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Background: Patterns of language impairment have long been

used clinically to localize brain damage in stroke patients. The

same approach might be useful in the differential diagnosis of

progressive aphasia owing to neurodegenerative disease.

Objective: To investigate whether scores on 4 widely used

language tasks correlate with regional gray matter loss in 51

patients with progressive language impairment owing to

neurodegenerative disease.

Method: Scores in the Boston Naming Test and in the ‘‘repetition’’

‘‘sequential commands’’ and the ‘‘language fluency,’’ subtests of

the Western Aphasia Battery were correlated with voxel-wise gray

matter volumes using voxel-based morphometry.

Results: Significant positive correlations were found between

each language task and regional brain volumes: (1) naming and

the bilateral temporal lobes; (2) sentence repetition and the left

posterior portion of the superior temporal gyrus; (3) sentence

comprehension and the left dorsal middle and inferior frontal

gyri; and (4) fluency of language production and the left ventral

middle and inferior frontal gyri.

Discussion: Performance on specific language tasks corresponds

to regional anatomic damage in aphasia owing to neurodegen-

erative disorders. These language tests might be useful in the

differential diagnosis of primary progressive aphasia variants

that have been previously associated with damage to corre-

sponding anatomic regions.
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Speech and language deficits are common in various
neurodegenerative disorders such as Alzheimer disease

(AD),1,2 corticobasal degeneration,3,4 frontotemporal
dementia,5,6 and progressive supranuclear palsy.7,8 When
the clinical presentation is characterized by relatively
isolated language symptoms for the first 2 years, the term
primary progressive aphasia (PPA) is applied.9 Once
considered a unitary syndrome associated with wide-
spread perisylvian atrophy, PPA has now been fractio-
nated into several clinical variants, associated with
different patterns of cognitive, neuroimaging, and patho-
logic changes.10–12 Progressive nonfluent aphasia (PNFA)
is associated with left inferior frontal and insular atrophy
and is most often caused by non-Alzheimer tau positive
frontotemporal lobar degeneration-spectrum patho-
logy.11,12 Semantic dementia (SD) is instead associated
with anterior temporal atrophy and is also most often
caused by non-Alzheimer’s pathology but of frontotem-
poral lobar degeneration-Ubiquitin positive type.10,13 The
more controversial logopenic/phonologic variant has
been associated with damage to the left temporo-parietal
junction11 and preliminary evidence suggests that atypical
distribution of AD pathology might be a frequent cause
of this presentation of PPA.14 In this context, the
identification of language tasks that tap into functions
supported by specific brain regions involved in each PPA
variant is relevant for early differential diagnosis.

Beginning with the first historical cases of
Broca,15,16 patterns of language impairment associated
with focal brain lesions have been used to predict the
location of anatomic damage in clinical neurology. For
instance, it is widely accepted that nonfluent language
production with relatively preserved comprehension is
associated with lesions in the left posterior frontal cortex,
whereas severe language comprehension deficits are
caused by left posterior temporal damage.17 Clinical tests
such as the Western Aphasia Battery (WAB)18,19 and the
Boston Diagnostic Aphasia Evaluation (BDAE)20 were
designed as clinical tools to assess different language
domains and thus provide aphasia classification. How-
ever, these tests were designed for stroke patients, who
have anatomically well defined and often isolated brainCopyright r 2007 by Lippincott Williams & Wilkins
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lesions in regions that correspond to specific vascular
territories of the interested vessels. In the case of
progressive aphasia due to neurodegenerative diseases,
regional gray matter loss is less anatomically defined,
most often associated with some degree of diffuse atrophy
and obviously not influenced by vascular territory. For
instance, within the temporal lobe, posterior areas are
most commonly damaged in vascular accidents and cause
the clinical picture of Wernicke aphasia. In SD, the left
antero-inferior temporal region is instead most severely
damaged but atrophy often extends to other posterior,
medial and ventral temporal areas, to medial frontal
regions and to the contralateral temporal lobe.11,21 The
different pattern of brain damage in progressive aphasia
might prevent a clear correlation between classic aphasia
symptoms and regional anatomic involvement or might
show associations not expected from the vascular aphasia
literature. To date, studies of neurodegenerative patients
have described different patterns of anatomic impairment
in groups of patients with specific PPA variants.11,12,22–24

However, to our knowledge, no study has investigated
whether performance on single language tests correlates
with regional gray matter volume loss in a large group of
patients with progressive aphasia, regardless of clinical
variant.

In this study, we used voxel-based morphometry
(VBM) to correlate scores on 4 different, widely used
language tests (confrontation naming, repetition, sentence
comprehension, and language fluency in spontaneous
speech production) with voxel-wise gray matter volumes
in 51 patients with neurodegenerative disease presenting
with predominant speech and language symptoms, 41 of
whom met criteria for PPA. We hypothesized that
performance in each task would correlate with different
sites of anatomic damage within the network of brain
regions involved in language processing: (i) confrontation
naming with temporal lobes25; (ii) repetition with left
temporo-parietal regions26,27; (iii) sentence comprehen-
sion with left inferior and middle frontal and superior
temporal gyri28,29; (iiii) language fluency with left inferior
and middle frontal gyri and anterior insula.30–32

MATERIALS AND METHODS

Subjects
Fifty-one native English-speaking, right-handed

patients participated in the study. The male-to-female
ratio was 27/24 and the mean age was 64.1±8.9 years
(Table 1). All patients were evaluated at the Memory and
Aging Center, University of California San Francisco by
a team of experienced clinicians, including a behavioral
neurologist, a neuropsychologist, a speech pathologist, a
nurse, and a psychiatrist. The team of clinicians reached a
consensus diagnosis for each patient, according to the
currently published criteria.33–36 The consensus diagnosis
was based on clinical findings and neuropsychologic
pattern of impairment, but specific cut-off scores for each
cognitive measure were not used to select patients.

Specific inclusion criteria were the presence of
prominent speech or language symptoms at each patient’s
first evaluation and the availability of a magnetic
resonance imaging (MRI) scan within 6 months from
the clinical evaluation. Forty-one of the 51 patients met
clinical criteria for PPA: 14 with PNFA, 15 with SD, and
12 with logopenic progressive aphasia (LPA). Thirty-one
of these patients were described in detail in a previous
paper.11

We have adopted the classification of PPA in the 3
main variants as previously described in details by our
group.11 Briefly, PNFA is characterized by nonfluent
verbal output, apraxia of speech, and agrammatism in
both production and comprehension.23 Patients with SD
present with anomia and loss of conceptual knowledge.37

Patients with LPA, a more controversial variant, present
with word finding pauses, repetition problems, and
grammar comprehension deficits.11 The remaining 10
patients did not meet PPA criteria because language
impairment was not the only domain affected at
presentation (eg, visuospatial, behavioral, motor, and or
memory deficits were observed). They were diagnosed
with frontotemporal dementia (n=4), AD (n=4), or
corticobasal degeneration/progressive supranuclear palsy
(n=2). We included this group to create a wide
distribution of neuropsychologic scores and gray matter
loss within our sample, therefore increasing the power of
the correlation analyses. Patients were classified in PPA
variants only for the analysis of cognitive data but all
patients were entered in the neuroimaging analysis as a
single group. The patient population presented with
heterogeneous speech and language symptoms, including
word finding difficulties, apraxia of speech, impairments
in comprehension of words and/or sentences reading and
writing problems (Table 1).

All participants underwent a comprehensive neuro-
psychologic and language evaluation, as previously
described.11,38 The neuropsychologic screening battery
comprised standard tests to evaluate language, memory,
visuospatial, executive functions, and behavior. Results of
neuropsychologic screening and demographic data are
reported in Table 1. Specifically, LPA patients had longer
disease duration, although not significantly different from
the other groups.

Each participant signed informed consent docu-
ments and the study was approved by the UCSF
Committee for Human Research.

Cognitive and Functional Analysis
As part of a comprehensive speech and language

evaluation previously described,11,38 4 well-known lan-
guage tasks were used: Boston Naming Test (BNT) for
confrontation naming, WAB Repetition Subtest for
repetition, WAB Sequential Commands for sentence
comprehension, and WAB Spontaneous Speech Lan-
guage fluency subtest for language fluency. These are
standard language tests used in the clinical settings and
they can be failed for different reasons (eg, confrontation
naming could be affected by lexical retrieval or semantic
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impairment). Confrontation naming was tested using a
shortened, 15-item version of the BNT.39 Patients were
required to name line drawings of high-frequency and
low-frequency objects. The total number of items named
correctly, either spontaneously or after a semantic
stimulus cue (verbal description of the object, eg, ‘‘‘grows
in the garden’’‘ for ‘‘flower’’), was used for the imaging
analysis. Repetition was assessed using single words and
phrases from the WAB Repetition subtest18 (eg, ‘‘Snow-
man’’, ‘‘Sixty-two and a half,’’ ‘‘The telephone is
ringing,’’ ‘‘The pastry cook was elated’’). Sentence
comprehension was evaluated using the WAB Sequential
Commands subtest18 that includes a variety of sentences
with different length (from ‘‘Raise your hands’’ to ‘‘Put
the pen on top of the book then give it to me’’) and which
requires comprehension of prepositions (eg, ‘‘Point with
the pen to the book,’’ ‘‘Point with the book to the pen’’).
The WAB Spontaneous Speech fluency subtest18 was used
to measure language fluency in language production. The
test is based on 6 basic questions (eg, ‘‘What is your
name?,’’ ‘‘What is your address?,’’ ‘‘Why you are here
today?’’) and on the oral description of the picnic scene.
The scores are assigned on the basis of a combination
of motor speech function, grammar, and paraphasias
(eg, 0=no words or short, meaningless utterances;

5=often telegraphic, but more fluent speech with some
grammatical organization; 10=sentences of normal
length and complexity, without definite slowing, halting,
or articulatory difficulty). This test, therefore, provides a
general measure of language fluency and cannot distin-
guish between the grammatical and articulatory compo-
nents. We did not consider the ‘‘information content’’
portion of the WAB Spontaneous Speech section that
formally deals with comprehension and semantics. The
scores of each WAB subtest were entered in the imaging
analysis.

Analysis of variance or the Kruskal-Wallis non-
parametric test were used to determine overall group
differences. Scheffe and Mann-Whitney tests were used
for the post hoc analysis.

Imaging Analysis
MRI scans were obtained with a 1.5-T Magnetom

VISION system (Siemens, Iselin, NJ). A volumetric
magnetization prepared rapid gradient-echo MRI
(MPRAGE, TR/TE/TI=10/4/300ms) was used to ob-
tain T1-weighted images of the entire brain, 15-degree flip
angle, coronal orientation perpendicular to the double
spin-echo sequence, 1.0� 1.0mm2 in-plane resolution,
and 1.5-mm slab thickness.

TABLE 1. Demographic and Cognitive Data for the Four Diagnostic Groups

PNFA SD LPA Other All

Mean (SD) Mean Mean Mean Mean

Age 66.5 (9.0) 63.7 (7.0) 65.1 (9.9) 59.8 (9.6) 63.9 (8.9)
M/F ratio 6/9 9/5 6/4 6/7 27/25
Education 16.0 (2.6) 16.8 (2.4) 17.9 (3.0) 17.6 (1.6) 17.0 (2.5)
Disease duration (y) 4.6 (1.4) 4.7 (2.4) 8.0 (5.3) 5.1 (3.9) 5.2 (3.0)
General cognition
MMSE (30) 25.5 (4.1) 23.4 (4.2) 22.5 (5.4) 24.8 (6.1) 24.2 (4.9)
Praxis (14) 11.0 (4.0) 11.4 (2.5) 12.9 (1.5) 12.8 (1.2) 11.9 (2.7)
Calculation (5) 3.4 (1.8) 4.2 (1.0) 3.2 (1.0) 4.1 (0.8) 3.7 (1.3)
Digit span backward 2.4 (1.3)*w 4.4 (1.0) 3.3 (1.2) 4.7 (2.0) 3.7 (1.6)
Modified Rey-O delay (17) 8.7 (4.5) 8.8 (3.7) 5.9 (4.4) 6.7 (5.0) 7.7 (4.4)
CVLT-MS 4-trails correct total (36) 20.4 (9.0) 11.9 (5.7) 11.9 (6.6) 18.5 (9.4) 16.1 (8.6)
CVLT-MS 100 free recall (9) 5.2 (3.7) 1.2 (2.0)z 1.4 (1.6)z 3.1 (3.0) 2.9 (3.2)
CVLT-MS recognition (9) 7.9 (1.5) 4.3 (3.1)wzy 7.6 (2.6) 7.8 (1.2) 6.9 (2.6)
Phonemic fluency 5.4 (3.7) 6.4 (4.5) 9.6 (5.8) 8.7 (3.6) 7.4 (4.6)
Semantic fluency 11.5 (5.5) 4.5 (3.3)wz 7.3 (4.1) 10.8 (5.0) 8.3 (5.3)
Modified Rey-O copy (17) 12.3 (5.4) 16.2 (1.0) 13.6 (2.7) 13.0 (5.3) 13.8 (4.2)
Modified trail (lines/min) 13.1 (13.9) 15.1 (14.4) 8.5 (11.4) 14.4 (13.1) 13.0 (13.1)

Language
WAB speech language fluency (10) 7.4 (2.7)w 9.1 (0.7) 8.0 (1.6) 9.4 (1.4) 8.4 (2.0)
MSE apraxia of speech (7=max) 2.4 (2.3)*w 0 (0) 1.4 (1.7) 0 (0) 1.0 (1.8)
MSE dysarthria rate (7=max) 1.2 (2.1) 0 (0) 0 (0) 0.2 (0) 0.4 (1.3)
WAB Auditory comprehension (60) 57.6 (2.6) 55.7 (8.6) 59.0 (3.0) 58.3 (3.2) 57.6 (4.7)
WAB word recognition total (60) 59.2 (1.5) 51.2 (9.8)wzy 58.8 (1.3) 58.8 (1.6) 56.8 (6.2)
WAB repetition total (100) 84.1 (16.2) 91.5 (8.4) 78.0 (18.5) 93.2 (11.8) 87.1 (14.8)
Single word repetition (14) 13.5 (0.8) 13.7 (0.6) 14.0 (0) 14.0 (0) 13.8 (0.6)
Sentence repetition (86) 70.8 (15.7) 77.7 (8.5) 64.0 (18.5) 79.2 (11.8) 73.4 (14.6)

WAB sequential commands (80) 71.5 (9.1) 74.5 (7.2) 69.6 (11.7) 72.7 (9.8) 72.2 (9.2)
Abbreviated BNT (15) 12.2 (2.5) 2.8 (3.4)*wz 9.0 (2.8) 12.0 (3.3) 8.7 (4.9)

*P<0.05 vs. SD.
wP<0.05 vs. Other dementias.
zP<0.05 vs. PNFA.
yP<0.05 vs. LPA.
CVLT-MS, California Verbal Learning Test; MMSE, Mini-Mental State Examination; MSE, motor speech evaluation.
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VBM included 2 steps: spatial preprocessing (nor-
malization, segmentation, Jacobian modulation, and
smoothing) and statistical analysis. Both steps were
implemented in the SPM2 software package40 running
on Matlab.41

MRI images were preprocessed following the
standard procedures of the optimized VBM technique
to improve spatial normalization and segmentation.42

Age and sex-matched template and a priori images were
created by averaging 30 age-matched normal control
scans that had been normalized and segmented in
the MNI (Montreal Neurological Institute) stereotactic
space. Images were segmented, normalized, modulated,
and finally smoothed with a 12-mm full width at half
maximum isotropic Gaussian kernel.

All subjects were entered as a single group into a
covariate-only statistical model. Note that performance
for each clinical group is provided in Table 1 for
completeness, but this was not used in the neuroimaging
analysis.

Four separate analyses were conducted in which
total scores for naming, repetition, sentence comprehen-
sion, and language fluency were entered as covariates of
interest. In each analysis, images were proportionally
scaled by total gray matter; age and sex were used as
nuisance variables. In each analysis, the main effect of the
4 cognitive tasks was tested using a (+1) t-contrast,
assuming that higher scores on the cognitive task would
be associated with increased gray matter volumes.

On the basis of previous work, we restricted our
analyses to the language and semantic memory network
that have been previously implicated in PPA (Refs. 17, 43
for review). This region of interest (ROI) included the left
perisylvian region and the temporal lobes. The ROI was
drawn using the AAL Brain Atlas44 and was applied to
the SPM dataset WFU Pick Atlas45 (http://www.ansir.
wfubmc.edu/download.htm).

Within this ROI, we accepted a level of significance
of P<0.001 uncorrected for multiple comparisons in all
4 analyses.

We evaluated the correspondence between observed
and predicted brain volumes by calculating multiple R2

and prediction errors (prediction errors are defined as the
average squared deviation between the observed and the
fitted volumes).46 We calculated prediction error using
leave-one-out cross-validation46 and software in the R
package.47

RESULTS

Cognitive and Functional Data
Demographic information and performance on

neuropsychologic measures for each patient group is
presented in Table 1. The diagnostic groups did not differ
with regard to sex, age at evaluation, disease duration, or
Mini-Mental State Examination score. SD group was
significantly more impaired in the BNT performance
compared with PNFA, LPA, and the other dementias
groups [F(3,47) 3.41; P=0.025; Scheffe test: SD vs.

PNFA P=0.000, SD vs. LPA P=0.001, SD vs. other
dementias P=0.000]. LPA group showed a trend of
greater impairment in the WAB Repetition Subtest than
SD and other dementias [F(3,47) 2.86; P=0.047, Scheffe
test LPA vs. PNFA P=0.76, LPA vs. SD P=0.16, LPA
vs. other dementias P=0.10]. PNFA patients were
significantly more affected in the WAB language fluency
subtest than the other dementias group [F(3,47) 30.25;
P=0.0001; Scheffe test P=0.03]. On the contrary, the 4
groups did not differ on WAB Repetition Subtest [F(3,47)
2.86; P=0.047, Scheffe test LPA vs. PNFA P=0.76,
LPA vs. SD P=0.16, LPA vs. other dementias P=0.10]
and Sequential Commands [F(3,47) 0.59; P=0.63].

Imaging Data
Impaired confrontation naming correlated with

gray matter atrophy in the inferior temporal gyri (BA
20/37), fusiform gyri (BA 20/37), temporal poles (BA 21/
38), and hippocampi bilaterally, and also the left
parahyppocampal gyrus (BA 28) and middle temporal
gyrus (BA 20/21) (P<0.05, family-wise error (FWE)
corrected; Table 2 and Fig. 1). The highest peaks were
localized in the left inferior temporal and left fusiform
gyrus.

When considering the total score on the repetition
task, no significant correlation was found. A further
analysis was performed considering only performance in
sentence repetition, because sentences place greater
demands on short-term phonologic memory resources
than single words.48–50 When considering only scores for
the sentence repetition task, lower scores correlated with
atrophy in the posterior portion of left superior temporal
gyrus and sulcus (BA 22, P<0.001, uncorrected; Table 2
and Fig. 1).

Lower performance on the sentence comprehension
task correlated significantly with greater gray matter
volume loss in the dorsal portions of the left middle
frontal (BA 44/45, P<0.05, FWE corrected; Table 2 and
Fig. 1) and inferior frontal (BA 44) gyri. The left middle
temporal (BA 39) gyrus was also correlated with impaired
sentence comprehension, although at a lower level of
significance (P<0.001, uncorrected; Table 2 and Fig. 1).

Lower performance on the language fluency task
was associated with decreased gray matter volume in the
more ventral portion of the left middle frontal gyrus (BA
9) (P<0.05, FWE corrected). In addition, left superior
(BA 10) and inferior frontal (BA 45) gyri were also
correlated with language fluency (P<0.001, uncorrected;
Table 2 and Fig. 1).

The results of the statistical analysis showed that
with regard to confrontation naming, the R2 of 0.53 and
prediction error of 0.0024 indicated a close correspon-
dence between observed and predicted volumes. Same
results for the sentence comprehension analysis with the
R2 of 0.58 and prediction error of 0.0006. On the other
hand, in the repetition analysis, the R2 was 0.26 and the
prediction error value was 0.0028, which indicated a
weaker correspondence between observed and predicted
volumes. Similar results were found for the language
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fluency analysis, with an R2 of 0.36 and prediction error
of 0.0038.

DISCUSSION
The differential diagnosis of progressive aphasia at

the bedside remains problematic. Anatomically targeted
bedside cognitive measures can be a useful tool for
localizing brain damage to areas characteristically
affected in neurodegenerative diseases. The present study
showed that performance on 4 simple language tasks
correlated with distinct patterns of regional atrophy in
progressive aphasia owing to neurodegeneration: naming
ability correlated with temporal volumes, sentence
repetition with left superior temporal volumes, sentence

comprehension with left dorso-frontal volumes, and
language fluency correlated with left ventro-frontal
volumes. Further statistical analyses showed that our
imaging models accurately predicted the region of
atrophy in this population. We compare our anatomic
findings with previous data on aphasia owing to stroke
and discuss their relevance in relation to the differential
diagnosis of PPA.

Atrophy in a widespread region of the temporal
lobes, including the poles and the lateral portion of left
inferior and middle temporal gyri correlated significantly
with confrontation naming scores. This is consistent with
previous findings in SD, which is characterized by severe
naming deficits and temporal lobe atrophy.11,21,25,37,51

The same results would not have been predicted by classic
literature on aphasia owing to stroke, in which naming
deficits are associated with lesion of the perisylvian
cortex, including posterior temporal and inferior frontal
regions.52 Our results indicate that, in our cohort of
progressive aphasia patients, a naming deficit is most
likely associated with temporal dysfunction: the anterior
regions could support processing items with shared and
correlated features such as living stimuli53,54 while the
lateral areas could be involved in general semantic
processing54 and/or lexical retrieval.25

No region’s volume correlated with total scores in
repetition or with scores in the repetition of single words.
This might be due to the fact that our group of patients
did not show single word repetition deficits. However, the
volume of the posterior portion of the left superior
temporal lobe showed correlation with performance in
repetition of sentences. Infarction of the posterior,
superior temporal region is clinically associated with the
acute clinical picture of Wernicke’s type of aphasia.55,56 It
is also frequently found in chronic conduction aphasia
where repetition deficits are the hallmark of the dis-
order.57–60 Modern studies have implicated this area in
phonemic processing of speech production and percep-
tion,61,62 and specifically to phonologic storage.63,64

Patients with PPA also show a repetition deficit.6 In fact,
a sentence repetition deficit is the typical feature of the
LPA variant of PPA.11 Results from the present study
show that sentence, and not single word repetition
performance, correlates with posterior superior left
temporal involvement in progressive aphasia.

The left middle frontal and inferior frontal gyri
(pars opercularis and triangularis of Broca’s area)
significantly correlated with sentence comprehension
and language fluency skills; however, the former was
associated with a more dorsal region whereas the latter
with ventral areas. In addition, infarction of both of
middle and inferior frontal regions, together with other
neighboring regions, leads to the syndrome of Broca
aphasia.32,65,66 It is worth noting that the language
presentation in vascular aphasias and progressive aphasia
differ in some aspects, even when similar brain regions are
damaged. For example, telegraphic speech and frankly
agrammatic production output are rare in the early phase
of PNFA,67,68 though typical in Broca aphasia.69,70

TABLE 2. Results of the VBM Analysis Illustrating Localization
of Voxel That Correlated With Each of the 4 Cognitive Tasks

Brain region (BA) H x y z T Z

Confrontation naming
Inferior temporal gyrus (20/37) L � 43 � 32 � 19 8.1 6.4*

L � 45 � 15 � 33 7.9 6.3*
L � 57 � 9 � 31 7.4 6.0*
L � 32 � 9 � 41 7.4 6.0*
L � 51 � 46 � 24 6.9 5.7*
L � 37 � 12 � 38 7.3 6.0*
L � 47 � 41 � 24 7.0 5.8*
L � 40 � 25 � 16 7.1 5.8*
L � 44 � 3 � 41 7.0 5.8*
R 39 4 � 43 6.4 5.4*

Fusiform gyrus (37/20) L � 36 � 16 � 33 7.4 6.0*
R 35 � 7 � 45 7.2 5.8*
L � 30 � 33 � 22 5.9 5.1*
R 40 � 19 � 29 6.1 5.2*

Middle temporal gyrus (21/20) L � 50 � 31 � 16 7.2 5.9*
L � 54 � 20 � 20 6.5 5.5*
L � 42 � 5 � 20 7.4 6.0*

Hippocampus L � 13 � 9 � 22 5.9 5.1*
Parahyppocampal gyrus (28) L � 18 � 7 � 25 5.7 5.0*
Temporal pole (20/21/36/38) L � 46 3 � 21 6.8 5.7*

L � 32 5 � 36 5.3 4.7*
L � 41 10 � 39 5.2 4.6*
R 41 � 9 � 39 6.8 5.6*
R 41 7 � 24 5.4 4.8*
R 48 7 � 19 5.3 4.6*
R 43 10 � 26 5.5 4.8*

Sentence repetition
Superior temporal gyrus (22) L � 63 � 29 12 3.6 3.3

L � 55 � 35 8 3.5 3.2
L � 43 � 35 14 3.5 3.3
L � 45 � 51 13 3.4 3.3

Sentence comprehension
Middle frontal gyrus (44/45) L � 51 25 34 6.1 5.2*

� 48 17 39 4.4 4.0
Inferior frontal gyrus (45) L � 49 44 18 4.0 3.7
Middle temporal gyrus (39) L � 55 � 69 22 3.7 3.5

Language fluency
Middle frontal gyrus (9/45) L � 37 31 51 5.0 4.5*

L � 51 32 32 3.7 3.4
Inferior frontal gyrus (45) L � 54 42 13 4.2 3.9

L � 41 27 4 3.7 3.5
Superior frontal gyrus (10) L � 32 61 20 4.1 3.8

*P<0.05, FWE corrected for multiple comparison.
H indicates hemisphere; L, left; R, right.
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Our data support the view that the left inferior
and middle frontal gyri are involved in sentence
comprehension.29,71–77 The anatomic overlap between
regions that correlated with language fluency and
sentence comprehension is not surprising because the
WAB language fluency test also involves judgment of
‘‘agrammatism’’ in language production (eg, to achieve a
perfect score, the production of grammatically correct
sentences is required). The language fluency results also
support the notion that the left inferior frontal gyrus,
together with the premotor cortex, basal ganglia and
anterior insula compose the network of brain regions that

support motor speech in both stroke and neurodegenera-
tive disease.11,12,30,31,78,79 In our cohort, all patients with
PNFA were by definition nonfluent; 11 out of 15 had
apraxia of speech and 6 also had dysarthria. All but one
had difficulty with comprehension of syntactically com-
plex sentences. It is also worth noticing that poor
performance on the WAB fluency subtest cannot differ-
entiate motor speech and grammar impairment. Further-
more, the questions of this task are basic and the objects
in the pictures are mostly high familiar objects (eg, radio,
tree, etc). For these reasons, often SD patients score at
ceiling in this task.

FIGURE 1. Results of the VBM analysis. Upper row: main effects of shortened BNT (red, naming) and WAB sequential commands
(green, sentence comprehension). Lower row: main effects of WAB language fluency (yellow, language fluency) and WAB
sentence repetition (blue, sentence repetition). Results are superimposed on the 3-dimensional rendering of the Montreal
Neurological Institute standard brain and displayed at a threshold of P<0.001 uncorrected.
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PPA was initially described as a unitary syndrome.9

More recently, different clinical variants have been
described showing specific clinical and MRI patterns of
impairment.11,24,36,80 In the covariate analysis reported in
this paper, all patients were entered as a single variable,
without a priori classification into different PPA variants.
Nevertheless, the areas that correlated with scores in the
considered language tests corresponded well to the areas
previously described as typically affected in each
PPA variant. Anterior temporal atrophy has been
consistently associated with SD21,81,82; left temporo-
parietal junction with LPA11 and left frontal with
PNFA.11,12,23,79 Therefore, different patterns of impair-
ment on the language tests used in this experiment might
point to anatomic damage in regions that have previously
been associated with the different variants of PPA, and
thus might be helpful in the differential diagnosis of this
syndrome.

A caveat of the study is that performance on the
language tasks was in most cases evaluated by a single
clinician, who is certified as speech pathologist (J.O.);
however, recordings of controversial cases were reviewed
by all clinicians in the language group (S.A., M.L.G.T.,
J.O., and N.D.) and a consensus was reached. In
addition, the VBM technique has some well-known
limitations such as limited spatial resolution and possible
registration errors. Lastly, some of the results of the
correlation analyses could be associated with a specific
test because of secondary features of the task; for
example, the correlation of parahippocampal/hippocam-
pal gyrus with the naming task might be related to the
failure to connect the object to an autobiographical
memory.83 The left hippocampal/parahippocampal atro-
phy found in our study is consistent with previous
work.84,85

In conclusion, we demonstrated that performance in
4 simple language tasks is correlated with specific sites of
atrophy in progressive aphasia owing to neurodegenera-
tive disorders. Most regions corresponded to those
previously identified in vascular aphasic patients. How-
ever, a specific role of the anterior temporal lobe in
confrontation naming is detected in patients with
neurodegenerative disease, in whom this region is more
often involved. Performance in naming, sentence repeti-
tion, sentence comprehension, and language fluency
correlated with atrophy in regions that are differentially
involved in each PPA variant and might be useful in
the differential diagnosis of this controversial clinical
syndrome.
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