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Abstract

To investigate the basis for impaired sentence comprehension in patients with frontotemporal

dementia (FTD) we assessed grammatical comprehension and verbal working memory in 88 patients

with three distinct presentations: progressive nonfluent aphasia (PNFA), semantic dementia (SD),

and nonaphasic patients with a disorder of social comportment and executive processing (SOC/

EXEC). We related sentence comprehension and working memory performance to regional cortical

volume in a subgroup of 29 patients with structural MRI scans using voxel-based morphometry.

PNFA patients exhibited the greatest difficulty with sentence comprehension and were especially

impaired with grammatically complex sentences, which correlated with atrophy in left inferior frontal

cortex. Working memory performance in these same patients correlated with a proximal but distinct

left inferior frontal region. SD patients’ sentence comprehension scores correlated with left infero-

lateral temporal lobe damage, which we hypothesize reflects impairments in lexical processing. We

did not observe any consistent relationship between cortical atrophy and sentence comprehension
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impairment in SOC/EXEC patients, suggesting the deficits in this subgroup may be due to more

variable declines in executive resources.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The complex task of comprehending a single word involves a large number of brain
regions involved in phonological, lexical, and semantic processing. Above and beyond
these demands, understanding a sentence requires a knowledge of rules governing the
relationships between words (Chomsky, 1981) and executive resources used to apply these
rules online during sentence comprehension (Cooke et al., 2002). In this study we look to
three groups of patients with differing patterns of cortical atrophy for evidence regarding
the neuroanatomical bases for sentence comprehension.

Frontotemporal dementia (FTD) is a neurodegenerative condition that results in
varying patterns of cognitive impairment (Grossman, 2002). Based on their behavioral
presentation, patients with FTD can be clinically classified into at least three subgroups
(Snowden, Neary, & Mann, 1996). Because the relative distributions of cortical atrophy
differ among the three subgroups, analysis of language deficits in each group can provide
insight into the neuroanatomical regions supporting various aspects of cognition,
including language (Peelle & Grossman, 2008). Briefly, progressive nonfluent aphasia
(PNFA) is associated with effortful, agrammatic, and dysarthric speech. Patients with
semantic dementia (SD), by comparison, display a fluent form of progressive aphasia
associated with impaired naming and single word comprehension difficulty associated with
a modality-neutral semantic memory deficit. Nonaphasic frontotemporal dementia
patients (SOC/EXEC) have a disorder of social comportment and show executive
dysfunction. Although these patients are not aphasic, diminished executive resources can
result in language difficulty. Improved clinical diagnosis and knowledge about
characteristic distribution of cortical atrophy in these patient groups has proved helpful
in linking cortical atrophy to changes in language function; however, direct correlations
between the two measures are rare. In this report, we used voxel-based morphometry
(VBM) to directly correlate regional gray matter volume in PNFA, SD, and SOC/EXEC
patients with behavioral measures of sentence comprehension and working memory.

A number of functional and structural neuroimaging studies have associated PNFA
with left hemisphere disease in inferior frontal cortex and adjacent regions such as the
frontal operculum, anterior insula, and anterior superior temporal cortex (Gorno-Tempini
et al., 2004; Grossman et al., 2004; Grossman, Mickanin et al., 1996; Nestor et al., 2003).
Left inferior frontal regions have been consistently implicated as being important for
sentence comprehension in healthy adults in stroke (Zurif, 1996; Zurif, Caramazza, &
Myerson, 1972) and functional imaging studies (Caplan, Alpert, & Waters, 1999; Heim,
Opitz, & Friederici, 2003; Peelle, McMillan, Moore, Grossman, & Wingfield, 2004). Of
particular interest is that inferior frontal regions have been linked to both processing the
long-distance grammatical dependencies between words in a sentence (Kang, Constable,
Gore, & Avrutin, 1999; Ni et al., 2000) and retaining information transiently in verbal
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working memory during ongoing sentence processing (Cooke et al., 2002, 2006; Fiebach,
Schlesewsky, Lohmann, von Cramon, & Friederici, 2005).
Consistent with these findings in healthy adults, several studies have found evidence for

grammatical processing deficits in PNFA patients. These include both offline measures of
sentence comprehension (Grossman, Mickanin et al., 1996; Thompson, Ballard, Tait,
Weintraub, & Mesulam, 1997) and online measures using a target word monitoring
paradigm (Grossman, Rhee, & Moore, 2005; Peelle, Cooke, Moore, Vesely, & Grossman,
2007). In an fMRI study of sentence comprehension, PNFA patients with grammatical
comprehension difficulties showed reduced activation in the ventral portion of the left
inferior frontal cortex, although they were able to activate the dorsal portion of the left
inferior frontal cortex (Cooke et al., 2003). The opposite pattern was seen in SOC/EXEC
patients with limited working memory, who showed reduced activation of the dorsal
portion of left inferior frontal cortex, but relatively greater recruitment of the ventral
portions. Together these studies are consistent in implicating ventral inferior frontal areas
differentially affected in PNFA with these patients’ grammatical comprehension
difficulties.
Cortical atrophy in SD typically includes anterior, lateral, and ventral portions of both

temporal lobes, with left hemisphere atrophy being more prominent (Galton et al., 2001;
Gorno-Tempini et al., 2004; Grossman et al., 2004; Mummery et al., 2000). Numerous
studies have characterized the lexical comprehension difficulties of SD patients, which
include particular difficulty with confrontation naming regardless of the modality of
presentation (Bozeat, Lambon Ralph, Patterson, Garrard, & Hodges, 2000; Hodges,
Graham, & Patterson, 1995; Hodges, Patterson, Oxbury, & Funnell, 1992). SD patients’
difficulties have been attributed to anterior temporal damage (Lambon Ralph, McClel-
land, Patterson, Galton, & Hodges, 2001), although a VBM study with SD patients
correlated atrophy in left lateral inferotemporal regions with lexical access problems
(Grossman et al., 2004).
SOC/EXEC patients tend to have frontal and temporal lobe atrophy that is more right

lateralized, and less damage to left inferior frontal regions affected in PNFA (Grossman
et al., 2004; Rosen et al., 2002; Williams, Nestor, & Hodges, 2005). SOC/EXEC patients
typically have cognitive deficits in a variety of executive domains including selective
attention, strategic planning, and working memory (Libon et al., 2007; Rahman, Sahakian,
Hodges, Rogers, & Robbins, 1999). Subjectively, the SOC/EXEC patients’ language
difficulties present more variably than PNFA or SD patients, perhaps due to
heterogeneous executive impairments. Even though these executive limitations have been
shown to affect SOC/EXEC patients’ language processing (Ash et al., 2006; Murray,
Koenig, Antani, McCawley, & Grossman, 2007; Peelle et al., 2007), their language
impairments are generally less severe than those seen in PNFA or SD patients.
These three patient groups allowed us to examine neuroanatomically dissociable

resource allocation during sentence comprehension. Our particular interest centered on the
contribution of verbal working memory to this task. The nature and involvement of
working memory in sentence comprehension have received considerable attention in the
literature. While few dispute the need for the short-term storage of information during
sentence processing, debate has centered on the issue of whether the resource involved is
language-specific or more general in nature (Caplan, Alpert, Waters, & Olivieri, 2000;
Caplan & Waters, 1999; Daneman & Carpenter, 1980; Fiebach et al., 2005). In the current
study we choose to measure a more general form of working memory using a standard
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backward digit span task. We expected, first, that this measure would reflect SOC/EXEC
patients’ general executive limitations, and be a way to parsimoniously characterize
the role of executive resources in sentence comprehension. Second, this allowed us
to test whether PNFA patients’ left inferior frontal disease forces these patients to
compensate for their language limitations by relying on a domain-general form of
working memory for the grammatically demanding sentences. This hypothesis would be
consistent with reduced left ventral frontal recruitment during sentence processing
(Cooke et al., 2003) and slowed grammatical processing in a word monitoring task
(Grossman et al., 2005).

Although sentence comprehension has been studied in FTD, direct correlations
involving measures of sentence processing and regional cortical atrophy are rare. In the
current study we use voxel-based morphometry (Ashburner & Friston, 2000) to determine
regions of cortical atrophy that are significantly related to sentence comprehension and
working memory in PNFA, SD, and SOC/EXEC patients. We sought to determine
whether differing patterns of atrophy between patient groups are related to differing
patterns of language comprehension difficulty, and also whether working memory deficits
are related to sentence comprehension ability.
2. Method

2.1. Participants

We studied 88 right-handed native English speakers diagnosed with FTD in
the Department of Neurology at the University of Pennsylvania. The clinical
diagnoses were established using a modification of published criteria (McKhann
et al., 2001; Neary et al., 1998). Exclusion criteria included the presence of
other dementing conditions such as Alzheimer’s disease, history of stroke, or presence
of primary psychiatric disorders or systemic illness that might interfere with cognitive
functioning.

Patients were divided into subgroups through a consensus mechanism based on
modifications of published criteria (Davis, Price, Moore, Campea, & Grossman, 2001;
Price, Davis, Moore, Campea, & Grossman, 2001). Subgroup diagnosis resulted in 28
PNFA patients, 28 SD patients, and 32 SOC/EXEC patients. Demographic and clinical
information for all patients is summarized in Table 1. The patient groups were matched for
age, education, disease duration, and Mini-Mental State Exam score (Folstein, Folstein, &
McHugh, 1975). All patients and their legal representatives participated in an informed
consent procedure approved by the Institutional Review Board at the University of
Pennsylvania.

Cognitive data in the patients were evaluated relative to 29 healthy adults matched for
age and education. The performance of each patient was converted to a z score based on
the performance of these healthy control participants.

Structural MRI scans were available for a subset of 29 patients, also listed in Table 1.
The patient groups used in the imaging study were matched for age, education,
disease duration, and MMSE. Imaging data in the patients were compared to
structural MRI scans obtained from 12 healthy adults matched for age and education
with the patients.



ARTICLE IN PRESS

Table 1

Mean (7S.D.) demographic, clinical, and cognitive scores for each patient group

PNFA SD SOC/EXEC

Cognitive Imaging Cognitive Imaging Cognitive Imaging

Number of patients 28 7 28 8 32 14

Age (years) 66.04 (10.2) 68.86 (11.4) 68.39 (9.9) 65.50 (13.0) 65.47 (11.3) 63.07 (12.2)

Education (years) 14.29 (2.5) 14.85 (1.9) 15.54 (2.7) 15.38 (2.3) 15.09 (2.7) 15.07 (2.3)

Duration (months) 28.57 (19.1) 39.00 (22.5) 44.57 (24.4) 41.50 (39.2) 38.28 (45.6) 42.43 (33.5)

MMSE

(maximum ¼ 30)

22.68 (6.5) 21.85 (7.1) 23.07 (5.5) 23.75 (4.6) 21.69 (5.4) 18.00 (6.5)

Sentence

comprehension (z

scorea)

�1.71 (1.2) �1.61 (0.9) �1.17 (1.4) �1.03 (1.5) �1.09 (1.2) �0.95 (1.0)

Reverse digit span (z

scorea)

�1.44 (1.1) �1.55 (1.0) �1.09 (1.4) �0.42 (1.4) �1.04 (1.1) �1.21 (1.3)

Boston naming test (z

scorea)

�1.91 (2.7) �3.22 (3.9) �3.49 (0.6) �4.33 (2.4) �1.71 (2.5) �3.11 (2.6)

aRelative to age- and education-matched healthy adults.
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2.2. Cognitive materials and procedure

In order to characterize language comprehension ability in these patients, we
administered several tasks testing sentence comprehension and verbal working memory.
Tasks were administered among other measures during a 60-min session containing a
variety of additional tasks, and were presented in a fixed order, with sentence
comprehension tasks occurring prior to working memory tasks. The cognitive measures
included the following:

2.2.1. Sentence comprehension

Participants responded to a simple question about the agent of the action of short
sentences, spoken by the researcher, containing familiar words (Grossman, D’Esposito et
al., 1996). Two types of sentences were used: four simple sentences containing a
subject–verb–object structure (e.g., ‘‘The nice, tall girl chased the friendly boy.’’), and eight
complex sentences featuring a subject-relative or object-relative embedded clause (e.g.,
‘‘The friendly boy that the girl chased was nice.’’). We equated the sentences for length
across the two types by including adjectives in the simple sentences. Sentences were read
twice to each participant at a natural cadence with a normal stress pattern. If requested by
the patient, the sentence could be repeated. Data for this test were not available in one
SOC/EXEC patient who refused to complete this section of the protocol, and data for
three SOC/EXEC patients and one PNFA patient were excluded from the correlation
analysis because their sentence comprehension data was separated from their MRI by
more than one year.

2.2.2. Working memory

We assessed verbal working memory using the backward digit span test from the
Wechsler Adult Intelligence Scale (Wechsler, 1997). A sequence of digits was presented at a
rate of 1 per second. Participants repeated the digits in the opposite order of presentation.
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The sequence length began at two digits, and was increased by one digit until a patient
failed to repeat two trials of a sequence at a specific length. Data were not available in three
PNFA patients, three SD patients, and six SOC/EXEC patients.

2.2.3. Boston naming test

Lexical access was investigated using an abbreviated version of the Boston Naming Test
(Kaplan, Goodglass, & Weintraub, 1983), consisting of 15 line drawings selected from the
full test. Data were not available in one SD patient.

2.3. Imaging procedure

Structural MRI images were acquired on a GE Horizon Echospeed 1.5 T scanner (GE
Medical Systems, Milwaukee, WI). We obtained T1-weighted 3D spoiled gradient echo
images (TR ¼ 35ms, TE ¼ 6ms, slice thickness ¼ 1.3mm, flip angle ¼ 301, matrix size of
128� 256, in-plane resolution of 0.9� 0.9mm).

All processing was performed using SPM99 software (Wellcome Trust Centre for
Neuroimaging, University College London, UK). We used voxel-based morphometry
(Ashburner & Friston, 2000) to compare the gray matter of the patient groups to the
healthy adults, and to correlate regional cortical atrophy with performance on the
cognitive tasks. The structural images were normalized into a standard stereotactic space
(Friston et al., 1995) using a standard T1-weighted template. We segmented each subject’s
structural image into three tissue types: gray mater, white matter, and cerebrospinal fluid
(Ashburner & Friston, 1997). We visually inspected each resulting gray matter volume to
ensure no gross errors, such as voxels from the dural sinuses or other nonbrain structures
being misclassified as gray matter. The gray matter segmentations were then smoothed
using a 12mm FWHM Gaussian kernel.

Cortical volume in each patient group was compared to control participants using a
two-sample t-test to identify regions of significant cortical atrophy in each group. A
proportional analysis threshold was used to include only voxels with 40% or greater of the
grand mean value. We set our voxelwise statistical threshold for patient groups relative to
control participants at po0.0001, uncorrected for multiple comparisons. We accepted only
clusters comprised of 100 or more adjacent voxels. Coordinates were transformed from
MNI space into Talairach coordinates (Talairach & Tournoux, 1988) using a nonlinear
transformation (http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach).

The correlation analysis involved a regression of comprehension accuracy for
grammatically complex sentences on cortical volume. We masked these correlations by
areas of significant atrophy for each patient group to determine regions of significant
atrophy that were predictive of sentence comprehension accuracy. We used a more relaxed
threshold of po0.001 for the correlation analyses to ensure the detection of subtle effects
in these predefined locations.

We elected to restrict our correlation analysis to regions of significant atrophy because
our primary interest in examining language processing in patients with neurodegenerative
disease is to determine the effect of disease-related gray matter loss. These regions are
defined by the initial t-test between gray matter density for patients and controls.
Restricting our correlation analysis to these regions is therefore most in line with our
theoretical interest in these populations. Other researchers have restricted analyses to pre-
defined regions of interest (e.g., Amici, Brambati, Wilkins, Ogar, & Dronkers, 2007). Such

http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach
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an approach may miss regions of atrophy that do not correspond to the researchers’ notion
of a core language-processing network, which is likely to be influenced by a research
group’s particular theoretical framework. Our approach, by contrast, is capable of
detecting regions of cortical atrophy involved in sentence comprehension and working
memory regardless of their anatomical location.
Finally, an important methodological decision in VBM centers on whether to take into

account changes in apparent gray matter intensity due to the warping associated with the
normalization process. This can be accounted for by scaling the intensity of each voxel in
the normalized image by the Jacobian determinant of the deformation field, often referred
to as ‘‘modulated’’ VBM (Mechelli, Price, Friston, & Ashburner, 2005). For the current
study we examined the results of both modulated and unmodulated routines, but found no
regional differences. We report the results of the unmodulated analysis.

3. Results

3.1. Cognitive observations

We first examined sentence comprehension abilities in each FTD subgroup relative to
healthy participants. Overall sentence comprehension scores are shown in Table 1.
Although all patients showed some impairment in their sentence comprehension, PNFA
patients’ difficulty was most pronounced. Using a criterion of zo�1.65 (equivalent to
po0.05, one-tailed), PNFA patients were shown to perform significantly worse than
controls. We investigated this effect further to see whether this difference could be
explained by a relative impairment in PNFA patients’ grammatical processing, as would be
indicated by greater difficulty comprehending the complex sentences. To do this we
examined each individual’s sentence comprehension scores for the complex sentences,
using a z score criterion of �1.65 to assess whether a patient significantly differed from the
control participants. We found that 43% of the PNFA patients were significantly impaired
in their comprehension of the grammatically complex sentences. By contrast, 21% of the
SD patients and 28% of the SOC/EXEC patients were significantly impaired at
understanding grammatically complex sentences relative to healthy adults.
We next investigated the relationship between working memory, assessed by backward

digit span, and sentence comprehension ability. Working memory did not differ among the
patient groups, F(2,73)o1. In PNFA, working memory correlated with comprehension of
grammatically complex sentences, r(23) ¼ 0.57, po0.0005, but not simpler sentences,
r(23) ¼ 0.19, n.s. There was no correlation between working memory and sentence
comprehension in SD [simple: Pearson r(23) ¼ 0.28; complex: Pearson r(23) ¼ �0.06]. In
SOC/EXEC patients, working memory correlated with both simple and complex sentence
comprehension, but did not discriminate between these sentence types [simple: Pearson
r(24) ¼ 0.44, po0.05; complex: Pearson r(24) ¼ 0.45, po0.05].

3.2. Imaging observations

VBM results for PNFA and SD patients are shown in Fig. 1. Colored regions (either
green or yellow) are those that show significant atrophy in the patient group relative to
healthy control participants. These findings have been previously published (Grossman et
al., 2004) and are presented here for reference. PNFA patients, seen in Fig. 1A, showed
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Fig. 1. Correlation between grammatically complex sentence comprehension and cortical atrophy in PNFA (A)

and SD (B). All colored regions respond to significant cortical atrophy relative to healthy age-matched control

participants. Yellow regions are areas of significant cortical atrophy that showed a significant correlation with

sentence comprehension. There were no such regions found for SOC/EXEC patients.

Table 2

Correlations of cortical atrophy with comprehension of grammatically complex sentences

Group Anatomic locus (Brodmann area) Coordinates z Score

X Y Z

PNFA Left inferior frontal (6) �56 0 34 3.15

Left dorsolateral prefrontal (46) �56 36 12 3.30

Left superior temporal (22) �34 �26 4 3.46

SD Left lateral temporal (40, 39, 21) �38 �58 42 4.14

SOC/EXEC No significant correlations
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gray matter atrophy in inferior frontal, orbital frontal, frontal operculum, insula,
premotor, and dorsolateral prefrontal regions of the left hemisphere. PNFA patients also
had atrophy in anterior and ventral portions of the left temporal cortex. SD patients’
atrophy was seen in several left temporal regions, including anterior, ventral, poster-
olateral, and parahippocampal regions, displayed in Fig. 1B. SOC/EXEC patients (not
shown) had atrophy in the left anterior insula, left anterior temporal, left parahippo-
campal, right dorsolateral prefrontal, right anterior prefrontal, and right insular regions.

Within this significant patient atrophy we looked for regions that correlated with
sentence comprehension scores. These regions are shown in Fig. 1 in yellow. Correlations
of gray matter atrophy with sentence comprehension difficulty in PNFA included left
inferior frontal cortex and several adjacent regions. The anatomic distribution of peak
voxels correlating with comprehension of grammatically complex sentences, where these
regions corresponded to significant atrophy in PNFA patients, is summarized in Table 2.
In PNFA, regions where cortical volume correlated with comprehension of grammatically
complex sentences included inferior frontal, frontal opercular, insula, dorsolateral
prefrontal, and anterior temporal cortices of the left hemisphere.
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Fig. 1B shows the left lateral regions of significant correlation between sentence
comprehension difficulty and cortical volume that correspond to areas of significant
atrophy in SD, illustrated in yellow. In SD, correlations between comprehension of
grammatically complex sentences and cortical volume include dorsolateral prefrontal,
premotor, temporal, and parietal regions of the left hemisphere, as well as right temporal
and right parietal cortex. Correspondence between this correlation and areas of atrophy in
SD was seen in a large region with peak correlation in inferior parietal cortex that extended
down into lateral temporal cortex, listed in Table 2.
There were no significant correlations between sentence comprehension difficulty and

cortical atrophy in the SOC/EXEC patients.
Because there were relationships between cortical atrophy and sentence comprehension

in PNFA and SD patients, we also investigated the relationship between working memory
and cortical atrophy in these two groups. We did this to determine whether working
memory deficits might explain sentence comprehension difficulties seen in these patients.
To this end we performed direct contrasts of cortical atrophy associated with these two
measures. In PNFA regions associated to a greater degree with sentence comprehension
than working memory included inferior frontal, insula, and dorsolateral prefrontal regions
of the left hemisphere, showing good correspondence to regions of cortical atrophy. Left
prefrontal and left premotor cortical regions are associated more strongly with working
memory than the sentence comprehension task. These results are listed in Table 3. There
were no significant correlations between working memory and regions of significant
atrophy for the SD patients.

4. Discussion

Sentence comprehension requires both the processing of individual words and the rules
governing their relationships. Because the words of a sentence emerge over several seconds,
understanding these syntactic dependencies requires executive resources such as working
memory that retain critical initial portions of a sentence required for understanding later
portions of the sentence. In the current study we examined sentence processing, verbal
working memory, and their relationship with cortical atrophy in three groups of FTD
patients.
Table 3

Comparison of sentence comprehension and working memory correlations with regional gray matter volume in

regions of significant atrophy in PNFA

Contrast Anatomic locus

(Brodmann area)

Coordinates # Voxels z Score

X Y Z

Sentence

comprehension

4working memory

Left inferior frontal (47) �64 �8 16 1390 3.73

Left dorsolateral

prefrontal (9)

�28 42 36 322 3.87

Left insula �36 �26 4 354 3.50

Working memory

4sentence

comprehension

Left prefrontal (46) �44 22 12 645 4.68

Left premotor (6) �28 �4 44 274 4.07
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4.1. Sentence processing in PNFA

Several previous studies have reported grammatical comprehension difficulty in PNFA
patients (Grossman, Mickanin et al., 1996; Peelle et al., 2007; Thompson et al., 1997).
Consistent with these studies, we found that PNFA patients were significantly impaired in
their sentence processing, especially for syntactically complex sentences. We observed a
significant correlation between the comprehension of grammatically complex sentences
and cortical volume in several regions of the left hemisphere, including inferior frontal
cortex, frontal operculum, insula, dorsolateral frontal cortex, and anterior temporal
cortex. These areas also had significant cortical atrophy relative to healthy control
participants, supporting the inference that atrophy in these regions is causally related to
impaired grammatical processing. The inferior frontal distribution of atrophy in these
PNFA patients and the selective correlation of working memory scores with grammatically
complex sentence comprehension suggests that working memory is compensating in part
for the sentence processing limitations of PNFA patients.

This finding is in agreement with a considerable amount of indirect evidence supporting
a relationship between grammatical comprehension difficulty and disease in left frontal
cortex and adjacent regions as seen in PNFA (Gorno-Tempini et al., 2004; Grossman,
Mickanin et al., 1996; Turner, Kenyon, Trojanowski, Gonatas, & Grossman, 1996). A
recent VBM study also found that regions of left frontal atrophy were related to sentence
comprehension difficulty (Amici et al., 2007). Given the prevalence of activation in these
regions in healthy adults during grammatically complex sentence comprehension (Caplan
et al., 1999; Cooke et al., 2002; Ni et al., 2000; Peelle et al., 2004), this adds further support
for the broad involvement of left inferior frontal regions in processes supporting
grammatical comprehension.

PNFA patients experienced greater difficulty with grammatically complex sentences.
This difficulty was significantly correlated with their verbal working memory scores,
assessed using a backward digit span task. The relationship of span measures to syntactic
working memory is beyond the scope of this report (Caplan & Waters, 1999). However,
there are two possible explanations for the relationship between digit span and syntactic
processing in these PNFA patients. First, it is possible that backward digit span does
indeed tap a resource important for grammatical processing. We find this unlikely, as this
relationship was not seen in the other two patient groups studied. A second, more
plausible, alternative is one that takes into account the relative distribution of cortical
atrophy in the PNFA patients relative to the other patient groups. In this account, due to
damage to inferior frontal regions particularly important for syntactic processing, PNFA
patients are forced to rely on more general working memory resources to comprehend
grammatically complex sentences. We believe this account best explains the results of the
current study, particularly in the context of neuroimaging studies of sentence comprehen-
sion in healthy adults.

We found regions in the left inferior frontal cortex that correlated with working memory
to a greater degree than sentence comprehension. This is consistent with fMRI findings in
healthy adults that associate working memory demands with dorsal portions of left inferior
frontal cortex and grammatical complexity with more ventral portions (Cooke et al., 2002,
2006; Fiebach et al., 2005; Grossman et al., 2002). These findings suggest that sentence
comprehension difficulty in PNFA is compromised in two related aspects: in the rules
governing word relationships, and in the working memory required for the online
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processing of these rules. These processes are localized to ventral and dorsal portions of
left inferior frontal cortex, respectively.

4.2. Sentence comprehension in SD

Although SD patients demonstrate some difficulty with sentence comprehension, their
impairments are less severe than those seen in PNFA. The absence of a differential
impairment for grammatically complex sentences is consistent with previous studies that
fail to show a significant grammatical impairment in SD (Gorno-Tempini et al., 2004).
Regional cortical volume correlating with verbal working memory did not correspond to
regions of atrophy in SD patients, suggesting that working memory does not play a
significant role in SD patients’ sentence comprehension. Rather, it is likely that sentence
comprehension deficits in SD are due instead to difficulties accessing single word meaning.
SD patients’ difficulties with single word processing are well known (Reilly, Martin, &

Grossman, 2005; Snowden, Goulding, & Neary, 1989; Warrington, 1975), and the SD
patients in the current study were more impaired in their naming than either PNFA or
SOC/EXEC groups. Comprehension of both written and spoken words involves extensive
activation of the left lateral temporal cortex (Price, Wise, & Frackowiak, 1996; Price, Wise,
Warburton et al., 1996), and in a previous study looking at regional cortical volume
correlated with confrontation naming, SD patients showed significant correlations in these
left lateral temporal regions (Grossman et al., 2004). These results are consistent with
lateral temporal damage affecting word processing in SD.
SD is commonly associated with atrophy in the anterior temporal lobes (Gorno-Tempini

et al., 2004; Mummery et al., 2000), prompting many researchers to associate these regions
with semantic processing (Lambon Ralph et al., 2001; Patterson, Nestor, & Rogers, 2007;
Rogers et al., 2004). Imaging studies in healthy adults have also implicated anterior
temporal involvement in semantic processing (Rogers et al., 2006; Tyler et al., 2004).
However, it is lateral temporal regions, rather than anterior regions, that appear to be
associated with both sentence comprehension (in the current study) and lexical access
(Grossman et al., 2004) in SD patients. Additional evidence for the role of the lateral
temporal lobes in semantic processing comes from Noppeney et al. (2007), who compared
SD patients to a group of patients with herpes simplex virus encephalitis (HSVE). Unlike
SD patients, who have a broad semantic memory impairment across categories, HSVE
patients showed a category-specific deficit in which living things were significantly more
impaired than nonliving things. The only region in which SD patients showed greater
cortical atrophy than HSVE patients was on the lateral left temporal lobe, suggesting that
this region may play a role in the impaired naming of SD patients. Together these findings
suggest that the lateral temporal lobe plays an important role in lexical access, and that
damage to this region contributes to lexical impairments in SD and leads to their word
comprehension difficulty. We attribute sentence comprehension deficits seen in SD patients
in the current study to these word-level impairments.

4.3. Sentence comprehension in SOC/EXEC

Like the SD patients tested, the SOC/EXEC patients’ sentence comprehension was
moderately impaired relative to healthy adults, and they did not demonstrate a
grammatical processing impairment. We found that SOC/EXEC patients’ working
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memory correlated with sentence comprehension. For the PNFA patients, working
memory scores correlated with grammatically complex sentences but not grammatically
simple sentences, implicating a deficit in working memory that is closely tied to the
processing of long-distance relationships in sentence processing. By contrast, in the SOC/
EXEC patients working memory correlated with sentence comprehension for both types of
sentences. This suggests a more general impairment in executive resources, consistent with
previous studies of these patients (Hodges et al., 1995). The lack of any significant
correlation between regional atrophy and sentence comprehension for the SOC/EXEC
patients, coupled with the clinical observations of greater variability, suggests that the
causes of SOC/EXEC patients’ sentence comprehension difficulties may be less
homogeneous than the other patient groups tested, reflecting differentially affected
executive resources. This interpretation must be viewed with caution given the limited
number of patients available for the current study. Future work examining possible
subdivisions within the SOC/EXEC patients would provide stronger evidence regarding
this hypothesis.
5. Conclusions

We examined sentence comprehension and regional cortical atrophy in three subtypes of
FTD. Damage to inferior frontal regions in PNFA affected grammatical processing and
working memory resources important for sentence comprehension, leading to a differential
impairment with grammatically complex sentences. SD patients exhibited atrophy in
lateral temporal regions that correlated with sentence comprehension, most likely due to its
impact upon single word processing. Finally, SOC/EXEC patients did not show a
consistent correlation between any region of cortical atrophy and sentence comprehension.
We attribute the mild sentence comprehension deficits in this group to more general
executive resource declines. These patient groups thus illustrate at least three
neuroanatomically separable components of a sentence-processing network that can be
disrupted in FTD.
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