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Abstract
Introduction Language impairment is frequently observed in
patients with Alzheimer’s disease (AD): in this study, we in-
vestigated the extent and distribution of brain atrophy in sub-
jects with conversion from mild cognitive impairment (MCI)
to AD with and without naming difficulties.
Methods This study was approved by the institutional review
board and was HIPAA compliant. All subjects or their legal
representatives gave informed consent for participation. Ninety-
one subjects from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) with (N=51) and without (N=40) naming im-
pairment as per the BostonNaming Test (BNT), underwent brain
magnetic resonance (MR) imaging 12 months before, at AD
diagnosis, and 12months after. StructuralMR images were proc-
essed using voxel-based morphometry. Cross-sectional compar-
isons and mixed ANOVA models for assessing regional gray
matter (GM) volume differences were performed.
Results As from 12 months prior to AD diagnosis, patients
with naming difficulties showed distinct areas of greater GM
loss in the left fusiform gyrus (Brodmann area 20) than patients

without naming difficulties. Differences in the GM atrophy
extended to the left hemisphere in the subsequent 12 months.
Conclusion This study provided evidence of distinct patterns
and dynamics of brain atrophy in AD patients with naming
difficulties when compared to those with intact language, as
early as 12 months prior to AD diagnosis and in the subse-
quent 12 months.

Keywords Alzheimer’s disease .Magnetic resonance
imaging . Language . Voxel-basedmorphometry . Anomia

Introduction

Alzheimer’s disease (AD) patients exhibit impairment in sev-
eral neuropsychological domains, with episodic memory and
executive functions being the most affected. However, lan-
guage difficulties are also frequently observed in AD, most
commonly word retrieval, object naming, and semantic cate-
gorization difficulties [1–5]. Neuropathological correlates of
language impairment in AD have been previously investigat-
ed. Harasty et al. [6] showed postmortem pathological evi-
dence of bilateral selective atrophy of language-associated
temporal and parietal regions in AD patients with language
impairment, and Gefen et al. [7] demonstrated a definite left-
lateralized distribution of AD neurofibrillary tangles in a small
group of aphasic AD patients. In addition, in vivo MR voxel-
based morphometry (VBM) studies showed patterns of left
temporal cortical atrophy in patients with diagnosis of definite
AD, and in those with mild cognitive impairment (MCI) with
lexical and naming impairment [8–11]. These pathological
and structural imaging findings are also supported by previous
FDG-PET studies showing a correlation between language
performance in AD patients and either left or bilateral tempo-
ral lobe metabolism [12, 13]. Altogether, these findings
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indicate that AD pathology may have an asymmetrical distri-
bution and target language network regions. However, up to
now, differences in the dynamics of brain atrophy progression
between language-impaired and non-impaired populations
converting from MCI to AD have not been specifically
assessed. The knowledge of these modifications over time
may prove useful in the design of structural imaging bio-
markers for the early detection of AD and may provide infor-
mation about different trajectories of AD progression in
language-impaired clinical subgroups.

Our goal was to investigate the structural correlates of word
retrieval deficits in the earliest stage of AD, and in the subse-
quent 12 months, by evaluating regional gray matter (GM)
volume loss patterns in patients with and without naming dif-
ficulties converting from MCI to AD. Based on prior studies
[8–11, 14], our hypothesis was that the patterns of GMvolume
loss in brain regions involved in language processing occur
with different spatial distributions over time between AD sub-
jects with and without naming deficits during the conversion
from MCI to AD, and in the subsequent 12 months.

Patients and methods

Data used in the preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) da-
tabase (adni.loni.ucla.edu). The ADNI was launched in 2003
by the National Institute of Aging (NIA), the National Institute
of Biomedical Imaging and Bioengineering (NIBIB), the
Food and DrugAdministration (FDA), private pharmaceutical
companies, and non-profit organizations, as a $60 million, 5-
year public-private partnership. The primary goal of ADNI
has been to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), other biological
markers, and clinical and neuropsychological assessment can
be combined to measure the progression of MCI and early
AD. Determination of sensitive and specific markers of very
early AD progression is intended to aid researchers and clini-
cians to develop new treatments and monitor their effective-
ness, as well as lessen the time and cost of clinical trials.

The Principal Investigator of this initiative is Michael W.
Weiner, MD, VA Medical Center and University of California
– San Francisco. ADNI is the result of efforts of many co-
investigators from a broad range of academic institutions and
private corporations, and subjects have been recruited from over
50 sites across the USA and Canada. The initial goal of ADNI
was to recruit 800 adults, ages 55 to 90, to participate in the
research, approximately 200 cognitively normal older individuals
to be followed for 3 years, 400 people with MCI to be followed
for 3 years, and 200 people with early AD to be followed for
2 years (for up-to-date information, see www.adni-info.org).

The diagnosis of AD was made by a multidisciplinary team
that conducted extensive neuropsychological and neuroimaging

assessments on the basis of established criteria [15]. Biological
markers supportive of AD diagnosis at baseline were also ob-
tained from the ADNI database [16], whenever available: the β-
amyloid (Aβ1–42) concentration in the cerebro-spinal fluid
(CSF); the 18-fluoro-deoxy-glucose (FDG)-PET cerebral meta-
bolic rate of glucose consumption (CMRglc) in the frontal, pa-
rietal, and temporal cortices normalized to pons was used as
measure of cerebral metabolism; the normalized hippocampal
volumes [generated by using Freesurfer (http://surfer.nmr.mgh.
harvard.edu/) and normalized by brain size].

Once enrolled in ADNI, subjects with MCI and AD in the
ADNI study undergo serial clinical and imaging evaluation for
the following 5 years. All subjects or their legal representatives
gave informed consent for participation. Data collection for the
purpose of this retrospective study was conducted between
November 2010 and January 2011. This study was approved
by the local Institutional Review Board and was compliant with
Health Insurance Portability and Accountability Act regulations.

Inclusion criteria were as follows: (1) mild cognitive impair-
ment when recruited in the ADNI study (CDR sum of boxes=
0.5); (2) clinical conversion from MCI to AD during study par-
ticipation. By the time of data collection (January 2011), 153/396
MCI subjects (38.6 %) had clinical progression to probable AD;
(3) availability of brain MRI study obtained 12 months prior to
AD diagnosis (i.e., at MCI stage), and at the time of AD diag-
nosis; (4) availability of serial clinical and neuropsychological
data including AD diagnosis documentation, Clinical Dementia
Rating scale, and naming performance assessment (see
BCognitive testing^ section for details). We excluded all patients
with other intervening neurological or systemic pathologies that
may secondary affect the central nervous system and/or their
cognitive status as reported in the ADNI database, and patients
with technically inadequate MR scans due to image post-
processing issues and/or extensive leukoencephalopathy.

After initial screening, subjects with MCI participating in
the ADNI1 study underwent brain MRI and a comprehensive
clinical evaluation every 6 months for the first 2 years and then
after12months. As a result, the date of conversion fromMCI to
AD is not precisely known because conversion could have
happened during the 6-month interval between visits.
However, in order to include AD patients at the same stage of
the disease, we included in the early AD group only patients
who converted fromMCI to AD during the first 2 years of their
participation to the ADNI project, when study visits were con-
ducted every 6 months. As a result, 91 patients who progressed
from MCI to probable AD during study participation were
included in this study. Of those, 74/91 (81.3 %) had MRI and
clinical data available 12 months after AD conversion.

Cognitive testing

The Clinical Dementia Rating (CDR) scale, a semistructured
interview with the patient and caregiver, was used to provide
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an index of global cognitive status [17]. The Clinical
Dementia Rating has been extensively validated as a clinical
tool to assess the severity of dementia [17–19]. By assigning a
severity score for six domains (memory, orientation, judgment
and problem solving, community affairs, home and hobbies,
and personal care), a score known as the CDR sum of boxes
(SB) is obtained, ranging from 0 (normal) to 18 (severely
impaired). Additional cognitive testing included the
Category Fluency test with Animals (CF-A), a quick and easy
to administrate test that proved to be useful in the diagnosis of
mild AD, in which subjects are asked to name as many ani-
mals as they can in a minute [20]. Moreover, patients’ visuo-
spatial, memory and executive cognitive domains were spe-
cifically assessed by using the Clock Drawing - copy Test
(CDT) [21], the Rey’s Auditory Verbal Test (AVT) (trials 1–
5 and delayed recall) [22], and the Trail Making Test (TMT)
(parts A and B) [23], respectively.

The 30-itemBostonNaming Test (BNT) was used to assess
naming impairment. It is a confrontation naming test which is
used to provide a measure of word retrieval performance and
is sensitive to the word-finding difficulties occurring in the
early stages of AD [1]. The BNT version used in the ADNI
study ranges from 0 to 30, with 30 indicating a normal perfor-
mance [24]. Based on previously published normative data
adjusted for age, gender, and education level [25], a standard
cutoff threshold of 26 was used in this study to stratify patients
with naming impairment, so that patients with a score of ≤26
could be classified as impaired (Low-BNT) and those with a
score of ≥27 as non-impaired (High-BNT). Corrected-BNT
baseline z-scores accounting for age, gender, and years of
education were also obtained.

VBM analysis

The ADNI database provides high-resolution 3D magnetiza-
tion prepared rapid gradient echo (MPRAGE) T1 scans ac-
quired according to optimized protocols and procedures previ-
ously described [26]. MPRAGE images were processed using
VBM8 with statistical parametric mapping (SPM8, Welcome
Dept. London) on Matlab v. 7.14. All volumes were manually
translated and rotated into a plane passing through the anterior
and posterior commissures. The VBM8 toolbox (developed by
Christian Gaser, University of Jena) was used for data process-
ing, and the built-in DARTEL algorithm [27] was used for non-
linear, high-dimensional registration and normalization. After
an initial realignment, the mean of the realigned images was
calculated and used as reference image in a subsequent realign-
ment; correction for signal inhomogeneity with respect to the
mean image was followed by spatial normalization parameter
estimation using the segmentations of the mean image; normal-
ization parameters were then applied to the segmentations of
the bias‐corrected images; the resulting normalized segmenta-
tions were again realigned. In order to allow for between

subjects GM volumes comparison, normalized data intensity
was non-linearly modulated, correcting for individual brain
sizes. Finally, images were smoothed with an 8-mm FWHM
isotropic Gaussian kernel. Since our study population includes
patients with significant brain atrophy, we estimated a custom-
ized GM mask and used it as an explicit mask in all statistical
analyses. This mask was obtained by averaging all patients GM
smoothed partitions, and by applying a signal intensity absolute
lower threshold of 0.25.

Statistical analyses

Statistical analyses of clinical and neuropsychological data
were conducted using SPSS (SPSS 16.0; SPSS, Chicago,
IL). Differences between subjects with and without naming
impairment were evaluated using the Pearson χ2 test for gen-
der, handedness, and ethnicity. Differences in age, years of
education, CDR-SB, CDT, VAT, TMT, BNT, and BNT-
corrected scores, as well as in the β-amyloid, tau/β-amyloid,
18FDG-PET, and hippocampal volumes biormarkers, were
assessed by using ANOVA. Since Low-BNT patients were
significantly older, and had significantly higher AVT (trials
1–5) scores, than High-BNT ones (see Table 1), all statistical
comparisons of clinical and VBM measures were adjusted for
age and AVT (trials 1–5) as appropriate. The general linear
model repeated measures was performed to provide analysis
of variance of repeated CDR-SB measurements (within-
subjects factor) over time, stratifying patients based on the
presence or absence of naming impairment. A P value of less
than 0.05 indicated a significant difference.

Voxel-wise cross-sectional comparisons of GM volume
maps between Low-BNT and High-BNT subjects at MCI
(12months before AD diagnosis), at the time of AD diagnosis,
and 12 months after, were conducted in SPM8 using indepen-
dent sample t tests. In order to investigate the existence of
differences in the patterns of longitudinal atrophy changes
between the groups, we performed two separate age-
corrected mixed ANOVAwith the Low-BNT and High-BNT
groups as the between factor: the first one with the (MCI
stage)-(AD diagnosis) time points as the within factor; the
second one with the (AD diagnosis)-(12 months after diagno-
sis) as the within factor. Voxel-wise statistics were carried out
with the significance threshold was set at P value of <0.001
uncorrected, since in VBM a statistical threshold of p<0.001
not corrected for multiple comparisons can be used when an a
priori hypothesis has been defined according to Ashburner
et al. [28], with a minimum extent of k=50 voxels.
Statistically significant clusters were submitted to MRIcron
(v.11 http://www.mccauslandcenter.sc.edu/mricro/mricron/)
software to display overlap and conjunctions plots of the
statistical maps, and to estimate GM atrophy asymmetry
indexes (AIs) by counting the number of voxels in each sta-
tistically significant region of a map in the left hemisphere
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(LH) and right hemisphere (RH). AIs were subsequently cal-
culated according to the formula: AI=LH voxels−RH voxels/
LH voxel+RH voxels. A negative AI indicates a left-
lateralized asymmetry.

In order to assess the relationships between naming
impairment-related neurostrucutral and clinical findings, themod-
ulated GM signal intensity values of the statistically significant
clusters obtained from the contrasts described abovewere extract-
ed by using MarsBaR v0.44 toolbox for SPM (http://marsbar.
sourceforge.net/). Values were correlated with the BNT scores
with Spearman’s rho test and considered statistically significant
at a P value of <0.05, and adjusting for multiple comparisons.

MR image post-processing and statistical analyses were
conducted by two neuroradiologists (M.V.S. and E.P.) with,
respectively, 10 and 5 years of experience with brainMR post-
processing with statistical parametric mapping.

Results

Clincal data

Table 1 summarizes demographic and clinical data of patients
stratified by naming performance. The Low-BNT group in-
cluded 50 patients with an abnormal [25] BNT score ≤26
(mean±SD=22.2±4.4) and the High-BNT group included
41 patients with BNT score ≥27 (mean±SD=28.7±1).
Analysis of demographic characteristics and neuropsycholog-
ical tests (Table 1) revealed no statistically significant differ-
ences between Low-BNT and High-BNT groups with respect
to gender (P=0.53), racial distribution (P=0.33), handedness
(P=0.53), years of education (P=0.17), CDR-SB (P=0.44),
TMT (A and B) (P=0.25 and 0.12, respectively), CDT (P=
0.56), and AVT-Delayed (P=0.13); however, Low-BNT pa-
tients were significantly older than High-BNT patients, and
presented significantly higher scores at the AVT (trials 1–5)
(see Table 1). A statistically significant difference in the BNT
performance between the Low-BNT and High-BNT groups
was confirmed, also when age-, gender-, and education-
corrected scores were compared [mean (±SD)=−1.76±1.4
and 0.31±0.5, respectively; P<0.0001].

At 12 months after AD conversion, clinical and MRI data
were available for 35 patients in the Low-BNT group and 36
patients in the High-BNT group (Table 1). Cognitive status and
language performances as measured using the CDR-SB, BNT,
and CF-A, declined over time in both groups (Fig. 1), without a
significant interaction between degree of cognitive decline and
presence or absence of naming impairment (P=0.15). As ex-
pected, BNT and CF-A scores were significantly different be-
tween the two groups at all of the three time points (Table 1).

Biological markers

CSF data were available in 25 (50%) of Low-BNT patients and
24 (58.5 %) of High-BNT patients. Aβ1–42 was abnormal
(<192 pg/ml) [16] in 22/25 (88 %) of Low-BNT patients and
in 20/24 (83.3 %) of High-BNT patients. The L and R average
normalized hippocampal volume was 1.79 (SD=0.28) in the
Low-BNT group and 1.80 (SD=0.29) in the High-BNT group.
18FDG-PET data were available in 17/50 (34 %) of Low-BNT
patients and 20/41 (48.8%) of High-BNT patients. The average
CMRglc was 1.22 (SD=0.1) for the Low-BNT group and 1.21
(SD=0.1) for the High-BNT group. No statistically significant
differences were detected in the average measures of these
biomarkers between Low-BNT and High-BNT groups [P
(Aβ1–42)=0.47; P (hippocampal)=0.87; P (CMRglc)=0.75].

GM atrophy VBM analysis

Voxel-wise cross-sectional comparisons were performed be-
tween Low-BNT and High-BNT MCI subjects 12 months

Table 1 Patients’ main demographic and clinical characteristics
stratified by naming performance

Low-BNT
(mean±SD)

High-BNT
(mean±SD)

Age (years)* 78.7±5.7 75.1±7.6

Gendera 33/17 27/14

Handednessb 46/4 37/4

Education 15.4±3.2 16.3±2.9

CDR-SB

MCI 2.2±1 2.2±1

AD conversion 3.8±1.4 3.9±1.5

12 months after AD conversion 5.25±2.1 5.29±2.2

TMT

Part A 52±27 45.2±25.6

Part B 188.5±45.1 147.6±77.3

CDT (copy) 4.52±0.73 4.62±.78

AVT

(Trials 1–5)* 24.1±5.3 27.7±7.1

Delayed 0.72±0.9 1.57±1.1

BNT

MCI** 22.2±4.4 28.7±1

AD conversion** 20.9±4.7 27.9±1.9

12 months after AD conversion** 17.9±6 26.17±3.1

CF-A

MCI** 13.6±5 17.4±7.7

AD conversion** 12±4.9 16.1±5.1

12 months after AD conversion** 8.7±3.8 13.82±6.1

*Statistically significant at P<0.01; **statistically significant at P<0.005

CDR-SB Clinical Dementia Ratings scale sum of boxes, TMT Trail Mak-
ing Test,CDTClockDrawing Test,AVTRey’s Auditory Verbal Test,BNT
Boston Naming Test, CF-A Category Fluency test with Animals, MCI
mild cognitive impairment, AD Alzheimer’s disease
aMales/females
b Right-handed/left-handed patients
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before AD diagnosis (MCI stage), at AD diagnosis, and
12 months after AD diagnosis [only 71 out of 91 patients
(81.3 %) were available at this time]. Given the significant
difference in age and AVT (trials 1–5) between groups, age
and the AVT (trials 1–5) scores were included in the models as
nuisance variables. The Low-BNT group showed a
circumscribed area of greater atrophy in the left anterior fusi-
form gyrus extending into the adjacent inferior temporal gyrus
[within Brodmann area 20 (BA20)] at each of the three time
points (Fig. 2, Table 2). No significant group-by-time interac-
tions were detected between the (MCI)-(AD diagnosis) time
points. At 12 months after AD diagnosis, additional areas of

reduced GM volume distributed in the frontal, temporal, and
parietal lobes, developed in the Low-BNT compared to the
High-BNT group (Table 2), with a definite asymmetric left-
lateralized pattern (AI=−0.78). Within these areas, a cluster of
significant group-by-time interaction (F=12.55) was detected
in the L middle frontal gyrus (MNI coordinates −48, 32, 33;
BA44) between the (AD diagnosis)-(12 months after diagno-
sis) time points (Fig. 2). There was no area of statistically
significantly greater atrophy in the High-BNT group than
Low-BNT group at each time point. Taken together, these
results indicate that Low-BNT patients, compared to the
High-BNT ones, presented reduced volumes in the L BA20

Fig. 2 a Progression of GM atrophy in Low-BNT compared to High-
BNTAD patients at theMCI stage (red clusters), at AD diagnosis (yellow
clusters) and 12 months after AD diagnosis (blue clusters). Statistical
maps are presented in radiological convention, with a significance thresh-
old of P=0.001 (extent threshold=50 voxels, uncorrected), and overlaid
on patients’ average anatomical template coronal slices. b Shows in

purple the overlapping clusters of significant group-by-time interaction
between the Low-BNT and High-BNT groups, and the (AD diagnosis)-
(12 months after diagnosis) time points (ANOVA). These clusters indi-
cate a more severe atrophy progression between the two-time points in
Low-BNT patients at the level of the L middle frontal gyrus (BA44)

Fig. 1 Trajectories of neurocognitive and language performance decline
over time in Low-BNT and High-BNT patients, as measured with the
CDR-SB (a), BNT (b), and CF-A (c) scores. Seventy-one out of 91
patients were evaluated at 12 months after AD conversion. CDR-SB

Clinical Dementia Ratings scale sum of boxes, BNTBoston Naming Test,
CF-A Category Fluency test with Animals, MCI mild cognitive impair-
ment, AD Alzheimer’s disease
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as from the MCI stage and over the subsequent 24 months. In
addition, following AD conversion, Low-BNT patients
tended to develop a relatively more severe atrophy progres-
sion in the left hemisphere, which reached a statistically sig-
nificant group-by-time interaction at the level of the L BA44.
Significant correlations were found at each time point between
the GM amount in the L BA20 and the BNT scores, and at
12 months after diagnosis between the GM amount in the L
BA44 and the BNT scores, so that patients with reduced GM
volumes presented lower BNT scores (Fig. 3).

In order to investigate how the naming impairment-related
structural findings was dependent on the AD course, we cor-
related patients’ variations (expressed as delta between the
12 months after diagnosis and the MCI time-points) of the
BNT scores and the L BA20 volumes, with that of the nor-
malized L and R hippocampal volumes (representing relative-
ly independent AD biomarkers from naming performance).
Moderate, but statistically significant correlations, were ob-
tained for the BNT and both L and R hippocampal volumes
delta (rho=0.33; P=0.007 and rho=0.32; P=0.012,

respectively), whereas only the R hippocampal volume delta
presented a statistically significant correlation with the L
BA20 volume delta (rho=0.28; P=0.02).

Discussion

Language impairment in AD is mostly characterized by nam-
ing, sentence comprehension, repetition, and semantic catego-
rization impairment, while speech fluency and phonological
skills are usually relatively preserved [1–5]. The neuropsycho-
logical correlates of these deficits are thought to reside in the
deterioration of the general knowledge about facts, concepts,
and the meanings of words underlying semantic processes [2].
The underlying neuroanatomical substrates are very complex
and still debated: language areas related to semantic memory,
previously described in functional studies, display a wide-
spread distribution in the temporal, parietal and frontal lobes
(see [29] for a review). Moreover, naming impairment is a
heterogeneous spectrum of disorders that may be selective
for different living or non-living semantic categories and
may accordingly segregate in different anatomical regions
[30]. On the other hand, studies on neurodegenerative diseases
including AD [8–11, 14] and lesion-mapping analyses [31,
32] highlighted the critical role of various regions localized
in the temporal lobes for the preservation of naming functions.
No previous study, however, focused on the patterns of pro-
gression of anomia-related brain damage in AD.

In our early AD population, Low-BNT and High-BNT pa-
tients were comparable with respect to the degree of global
dementia, education level, and disease biomarker signatures,
and experienced similar trajectories of cognitive decline over
time. However, they also exhibited significant differences in
naming performance that were maintained over time. We
showed that these differences were paralleled by a greater
GM atrophy of the left fusiform and inferior temporal gyri,
specifically in BA20, as early as 12 months prior to AD diag-
nosis and in the subsequent 12 months. Furthermore,
between-group differences increased after AD conversion
with a more widespread atrophy progression in the left hemi-
sphere, particularly at the level of the L middle frontal gyrus.
Despite the L frontal lobe, in contrast to the temporal, was less
frequently associated with naming deficits, it is known to play
a role in the retrieval aspect of semantic processing [29]. Since
the volume loss in this area was noted only in a later phase
(12 months after AD conversion) in our naming-impaired pa-
tients, we speculate that atrophy development in the L frontal
lobe might be a secondary degenerative process related to
previous disruption of the main semantic network nodes in
the temporal love.

Our findings are consistent with previous observations
which linked atrophy of the left anterior and inferior ATL to
naming deficits in AD patients [8–12, 14] and confirm the

Table 2 Areas of greater gray matter volume in High-BNT compared
to Low-BNT patients at the MCI stage, at the time of AD diagnosis, and
12 months after AD diagnosis

Xa Ya Za BAb T-score*

MCI

L Inferior temporal gyrus −40 −20 −29 20 4.48

AD diagnosis

L fusiform gyrus −40 −21 −26 20 4.93

12 Months after AD conversion

L inferior temporal gyrus −40 −20 −29 20 4.36

L middle frontal gyrus −38 15 45 9 4.34

L insula −39 −15 −35 13 4.19

L superior parietal lobule −28 −43 66 2 4.32

R middle frontal gyrus 36 20 49 9 4.17

L middle temporal gyrus −66 −7 −11 21 4.12

L superior frontal gyrus −16 24 54 8 4.09

L superior frontal gyrus −10 2 63 6 4.06

L superior temporal gyrus −64 −31 13 22 4.04

R superior frontal gyrus 16 10 60 6 3.95

L supramarginal gyrus −57 −27 42 2 3.55

L lingual gyrus −9 −60 34 18 3.65

L superior occipital gyrus −22 −82 33 19 3.64

*P value=0.001 (uncorrected)
a X-Y-Z indicate anatomical coordinates based on the Montreal Neuro-
logical Institute standard brain template by describing the distance from a
point at midline and 4 mm below the anterior commissure. The X,Y,Z
dimensions refer to left-right, posterior-anterior, and inferior-superior,
respectively. By convention, the right hemisphere has positive X values,
the anterior brain has positive Yvalues, and the superior brain has positive
Z values
b Corresponding Brodmann area
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critical role of BA20 in accounting for word finding difficul-
ties in early AD. Notably, by performing a lesion-mapping
analysis on patients with left anterior temporal lobectomy or
left posterior circulation strokes, Antonucci et al. [31] found
that patients with equivalent amounts of damage to the inferior
temporal cortex, including BA20, showed a similar degree of
semantic memory impairment. On the other hand, several pre-
vious structural and functional studies in AD and non-AD
demented patients [8–12, 14], healthy subjects [33, 34], and
also deaf sign-language subjects [35] found the inferior tem-
poral lobe to be involved in naming functions. Similarities
with canonical forms of primary progressive aphasias are also
of particular interest. The left inferior temporal cortex, in fact,
is known to be typically targeted in semantic dementia [10,
36], which is characterized by semantic memory rather than
episodic memory impairment [37]. Interestingly, Joseph et al.
evaluated a small number of subjects with aphasic phenotypes
of AD and semantic dementia and found in both groups an
atrophy of the left inferior temporal gyrus compared to age-
matched healthy subjects [37]. Accordingly, evidence of left-
lateralized development of cortical damage in AD has been
provided by previous pathology studies [7]. Moreover, in our

study group, statistically significant correlations were noted
between BNT performance decline, BA20 atrophy progres-
sion, and hippocampal atrophy progression, which is an AD
structural biomarker relatively independent from selective
naming deficits.

This study has several limitations. First, it focuses on a
relatively narrow but critical phase of the natural history of
AD. Future studies should investigate the relationship be-
tween GM loss patterns and naming impairment in the transi-
tion from normal aging to MCI, in order to investigate the
existence of potential early atrophy markers occurring before
clinical symptoms development. A second limitation is the
age and short-term memory performance (AVT trials 1–5)
difference between language-impaired and language-intact
patients. However, we minimized its influence by adjusting
for age and AVT trials 1–5 scores our statistical comparisons.
Third, the specificity of our findings relative to AD pathology
itself may not be unequivocally proved, until similar findings
are confirmed also when comparing with MCI patients who
do not convert to AD. Such a comparison may be carried out
in future investigations to address this issue. Finally, this work
lacks of specific functional and neuropathological correlations

Fig. 3 Scatterplots, and corresponding Spearman’s rho correlation
values, of patients’ GM volumes in the areas with increased atrophy in
the Low-BNT (compared to High-BNT) group, and the relative BNT
scores. Distribution linear regression fits are also provided. P values are

statistically significant at the 0.012 Bonferroni-corrected threshold. BA
Brodmann area, BNT Boston Naming Test, MCI mild cognitive impair-
ment, AD Alzheimer’s disease, GM gray matter
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to be related to our structural findings. Atrophy, in fact, is
preceded by cytotoxic events that may impair functionality
[7], and the neuropathological substrates underlying language
dysfunctions need further comprehensive investigation.

Conclusions

This study showed that patients with AD and naming perfor-
mance impairment present a relatively greater regional dam-
age to BA20 detectable as early as 1 year prior to the clinical
diagnosis, and that this alteration is followed by an involve-
ment of the left frontal lobe in the subsequent 1 year.
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