal pole (38)

34

-20

-20

4.03

38

-16

-26

3.27

individually, and the common and specific features were
identified.

temporal GM volumes. Prior studies have shown that this brain
area, along with the inferior frontal gyrus, is involved in
executive control of demanding language tasks [13,64-66]. A
positive correlation between the substantia nigra and COWAT
was also observed in this study, consistent with the
involvement of this region in planning and execution of
articulatory movement that is heavily engaged in this phonemic
fluency test [67,68]. We noted that the frontal GM correlates of
COWAT was only located in the right hemisphere, instead of a
left-hemispheric dominance that is often found in healthy
younger adults [28]. This observation might reflect the
reduction of hemispheric asymmetry in late life, consistent with
the findings of prior fMRI studies on the neural substrates of
language tasks in older adults [69].

Grey Matter Correlates of COWAT

Grey Matter Correlates of CF

0.002

998

R parahippocampal
gyrus (28)
R fusiform gyrus (20)

The voxel-wise GM volumes were regressed on the three language test scores
after controlling for age, years of education, sex, scanner, total intracranial volume
(TIV), cardiovascular risk score, and handedness in the whole sample. The
significance level was set at a voxel-level p<0.001 (uncorrected) combined with
cluster-level p<0.05 (FWE-corrected) for the whole sample.
doi: 10.1371/journal.pone.0080215.t002

As a classical phonemic fluency test, GM correlates of
COWAT were mainly located in the frontal, temporal and
subcortical areas in the non-demented adults aged 70-90
years. The relationship between COWAT and the frontal GM
volumes, in particular the precentral and inferior frontal gyri,
has been consistently demonstrated in functional neuroimaging
studies, which suggest the frontal regions are involved in
executive control and search strategies [60-62]. Our results
were also consistent with previous structural MRI studies,
which showed the patients with frontal lobe lesions performed
poorly on phonemic fluency tests [63], Moreover, we found that
COWAT was positively correlated with the left posterior middle

PLOS ONE | www.plosone.org

Our results showed that this semantic fluency test was
correlated with GM volumes in the left hemisphere, including
the frontal and temporal lobes, as well as the hippocampus,
insula and cerebellum. Similar to COWAT, CF had the GM
correlates in the frontal lobe, which may also indicate the
involvement of this region in executive control and search
strategies that are essential to both verbal fluency tests [60-62].
However, the extent and exact locations of the frontal GM
correlates of two verbal fluency tests were different, with a
bigger cluster of voxels in the precentral and inferior frontal
gyrus for COWAT, and a smaller cluster of voxels in the
orbitofrontal and inferior frontal gyrus for CF. This difference is
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coherent with previous studies, which suggests that phonemic
fluency tasks have greater executive demands and require
more frontal activation than semantic fluency tasks, and the
frontal neural basis is located in more dorsal positions than that
of semantic fluency tasks [70-72]. Our study also showed that
the positive GM correlates of CF were located in the temporal
and hippocampal regions. Although the involvement of the
hippocampus and its neighbouring areas in episodic memory
has been well-established [73-75], their roles in semantic
processes is still a topic of debate [76-79]. In a recent fMRI
study Ryan and colleagues found the hippocampal activation
during performing both semantic and episodic retrieval tasks in
healthy adults [80]. Previous studies also showed that the
patients with the temporal atrophy such as Alzheimer’s disease
often had semantic impairments [81,82]. Our findings provide
further support for the roles of the hippocampus and its
adjacent brain regions in the retrieval of semantic knowledge.
This study also showed that the insula was correlated with CF.
A previous study revealed that the left insula atrophy was
correlated with verbal generation difficulty in healthy
participants across 19-88 years [83]. Our findings are
consistent with the role of the insula in articulation planning
[84-86].

leftward GM correlation pattern for language tests, consistent
with the reduction of hemispheric asymmetry in older adults as
observed in previous fMRI studies [37-39]. The trend of
changing language lateralization with age has been
demonstrated by a recent fMRI study, which shows the lefthemispheric dominance increasing with age between 5-20
years, reaching a plateau at 20-25 years, and then slowly
declining afterwards [43]. Different from fMRI studies that
directly compare bilateral neural activities related to a language
task, structural MRI studies have used structural laterality to
investigate language lateralization. Evidence has shown that
language lateralization is associated with structural laterality;
moreover, the degree of leftward structural asymmetry is
positively correlated with language performance, consistent
with the notion of language lateralization [31,34-36]. Using
structural asymmetry indices that were computed with regional
GM volumes, we explored the relationship between structural
asymmetry indices and language performance in two age
groups (70-79 and 80-90 years old). We noted that the
difference between two groups was approaching significance
(p<0.1), with stronger correlations between leftward asymmetry
of the frontal regions and two language tests (CF and COWAT)
in the younger group than those in the older group. The results,
together with our findings of less leftward patterns in voxel-wise
GM correlations of language tests, suggest a further declining
of language lateralization in different stages of late life.
Our study is subject to several limitations. Firstly, as the
ageing brain often undergoes regional structural changes, such
as GM atrophy and WM disruption, the reliability of brain
registration and segmentation could be affected in processing
brain images of the elderly adults [97]. However, we used an
advanced DARTEL method, which has shown a better
registration effect compared to other methods [98], to improve
the accuracy of image processing. Secondly, the change of
scanner in the middle of the study is a potential limitation
though the two scanners were made by the same manufacturer
and used the same parameter settings. The validation tests
showed that the two scanner groups had similar
neuroanatomical correlation patterns with language tests, and
the correlations between structural laterality indices and
language tests did not show any significantly difference
between the two scanner groups. Moreover, the inclusion of
scanner type as a covariate could minimize the likelihood of its
influence on the relationship between voxel-wise GM volumes
and language tests.
In conclusion, our study demonstrated distinctively positive
correlation patterns between voxel-wise GM volumes and three
standardized language tests (COWAT, CF and BNT) in a large
sample of non-demented, community-dwelling adults aged
70-90 years. Our results showed that COWAT was mainly
correlated with the right frontal and left temporal GM volumes,
CF with the left frontal and left temporal GM volumes, and BNT
with bilateral temporal GM volumes. The neuroanatomical
locations of these GM correlates were largely consistent with
the findings of fMRI studies on neural substrates of language
tasks, and they also indicated a reduction of hemispheric
asymmetry as shown in the pattern of GM correlates of
language tests. In addition, we found a trend toward significant

Grey Matter Correlates of BNT
The present study showed a symmetrical pattern in the GM
correlates of BNT, which were located in the bilateral
hippocampi, parahippocampal gyri and temporal poles. In
contrast to the two verbal fluency tests, BNT had no significant
GM correlates in the frontal lobe. Evidence from lesion studies
revealed that patients suffering from frontal lobe damage
showed no deficit in naming ability, but severe impairment in
verbal fluency [87,88]. The evidence may suggest that the
naming test has a relatively small demand on executive
function and attention, different from verbal fluency tests [89].
As shown in the conjunction analysis, BNT and CF were both
correlated with GM volumes in the left hippocampus and left
parahippocampal gyrus, consistent with the involvement of
these regions in semantic retrieval [80], an essential cognitive
component for both tests [90]. The temporal pole was also
found to be correlated with BNT in this study, which is possibly
concordant with the role of this region as a hub area to
converge different sources of information about an object, in
order to assist semantic retrieval for the naming task [91-93].
The correlation of BNT with the fusiform gyrus may indicate the
involvement of this region in processing visual information
regarding an object, as revealed in previous studies [28,94].
Moreover, we found that three language tests all had GM
correlates in the cerebellum. Although only a few studies
investigated the role of cerebellum in language, they have
shown that the cerebellum has a contribution to speech
production and verbal working memory [84,95,96], which are
important components for the three language tests.

Language Lateralization in Late Life
Our study showed that positive GM correlates of language
tests were located in the right frontal lobe for COWAT and the
bilateral temporal lobes for BNT. This finding indicated a less
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difference in the correlations between structural laterality index
and language tests between two age groups (70-79 and 80-90
years old), with stronger correlations in the younger age group
than those in the older age group. This difference may suggest
a further decline of language lateralization with age in late life.

volumes were positively correlated with three language tests in
two scanner groups were superimposed on the 3D brain
templates. The figures shown in the 1st column were for the
group of Scanner 1, while the figures in the 2nd column were for
the group of Scanner 2. The figures for each language test
were demonstrated in three rows. A) Grey matter correlates of
COWAT; B) Grey matter correlates of CF; C) Grey matter
correlates of BNT.
(TIF)

Supporting Information
Figure S1. Common GM correlates of language tests. The
conjunction analysis showed the common voxels where GM
volumes are positively correlated with different language tests
in 344 participants aged 70-90 years. These common GM
correlates in colour red were superimposed on the sagittal
slices of the brain template. A) common GM correlates to CF
and BNT; B) common GM correlates to COWAT and CF; C)
common GM correlates to COWAT and BNT.
(TIF)

Table S1. Descriptive statistics of structural laterality
indices (sLI) of region-of-interests (ROIs) in two age
groups.
(DOCX)

Acknowledgements
We are grateful to all participants in MAS and the MAS
research team. The authors also thank Ms. Kate Crosbie for
proofreading the manuscript and Ms. Janelle Govett for
providing language assistance.

Figure S2. Bilateral ROIs for each language test. Based on
the locations where voxel-wise volumes were positively
correlated with three language tests in the whole sample,
region-of-interests (ROIs) for each language test were
determined. The boundary of each ROI was delineated using
the Automated Anatomical Labelling atlas (AAL), and
demonstrated by superimposing on the sagittal slices of the
brain template. The slices were at 4 mm intervals between and
including -80 mm and 76 mm. A) bilateral ROIs of COWAT; B)
bilateral ROIs of CF; C) bilateral ROIs of BNT.
(TIF)

Author Contributions
Conceived and designed the experiments: HZ JT PS WW.
Performed the experiments: HZ. Analyzed the data: HZ.
Contributed reagents/materials/analysis tools: HZ WW NK JC
KK. Wrote the manuscript: HZ JT PS WW NK JC HB MS SR
KK.

Figure S3. Grey matter correlates of three language tests
in two scanner groups. Brain regions where voxel-based GM

References
1. Cabeza R, Nyberg L (2000) Imaging cognition II: An empirical review of
275 PET and fMRI studies. J Cogn Neurosci 12: 1-47. doi:
10.1162/08989290051137585.
2. Martin A, Chao LL (2001) Semantic memory and the brain: structure
and processes. Curr Opin Neurobiol 11: 194-201. doi:10.1016/
S0959-4388(00)00196-3. PubMed: 11301239.
3. Bookheimer S (2002) Functional MRI of language: new approaches to
understanding the cortical organization of semantic processing. Annu
Rev
Neurosci
25:
151-188.
doi:10.1146/annurev.neuro.
25.112701.142946. PubMed: 12052907.
4. Thompson-Schill SL (2003) Neuroimaging studies of semantic memory:
inferring "how" from "where". Neuropsychologia 41: 280-292. doi:
10.1016/S0028-3932(02)00161-6. PubMed: 12457754.
5. Damasio H, Tranel D, Grabowski T, Adolphs R, Damasio A (2004)
Neural systems behind word and concept retrieval. Cognition 92:
179-229. doi:10.1016/j.cognition.2002.07.001. PubMed: 15037130.
6. Vigneau M, Beaucousin V, Hervé PY, Duffau H, Crivello F et al. (2006)
Meta-analyzing left hemisphere language areas: phonology, semantics,
and sentence processing. NeuroImage 30: 1414-1432. doi:10.1016/
j.neuroimage.2005.11.002. PubMed: 16413796.
7. Gerlach C (2007) A review of functional imaging studies on category
specificity. J Cogn Neurosci 19: 296-314. doi:10.1162/jocn.
2007.19.2.296. PubMed: 17280518.
8. Chao LL, Haxby JV, Martin A (1999) Attribute-based neural substrates
in temporal cortex for perceiving and knowing about objects. Nat
Neurosci 2: 913-919. doi:10.1038/13217. PubMed: 10491613.
9. Noppeney U, Price CJ (2004) Retrieval of abstract semantics.
NeuroImage 22: 164-170. doi:10.1016/j.neuroimage.2003.12.010.
PubMed: 15110006.
10. Chee MW, Hon NH, Caplan D, Lee HL, Goh J (2002) Frequency of
concrete words modulates prefrontal activation during semantic

PLOS ONE | www.plosone.org

11.

12.

13.

14.
15.

16.
17.
18.
19.

8

judgments. NeuroImage 16: 259-268. doi:10.1006/nimg.2002.1061.
PubMed: 11969333.
Nyberg L, Marklund P, Persson J, Cabeza R, Forkstam C et al. (2003)
Common prefrontal activations during working memory, episodic
memory, and semantic memory. Neuropsychologia 41: 371-377.
PubMed: 12457761.
Zheng ZZ, Munhall KG, Johnsrude IS (2010) Functional overlap
between regions involved in speech perception and in monitoring one's
own voice during speech production. J Cogn Neurosci 22: 1770-1781.
PubMed: 19642886.
Whitney C, Kirk M, O'Sullivan J, Lambon Ralph MA, Jefferies E (2011)
The neural organization of semantic control: TMS evidence for a
distributed network in left inferior frontal and posterior middle temporal
gyrus. Cereb Cortex 21: 1066-1075. PubMed: 20851853.
Indefrey P (2011) The spatial and temporal signatures of word
production components: a critical update. Front Psychol 2: 255.
PubMed: 22016740.
Sharp DJ, Awad M, Warren JE, Wise RJ, Vigliocco G et al. (2010) The
neural response to changing semantic and perceptual complexity
during language processing. Hum Brain Mapp 31: 365-377. PubMed:
19777554.
Lezak MD (2004) Neuropsychological assessment (4th ed.). New York:
Oxford University Press.
Price CJ (2010) The anatomy of language: a review of 100 fMRI
studies published in 2009. Ann N Y Acad Sci 1191: 62-88. PubMed:
20392276.
Richardson FM, Price CJ (2009) Structural MRI studies of language
function in the undamaged brain. Brain Struct Funct 213: 511-523.
PubMed: 19618210.
Grogan A, Green DW, Ali N, Crinion JT, Price CJ (2009) Structural
correlates of semantic and phonemic fluency ability in first and second

November 2013 | Volume 8 | Issue 11 | e80215

GM Correlates of Language Tests in Late Life

20.

21.

22.

23.

24.
25.

26.

27.

28.
29.

30.

31.
32.

33.

34.
35.
36.

37.

38.

39.

languages. Cereb Cortex 19: 2690-2698. doi:10.1093/cercor/bhp023.
PubMed: 19293396.
Newman LM, Trivedi MA, Bendlin BB, Ries ML, Johnson SC (2007)
The Relationship Between Gray Matter Morphometry and
Neuropsychological Performance in a Large Sample of Cognitively
Healthy Adults. Brain Imaging Behavior 1: 3-10. doi:10.1007/
s11682-007-9000-5. PubMed: 18836573.
Cardenas VA, Chao LL, Studholme C, Yaffe K, Miller BL et al. (2011)
Brain atrophy associated with baseline and longitudinal measures of
cognition. Neurobiol Aging 32: 572-580. doi:10.1016/j.neurobiolaging.
2009.04.011. PubMed: 19446370.
Chee MWL, Chen KHM, Zheng H, Chan KPL, Isaac V et al. (2009)
Cognitive function and brain structure correlations in healthy elderly
East Asians. Neuroimage 46: 257-269. doi:10.1016/j.neuroimage.
2009.01.036. PubMed: 19457386.
Ziegler DA, Piguet O, Salat DH, Prince K, Connally E et al. (2010)
Cognition in healthy aging is related to regional white matter integrity,
but not cortical thickness. Neurobiol Aging 31: 1912-1926. doi:10.1016/
j.neurobiolaging.2008.10.015. PubMed: 19091444.
Nicholas M, Obler L, Albert M, Goodglass H (1985) Lexical retrieval in
healthy
aging.
Cortex
21:
595-606.
doi:10.1016/
S0010-9452(58)80007-6. PubMed: 4092486.
Park DC, Lautenschlager G, Hedden T, Davidson NS, Smith AD et al.
(2002) Models of visuospatial and verbal memory across the adult life
span. Psychol Aging 17: 299-320. doi:10.1037/0882-7974.17.2.299.
PubMed: 12061414.
Tombaugh TN, Kozak J, Rees L (1999) Normative data stratified by
age and education for two measures of verbal fluency: FAS and animal
naming. Arch Clin Neuropsychol 14: 167-177. doi:10.1016/
S0887-6177(97)00095-4. PubMed: 14590600.
Chen ZJ, He Y, Rosa-Neto P, Gong G, Evans AC (2011) Age-related
alterations in the modular organization of structural cortical network by
using cortical thickness from MRI. NeuroImage 56: 235-245. doi:
10.1016/j.neuroimage.2011.01.010. PubMed: 21238595.
Binder JR, Frost JA, Hammeke TA, Cox RW, Rao SM et al. (1997)
Human brain language areas identified by functional magnetic
resonance imaging. J Neurosci 17: 353-362. PubMed: 8987760.
Pujol J, Deus J, Losilla JM, Capdevila A (1999) Cerebral lateralization
of language in normal left-handed people studied by functional MRI.
Neurology 52: 1038-1043. doi:10.1212/WNL.52.5.1038. PubMed:
10102425.
Somers M, Neggers SF, Diederen KM, Boks MP, Kahn RS et al. (2011)
The Measurement of Language Lateralization with Functional
Transcranial Doppler and Functional MRI: A Critical Evaluation. Front
Hum Neurosci 5: 31. PubMed: 21483761.
Josse G, Kherif F, Flandin G, Seghier ML, Price CJ (2009) Predicting
language lateralization from gray matter. J Neurosci 29: 13516-13523.
doi:10.1523/JNEUROSCI.1680-09.2009. PubMed: 19864564.
Knaus TA, Silver AM, Kennedy M, Lindgren KA, Dominick KC et al.
(2010) Language laterality in autism spectrum disorder and typical
controls: a functional, volumetric, and diffusion tensor MRI study. Brain
Lang 112: 113-120. doi:10.1016/j.bandl.2009.11.005. PubMed:
20031197.
Schneider P, Sluming V, Roberts N, Scherg M, Goebel R et al. (2005)
Structural and functional asymmetry of lateral Heschl's gyrus reflects
pitch perception preference. Nat Neurosci 8: 1241-1247. doi:10.1038/
nn1530. PubMed: 16116442.
Foundas AL, Leonard CM, Gilmore RL, Fennell EB, Heilman KM (1996)
Pars triangularis asymmetry and language dominance. Proc Natl Acad
Sci U S A 93: 719-722. doi:10.1073/pnas.93.2.719. PubMed: 8570622.
Gauger LM, Lombardino LJ, Leonard CM (1997) Brain morphology in
children with specific language impairment. J Speech Lang Hear Res
40: 1272-1284. PubMed: 9430748.
Josse G, Mazoyer B, Crivello F, Tzourio-Mazoyer N (2003) Left planum
temporale: an anatomical marker of left hemispheric specialization for
language comprehension. Brain Res. Cogn Brain Res 18: 1-14. doi:
10.1016/j.cogbrainres.2003.08.007.
Meinzer M, Flaisch T, Seeds L, Harnish S, Antonenko D et al. (2012)
Same modulation but different starting points: performance modulates
age differences in inferior frontal cortex activity during word-retrieval.
PLOS ONE 7: e33631. doi:10.1371/journal.pone.0033631. PubMed:
22438970.
Meinzer M, Flaisch T, Wilser L, Eulitz C, Rockstroh B et al. (2009)
Neural signatures of semantic and phonemic fluency in young and old
adults. J Cogn Neurosci 21: 2007-2018. doi:10.1162/jocn.2009.21219.
PubMed: 19296728.
Wierenga CE, Benjamin M, Gopinath K, Perlstein WM, Leonard CM et
al. (2008) Age-related changes in word retrieval: role of bilateral frontal

PLOS ONE | www.plosone.org

40.
41.
42.

43.
44.

45.
46.

47.

48.
49.
50.
51.

52.
53.

54.

55.
56.

57.
58.

59.
60.

61.

9

and subcortical networks. Neurobiol Aging 29: 436-451. doi:10.1016/
j.neurobiolaging.2006.10.024. PubMed: 17147975.
Cabeza R (2002) Hemispheric asymmetry reduction in older adults: the
HAROLD
model.
Psychol
Aging
17:
85-100.
doi:
10.1037/0882-7974.17.1.85. PubMed: 11931290.
Park DC, Reuter-Lorenz P (2009) The Adaptive Brain: Aging and
Neurocognitive Scaffolding. Annu Rev Psychol 60: 173-196. doi:
10.1146/annurev.psych.59.103006.093656. PubMed: 19035823.
Reuter-Lorenz PA, Jonides J, Smith EE, Hartley A, Miller A et al. (2000)
Age differences in the frontal lateralization of verbal and spatial working
memory revealed by PET. J Cogn Neurosci 12: 174-187. doi:
10.1162/089892900561814. PubMed: 10769314.
Szaflarski JP, Holland SK, Schmithorst VJ, Byars AW (2006) fMRI
study of language lateralization in children and adults. Hum Brain Mapp
27: 202-212. doi:10.1002/hbm.20177. PubMed: 16035047.
Sachdev PS, Brodaty H, Reppermund S, Kochan NA, Trollor JN et al.
(2010) The Sydney Memory and Ageing Study (MAS): methodology
and baseline medical and neuropsychiatric characteristics of an elderly
epidemiological non-demented cohort of Australians aged 70-90 years.
Int Psychogeriatr 22: 1248-1264. doi:10.1017/S1041610210001067.
PubMed: 20637138.
American Psychiatric Association (1995) Diagnostic and Statistical
Manual of Mental Disorders, 4th edition, International Version (DSMIV). Washington DC: American Psychiatric Association.
Anderson TM, Sachdev PS, Brodaty H, Trollor JN, Andrews G (2007)
Effects of sociodemographic and health variables on Mini-Mental State
Exam scores in older Australians. Am J Geriatr Psychiatry 15: 467-476.
doi:10.1097/JGP.0b013e3180547053. PubMed: 17545447.
Folstein MF, Folstein SE, McHugh PR (1975) "Mini-mental state". A
practical method for grading the cognitive state of patients for the
clinician.
J
Psychiatr
Res
12:
189-198.
doi:
10.1016/0022-3956(75)90026-6. PubMed: 1202204.
Benton AL (1967) Problems of test construction in the field of aphasia.
Cortex 3: 32-58. doi:10.1016/S0010-9452(67)80005-4.
Spreen O, Benton AL (1969) Neurosensory Center Comprehensive
Examination for Aphasia: Manual of instructions (NCCEA). Victoria, BC:
University of Victoria.
Kaplan E (2001) The Boston Naming Test. Philadelphia: Lippincott
Williams Wilkins.
Zhang H, Sachdev PS, Wen W, Kochan NA, Zhu W et al. (2011)
Neuroanatomical Correlates of Cognitive Performance in Late Life.
Dement Geriatr Cogn Disord 32: 216-226. doi:10.1159/000333372.
PubMed: 22104974.
Ashburner J (2007) A fast diffeomorphic image registration algorithm.
NeuroImage 38: 95-113. doi:10.1016/j.neuroimage.2007.07.007.
PubMed: 17761438.
D'Agostino RB Sr., Vasan RS, Pencina MJ, Wolf PA, Cobain M et al.
(2008) General cardiovascular risk profile for use in primary care: the
Framingham Heart Study. Circulation 117: 743-753. doi:10.1161/
CIRCULATIONAHA.107.699579. PubMed: 18212285.
Hayasaka S, Phan KL, Liberzon I, Worsley KJ, Nichols TE (2004)
Nonstationary cluster-size inference with random field and permutation
methods. NeuroImage 22: 676-687. doi:10.1016/j.neuroimage.
2004.01.041. PubMed: 15193596.
Worsley KJ, Andermann M, Koulis T, MacDonald D, Evans AC (1999)
Detecting changes in nonisotropic images. Hum Brain Mapp 8: 98-101.
doi:10.1002/(SICI)1097-0193(1999)8:2/3. PubMed: 10524599.
Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink GR et al. (2005)
A new SPM toolbox for combining probabilistic cytoarchitectonic maps
and functional imaging data. Neuroimage 25: 1325-1335. doi:10.1016/
j.neuroimage.2004.12.034. PubMed: 15850749.
Nichols T, Brett M, Andersson J, Wager T, Poline JB (2005) Valid
conjunction inference with the minimum statistic. Neuroimage 25:
653-660. doi:10.1016/j.neuroimage.2004.12.005. PubMed: 15808966.
Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O
et al. (2002) Automated anatomical labeling of activations in SPM using
a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15: 273-289. doi:10.1006/nimg.2001.0978. PubMed:
11771995.
Fisher RA (1921) On the `probable error' of a coefficient of correlation
deduced from a small sample. Metron 1: 3-32.
Abrahams S, Goldstein LH, Simmons A, Brammer MJ, Williams SC et
al. (2003) Functional magnetic resonance imaging of verbal fluency and
confrontation naming using compressed image acquisition to permit
overt responses. Hum Brain Mapp 20: 29-40. doi:10.1002/hbm.10126.
PubMed: 12953304.
Hirshorn EA, Thompson-Schill SL (2006) Role of the left inferior frontal
gyrus in covert word retrieval: neural correlates of switching during

November 2013 | Volume 8 | Issue 11 | e80215

GM Correlates of Language Tests in Late Life

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

verbal fluency. Neuropsychologia 44: 2547-2557. doi:10.1016/
j.neuropsychologia.2006.03.035. PubMed: 16725162.
Phelps EA, Hyder F, Blamire AM, Shulman RG (1997) FMRI of the
prefrontal cortex during overt verbal fluency. Neuroreport 8: 561-565.
doi:10.1097/00001756-199701200-00036. PubMed: 9080448.
Henry JD, Crawford JR (2004) A meta-analytic review of verbal fluency
performance following focal cortical lesions. Neuropsychology 18:
284-295. doi:10.1037/0894-4105.18.2.284. PubMed: 15099151.
Corbett F, Jefferies E, Ehsan S, Ralph Lambon (2009) Different
impairments of semantic cognition in semantic dementia and semantic
aphasia: evidence from the non-verbal domain. Brain 132: 2593-2608.
doi:10.1093/brain/awp146. PubMed: 19506072.
Jefferies E, Baker SS, Doran M, Ralph MA (2007) Refractory effects in
stroke aphasia: a consequence of poor semantic control.
Neuropsychologia 45: 1065-1079. doi:10.1016/j.neuropsychologia.
2006.09.009. PubMed: 17074373.
Whitney C, Jefferies E, Kircher T (2011) Heterogeneity of the left
temporal lobe in semantic representation and control: priming multiple
versus single meanings of ambiguous words. Cereb Cortex 21:
831-844. doi:10.1093/cercor/bhq148. PubMed: 20732899.
Frenck-Mestre C, Anton JL, Roth M, Vaid J, Viallet F (2005) Articulation
in early and late bilinguals' two languages: evidence from functional
magnetic resonance imaging. Neuroreport 16: 761-765. doi:
10.1097/00001756-200505120-00021. PubMed: 15858421.
Hoeppner J, Prudente-Morrissey L, Herpertz SC, Benecke R, Walter U
(2009) Substantia nigra hyperechogenicity in depressive subjects
relates to motor asymmetry and impaired word fluency. Eur Arch
Psychiatry Clin Neurosci 259: 92-97. doi:10.1007/s00406-008-0840-9.
PubMed: 18806917.
Reuter-Lorenz PA, Cappell KA (2008) Neurocognitive aging and the
compensation hypothesis. Curr Directions Psychol Sci 17: 177-182.
doi:10.1111/j.1467-8721.2008.00570.x.
Gourovitch ML, Kirkby BS, Goldberg TE, Weinberger DR, Gold JM et
al. (2000) A comparison of rCBF patterns during letter and semantic
fluency.
Neuropsychology
14:
353-360.
doi:
10.1037/0894-4105.14.3.353. PubMed: 10928738.
Birn RM, Kenworthy L, Case L, Caravella R, Jones TB et al. (2010)
Neural systems supporting lexical search guided by letter and semantic
category cues: a self-paced overt response fMRI study of verbal
fluency. Neuroimage 49: 1099-1107. doi:10.1016/j.neuroimage.
2009.07.036. PubMed: 19632335.
Costafreda SG, Fu CH, Lee L, Everitt B, Brammer MJ et al. (2006) A
systematic review and quantitative appraisal of fMRI studies of verbal
fluency: role of the left inferior frontal gyrus. Hum Brain Mapp 27:
799-810. doi:10.1002/hbm.20221. PubMed: 16511886.
Nadel L, Samsonovich A, Ryan L, Moscovitch M (2000) Multiple trace
theory of human memory: computational, neuroimaging, and
neuropsychological results. Hippocampus 10: 352-368. doi:
10.1002/1098-1063(2000)10:4. PubMed: 10985275.
Scoville WB, Milner B (1957) Loss of recent memory after bilateral
hippocampal lesions. J Neurol Neurosurg Psychiatry 20: 11-21. doi:
10.1136/jnnp.20.1.11. PubMed: 13406589.
Squire LR, Zola-Morgan S (1991) The medial temporal lobe memory
system. Science 253: 1380-1386. doi:10.1126/science.1896849.
PubMed: 1896849.
Bernard FA, Bullmore ET, Graham KS, Thompson SA, Hodges JR et
al. (2004) The hippocampal region is involved in successful recognition
of both remote and recent famous faces. NeuroImage 22: 1704-1714.
doi:10.1016/j.neuroimage.2004.03.036. PubMed: 15275926.
Haist F, Bowden Gore J, Mao H (2001) Consolidation of human
memory over decades revealed by functional magnetic resonance
imaging. Nat Neurosci 4: 1139-1145. doi:10.1038/nn739. PubMed:
11600889.
Pihlajamäki M, Tanila H, Hänninen T, Könönen M, Laakso M et al.
(2000) Verbal fluency activates the left medial temporal lobe: a
functional magnetic resonance imaging study. Ann Neurol 47: 470-476.
doi:10.1002/1531-8249(200004)47:4. PubMed: 10762158.
Schmolck H, Kensinger EA, Corkin S, Squire LR (2002) Semantic
knowledge in patient H.M. and other patients with bilateral medial and
lateral temporal lobe lesions. Hippocampus 12: 520-533. doi:10.1002/
hipo.10039. PubMed: 12201637.
Ryan L, Cox C, Hayes SM, Nadel L (2008) Hippocampal activation
during episodic and semantic memory retrieval: comparing category

PLOS ONE | www.plosone.org

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

10

production and category cued recall. Neuropsychologia 46: 2109-2121.
doi:10.1016/j.neuropsychologia.2008.02.030. PubMed: 18420234.
McGeown WJ, Shanks MF, Forbes-McKay KE, Venneri A (2009)
Patterns of brain activity during a semantic task differentiate normal
aging from early Alzheimer's disease. Psychiatry Res 173: 218-227.
doi:10.1016/j.pscychresns.2008.10.005. PubMed: 19683419.
Venneri A, McGeown WJ, Hietanen HM, Guerrini C, Ellis AW et al.
(2008) The anatomical bases of semantic retrieval deficits in early
Alzheimer's disease. Neuropsychologia 46: 497-510. doi:10.1016/
j.neuropsychologia.2007.08.026. PubMed: 17936858.
Shafto MA, Burke DM, Stamatakis EA, Tam PP, Tyler LK (2007) On the
tip-of-the-tongue: neural correlates of increased word-finding failures in
normal aging. J Cogn Neurosci 19: 2060-2070. doi:10.1162/jocn.
2007.19.12.2060. PubMed: 17892392.
Brown S, Laird AR, Pfordresher PQ, Thelen SM, Turkeltaub P et al.
(2009) The somatotopy of speech: phonation and articulation in the
human motor cortex. Brain Cogn 70: 31-41. doi:10.1016/j.bandc.
2008.12.006. PubMed: 19162389.
Indefrey P, Levelt WJ (2004) The spatial and temporal signatures of
word production components. Cognition 92: 101-144. doi:10.1016/
j.cognition.2002.06.001. PubMed: 15037128.
Moser D, Fridriksson J, Bonilha L, Healy EW, Baylis G et al. (2009)
Neural recruitment for the production of native and novel speech
sounds. Neuroimage 46: 549-557. doi:10.1016/j.neuroimage.
2009.01.015. PubMed: 19385020.
Leskelä M, Hietanen M, Kalska H, Ylikoski R, Pohjasvaara T et al.
(1999) Executive functions and speed of mental processing in elderly
patients with frontal or nonfrontal ischemic stroke. Eur J Neurol 6:
653-661. doi:10.1046/j.1468-1331.1999.660653.x. PubMed: 10529752.
Miller BL, Cummings JL, Villanueva-Meyer J, Boone K, Mehringer CM
et al. (1991) Frontal lobe degeneration: clinical, neuropsychological,
and SPECT characteristics. Neurology 41: 1374-1382. doi:10.1212/
WNL.41.9.1374. PubMed: 1891084.
Melrose RJ, Campa OM, Harwood DG, Osato S, Mandelkern MA et al.
(2009) The neural correlates of naming and fluency deficits in
Alzheimer's disease: an FDG-PET study. Int J Geriatr Psychiatry 24:
885-893. doi:10.1002/gps.2229. PubMed: 19296551.
Hodges JR, Salmon DP, Butters N (1992) Semantic memory
impairment in Alzheimer's disease: failure of access or degraded
knowledge?
Neuropsychologia
30:
301-314.
doi:
10.1016/0028-3932(92)90104-T. PubMed: 1603295.
Blaizot X, Mansilla F, Insausti AM, Constans JM, Salinas-Alamán A et
al. (2010) The human parahippocampal region: I. Temporal pole
cytoarchitectonic and MRI correlation. Cereb Cortex 20: 2198-2212.
doi:10.1093/cercor/bhp289. PubMed: 20064939.
Patterson K, Nestor PJ, Rogers TT (2007) Where do you know what
you know? The representation of semantic knowledge in the human
brain. Nat Rev Neurosci 8: 976-987. doi:10.1038/nrn2277. PubMed:
18026167.
Olson IR, Plotzker A, Ezzyat Y (2007) The Enigmatic temporal pole: a
review of findings on social and emotional processing. Brain 130:
1718-1731. doi:10.1093/brain/awm052. PubMed: 17392317.
Obler LK, Rykhlevskaia E, Schnyer D, Clark-Cotton MR, Spiro A 3rd et
al. (2010) Bilateral brain regions associated with naming in older adults.
Brain Lang 113: 113-123. doi:10.1016/j.bandl.2010.03.001. PubMed:
20399492.
Koelsch S, Schulze K, Sammler D, Fritz T, Müller K et al. (2009)
Functional architecture of verbal and tonal working memory: an FMRI
study. Hum Brain Mapp 30: 859-873. doi:10.1002/hbm.20550. PubMed:
18330870.
Wildgruber D, Ackermann H, Grodd W (2001) Differential contributions
of motor cortex, basal ganglia, and cerebellum to speech motor control:
effects of syllable repetition rate evaluated by fMRI. Neuroimage 13:
101-109. doi:10.1016/S1053-8119(01)91444-2. PubMed: 11133313.
Kennedy KM, Erickson KI, Rodrigue KM, Voss MW, Colcombe SJ et al.
(2009) Age-related differences in regional brain volumes: a comparison
of optimized voxel-based morphometry to manual volumetry. Neurobiol
Aging 30: 1657-1676. doi:10.1016/j.neurobiolaging.2007.12.020.
PubMed: 18276037.
Klein A, Andersson J, Ardekani BA, Ashburner J, Avants B et al. (2009)
Evaluation of 14 nonlinear deformation algorithms applied to human
brain MRI registration. Neuroimage 46: 786-802. doi:10.1016/
j.neuroimage.2008.12.037. PubMed: 19195496.

November 2013 | Volume 8 | Issue 11 | e80215

