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Abstract
Importance—Grammatical comprehension difficulty is an essential supporting feature of the
non-fluent/agrammatic variant of primary progressive aphasia (naPPA), but well-controlled
clinical measures of grammatical comprehension are unavailable.

Objective—To develop a measure of grammatical comprehension and examine this
comparatively in PPA variants and behavioural-variant frontotemporal degeneration (bvFTD) and
to assess the neuroanatomic basis for these deficits with volumetric grey matter atrophy and
whole-brain fractional anisotropy (FA) in white matter tracts.

Design—Case–control study.

Setting—Academic medical centre.

Participants—39 patients with variants of PPA (naPPA=12, lvPPA=15 and svPPA=12), 27
bvFTD patients without aphasia and 12 healthy controls.

Main outcome measure—Grammatical comprehension accuracy.

Results—Patients with naPPA had selective difficulty understanding cleft sentence structures,
while all PPA variants and patients with bvFTD were impaired with sentences containing a centre-
embedded subordinate clause. Patients with bvFTD were also impaired understanding sentences
involving short-term memory. Linear regressions related grammatical comprehension difficulty in
naPPA to left anterior-superior temporal atrophy and reduced FA in corpus callosum and inferior
frontal-occipital fasciculus. Difficulty with centre-embedded sentences in other PPA variants was
related to other brain regions.

Conclusions and relevance—These findings emphasise a distinct grammatical
comprehension deficit in naPPA and associate this with interruption of a frontal-temporal neural
network.
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INTRODUCTION
Primary progressive aphasia (PPA) includes non-fluent/agrammatic (naPPA), semantic
(svPPA) and logopenic (lvPPA) variants. Each has characteristic language deficits.1

Quantifying these abnormalities for disease-modifying treatment trials provides useful
screening for histopathologic abnormalities.2 Effortful speech and limited grammatical
expression, necessary features of naPPA, have been well documented in naPPA.3–6

Grammatical comprehension difficulty also is an important supporting feature of naPPA,1

but comparative studies of grammatical comprehension in small series are uncommon7–11

and anatomic assessments are rare.711

Grammatical comprehension involves long-distance syntactically specified relationships
between words in a sentence. Patients with naPPA are impaired answering a simple question
about a grammatically complex sentence,7 matching a complex sentence to one of several
pictures,8 and arranging printed words into a question consistent with the content of a
picture.12 While sensitive, these approaches have not proven specific and have not identified
qualitatively distinct impairments in naPPA.7811 Since grammatical comprehension of
sentences may also involve working memory, it is important to dissociate these factors,
particularly in patients who have working memory limitations.1314 Non-aphasic patients
with behavioural-variant frontotemporal degeneration (bvFTD) have executive deficits that
interfere with narrative comprehension,15 but it is unclear whether this compromises
grammatical comprehension.

Here, we examined grammatical comprehension difficulty in PPA variants and patients with
bvFTD with a new clinical measure, and we related performance to regional grey matter
(GM) and white matter (WM) abnormalities. Impaired grammatical comprehension has been
related to left inferior frontal and anterior-superior temporal atrophy in two small series.711

We expected grammatically complex sentences with a cleft structure to be sensitive to
grammatical difficulty in naPPA, and that this would be related to abnormalities in a GM–
WM network involving inferior frontal and anterior-superior temporal regions.

METHODS
Participants

We studied 66 individuals recruited by experienced cognitive neurologists (DJI and MG)
from the Department of Neurology at the University of Pennsylvania. This included 39 with
variants of PPA (naPPA=12, lvPPA=15 and svPPA=12) and 27 non-aphasics with bvFTD.
Two independent reviewers subclassified participants according to published criteria,1 based
on medical history, neurologic examination and a detailed mental status evaluation. We
excluded individuals with vascular disease, hydrocephalus, primary psychiatric disorder and
medical illness that may impair cognition. Participants were age- and education-matched
with 12 healthy, elderly controls. Clinical and demographic information is summarised in
table 1. Subjects were further characterised by performance on neuropsychological measures
of executive functioning, semantic memory and episodic memory. These measures are
described in table 1, where performance is summarised.

Behavioural materials
Sentence comprehension—We developed a two-alternative, forced-choice sentence-
picture matching task. This is composed of 72 randomly ordered sentences and two colour
pictures accompanying each sentence. The content of the sentences and the pictures included
familiar, animate objects engaging in familiar activities. Forty-eight experimental sentences
were equally divided into three factors with two levels of each factor, as illustrated in table
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2. The structure factor included cleft (two propositions) and centre-embedded (three
proposition) sentences; the length factor included short (nine words) or long (12 words,
lengthened by a prepositional phrase strategically placed between grammatically linked
sentence constituents) sentences; and the relativisation factor included subject-relative
(agent-initial) and object-relative (patient-initial) sentences. Twenty-four control sentences
did not contain a grammatical manipulation but were length-matched to experimental
stimuli: half included a single main verb and the remainder were compound sentences
concatenated by the conjunction ‘and’; half of each of these was short and half long. We
found no statistical differences between these control versions and combined these for
analyses reported below.

Participants were shown a page containing two simple, coloured illustrations, one above the
other. Both pictures illustrated the same two characters performing an action named in the
associated sentence, with the characters switching thematic roles (agent and patient) in the
two pictures (figure 1). The actors were semantically reversible and could perform the
described action equally to each other. Adjectives in the sentences did not bias responses.
Participants heard an oral sentence presented naturalistically and were asked to indicate the
corresponding picture. We repeated a sentence once if requested by the participant. The top
image was correct on half of each stimulus type. A practice session introduced participants
to the materials and procedures, and all participants seemed to understand the task.

Behavioural statistical analysis—Control participants performed near ceiling, so non-
parametric statistics were used, including Friedman tests to determine interactions of group
with structure, length and relativisation factors and Wilcoxon tests to analyse each group’s
comprehension performance more closely. All analyses were conducted using a two-tailed α
of 0.05.

Imaging methods
We related sentence comprehension performance directly to T1 and diffusion tensor imaging
(DTI) MRI scans available in 46 participants (naPPA, n=6; lvPPA, n=10; svPPA, n=8; and
bvFTD, n=22).

GM atrophy—Details of imaging methods for GM density, reported previously,16 are
provided in online supplementary appendix 1. Volumetric T1 images were collected at 3 T
with 1 mm isotropic voxels. We performed voxel-wise comparisons between patients and
controls with two-sample t-tests using a false discovery rate (FDR)-corrected height
threshold. Since GM disease varies depending on underlying pathology17 and the number of
participants in a group, we minimised these potential sources of bias by selecting statistical
thresholds that equated the volume of atrophy across groups (naPPA: q<0.025; lvPPA:
q<0.001; svPPA: q<0.0005; bvFTD: q<0.00001). We identified clusters surviving an extent
threshold of 50 adjacent voxels. Linear regression related GM density to impaired language
performance at a height threshold of p<0.05 (uncorrected), an extent threshold of 10 voxels
and a peak voxel level in each cluster of p<0.001 unless otherwise noted.

WM fractional anisotropy—Details of the imaging methods for WM fractional
anisotropy (FA), reported previously,16 are provided in online supplementary appendix 1.
Briefly, diffusion-weighted images were acquired at 3 T with either a 30-direction or 12-
direction acquisition sequence. To minimise potential bias associated with a DTI sequence,
we included a nuisance covariate for DTI sequence in all analyses. To identify areas of
reduced FA, we performed two-sample t-tests comparing patients and controls at a height
threshold of q<0.01 (FDR-corrected) and an extent threshold of 200 adjacent voxels. Linear
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regression-related reduced FA to impaired language performance at a height threshold of
p<0.005 (uncorrected), an extent threshold of 50 voxels and a peak voxel level of p<0.001.

RESULTS
Behavioural results

A Friedman test analysing all groups’ scores for structure, length and relativisation factors
demonstrated an interaction effect (χ2(6)=372.2; p<0.0001). Figure 2 illustrates
comprehension accuracy for each factor. Interaction effects for each group and factor are
presented below.

Structure—A Friedman test demonstrated a group–structure interaction (χ2(2)=43.1;
p<0.001). Follow-up Wilcoxon tests in naPPA demonstrated worse performance with cleft
than control sentences (Z=−1.992; p=0.046). Only naPPA showed this difference, and this
was not evident in other groups including lvPPA (Z=−1.063, p=0.28). The deficit with cleft
sentences in naPPA was equally evident for short and long versions (p>0.10) and subject-
and object-relative versions (p>0.10). This could not be attributed easily to non-specific
cognitive difficulty since sentence comprehension did not correlate with MMSE in naPPA,
although MMSE was correlated with comprehension in other patient groups (all Spearman
correlations p<0.025). All patient groups were worse with centre-embedded than control
sentences (all contrasts p<0.05), and all groups except svPPA demonstrated lower scores on
centre-embedded than cleft sentences (≥=−2.533; p=0.011). All groups showed worse
performance for object-relative than subject-relative versions of centre-embedded sentences
(all contrasts p<0.01), and all groups were equally impaired for long and short versions of
centre-embedded sentences.

Length—While a Friedman test did not show an interaction between group and length
(χ2(1)=1.67; p=0.197), we examined this factor more closely because of hypotheses that
short-term memory may affect performance. A Wilcoxon test demonstrated difficulty with
long compared to short sentences only in bvFTD (Z=−2.226; p=0.026). In bvFTD, sentence
comprehension correlated with measures of executive functioning, including FAS fluency,
category naming fluency and reverse digit span (all Spearman correlations p<0.001). A
length effect was not evident in other groups.

Relativisation—Although a Friedman test demonstrated a group×relativisation interaction
effect (χ2(1)=45.6; p<0.001), this was due to controls’ near-ceiling performance on object-
relative sentences. Mann–Whitney tests showed worse performance on object relatives in all
patient groups compared with controls (all contrasts p<0.005), and all groups had worse
performance for object relatives than subject-relatives (all contrasts p<0.05).

Imaging results
Significantly reduced GM density and regressions relating GM density to comprehension are
illustrated in figure 3. Figure 3 also shows significantly reduced FA in WM tracts. Peak
coordinates for GM atrophy and reduced FA in WM are summarised in online
supplementary appendix 2. Regression analyses relating comprehension performance to GM
atrophy and reduced FA in WM are summarised in table 3.

GM atrophy in naPPA was centred in left inferior frontal, insula and anterior-superior
temporal regions, extending to right frontal regions. Regression analyses related impaired
comprehension for cleft and centre-embedded sentences to GM atrophy in left anterior-
superior temporal cortex. Reduced FA was evident in left superior longitudinal fasciculus
(SLF) and inferior frontal-occipital fasciculus (IFO) as well as corpus callosum (CC), fornix
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and uncinate fasciculus (UNC). Regressions related performance with cleft sentences to
reduced FA in left anterior CC and related performance with centre-embedded sentences to
left IFO.

In lvPPA, GM atrophy was centred in left posterior-superior temporal and inferior parietal
regions, extending to left frontal areas and minimally to the right hemisphere. Regression
analyses related impaired centre-embedded comprehension to GM atrophy in left posterior-
superior temporal and inferior parietal regions. Reduced FA was seen in left IFO, left
inferior longitudinal fasciculus (ILF), fornix and CC. Regressions related impaired centre-
embedded sentence comprehension to reduced FA in left IFO, left ILF and CC.

In svPPA, GM atrophy was most prominent in left anterior temporal regions, extending
posteriorly into left temporal areas and involving the right anterior temporal lobe.
Regression analyses related impaired centre-embedded comprehension to GM atrophy in left
mid-lateral temporal regions. Reduced FA in svPPA was seen in left ILF, UNC and CC.
Impaired centre-embedded comprehension was related to reduced FA in left ILF.

In bvFTD, GM atrophy was evident throughout frontal and anterior temporal lobes
bilaterally. Regression analyses related impaired centre-embedded comprehension to frontal
and superior temporal GM atrophy bilaterally. Impaired long sentence comprehension also
was related to bilateral frontal and superior temporal GM atrophy. Reduced FA was seen in
multiple WM regions bilaterally. Impaired centre-embedded comprehension was related to
reduced FA in CC, bilateral SLF and left IFO. Difficulty with long sentences was related to
reduced FA in bilateral CC.

DISCUSSION
Grammatical comprehension plays a crucial role in the diagnosis of naPPA.18 This study
developed a new method to assess grammatical comprehension deficits in naPPA and help
characterise this difficulty in other PPA variants as well as bvFTD. We found a deficit
understanding cleft sentences only in naPPA, and this was related to interruption of a
frontal-temporal neural network for sentence processing. All FTD subgroups were
significantly impaired with centre-embedded sentences involving greater resource demands,
and patients with bvFTD were compromised with the short-term memory component of
sentences. Linear regression analyses related impairments with these sentence materials to
other anatomic regions.

Development of the grammatical task
naPPA, also known as progressive non-fluent aphasia, has been associated with a
grammatical comprehension deficit since its earliest description.19 This observation has led
to its inclusion as an important supplementary feature of naPPA in a recent consensus
report.1 Unfortunately, several confounds have limited the informativeness of this feature in
prior assessments. One problem has been the use of highly demanding grammatical
materials to demonstrate a deficit in grammatical comprehension. Using centre-embedded
subordinate phrase constructions, for example, comparative studies found a broad sentence
comprehension deficit across all PPA variants.78 The present study confirmed this
impairment in a broad spectrum of FTD. More importantly, cleft sentences were selectively
impaired in naPPA and were not significantly impaired in other patient groups. These
sentences were less difficult statistically than centre-embedded sentences. This may reflect
that cleft sentences have fewer resource demands because they contain only two
propositions, while centre-embedded sentences contain three. While non-specific cognitive
difficulty may have contributed to comprehension impairments in lvPPA, svPPA and
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bvFTD, we did not find a correlation between MMSE and comprehension performance in
naPPA.

A second problem that may have confounded prior attempts to identify a measure specific
for naPPA is related to task demands. Challenging tasks used to ascertain sentence
comprehension difficulty have included forming a wh- question using an anagram task,12 or
holding a target sentence in mind while answering a question about the target sentence.7 To
minimise task-related demands, several studies have demonstrated selective comprehension
impairments in naPPA with online measures.1020 However, it is difficult to develop an
online task that can be administered in a clinical setting. Using a balanced approach that
minimises task-related demands and considers the practical constraints of task
administration by asking patients to relate a sentence to one of two pictures (also see ref. 6),
we identified a selective deficit for cleft sentences in naPPA. The findings presented in this
paper demonstrate the efficacy of the task, even in patients with mild disease, and we are
continuing to administer this test to a larger PPA cohort in order to confirm the findings of
this study.

Grammatical comprehension deficits in naPPA
Patients with naPPA have disease centred in left inferior frontal and adjacent anterior-
superior temporal regions.11162122 Grammatical expression deficits have been related to this
anatomic distribution of disease.5 However, studies directly relating sentence
comprehension to regional GM atrophy in naPPA have been very rare. One study associated
impaired sentence comprehension with posterior-inferior frontal and anterior-superior
temporal regions of the left hemisphere.7 In mixed groups of neurodegenerative patients,
grammatical comprehension was related to left inferior frontal atrophy.2324 The present
study found that difficulty understanding cleft sentences in naPPA is related to left anterior-
superior temporal GM atrophy. Although we had a small number of imaging datasets, this
was essentially the same anatomic distribution related to impairments with centre-embedded
sentences, confirming the reliability of cleft sentences for detecting grammatical
comprehension deficits in naPPA. Future work will have to confirm this anatomic locus with
larger numbers of patients. Previous work has suggested that this anterior-superior temporal
region is part of a ventral WM projection stream25 important for processing grammatical
information in naPPA.16 Consistent with this view, we observed reduced FA in left IFO in
naPPA, as described previously,26 and difficulty with centre-embedded sentences also was
related to reduced FA in this tract. We observed reduced FA in left SLF in naPPA as well, as
observed previously.162627 Although regression analyses did not implicate this tract directly
in naPPA sentence processing difficulty, reduced FA in the nearby anterior CC and corona
radiata was related to comprehension of cleft sentences. Much evidence in the stroke
literature implicates callosal dysfunction in performance on grammatical measures in
Broca’s aphasia,28–30 and other studies have related grammatical comprehension difficulty
in naPPA directly to SLF.24 The discrepancy between findings of WM involvement in
Broca’s aphasia and naPPA may have been due to different groups of patients and different
sentence materials.

Sentence comprehension deficits in bvFTD
Patients with bvFTD were significantly impaired with centre-embedded sentences. We also
used a fully penetrated design to assess an effect for length. Only patients with bvFTD
showed a length effect as well. Despite the absence of an obvious aphasia, language-related
deficits have been reported on comprehension measures in bvFTD involving narrative15 and
discourse.31 Resource-related limitations were implicated in these deficits, and the present
study found a correlation between impaired sentence comprehension and executive resource
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limitations in bvFTD as well. Additional work is needed to assess more precisely the role of
short-term memory deficits during sentence processing in bvFTD.

bvFTD patients’ difficulty with centre-embedded sentences was related to extensive atrophy
in several frontal and temporal regions. Since most of the statistically significant regressions
were in the right hemisphere, we suspect that this comprehension deficit in bvFTD was not
primarily linguistic in nature, but was related instead to the resource limitations that
contributed to their comprehension deficits. Consistent with this view, many of the same
GM regions implicated in subjects’ grammatical comprehension deficit were associated with
their difficulty understanding lengthy sentences. Among these were prefrontal areas
important for strategic organisation, the anterior cingulate region important for attention and
initiation and posterior-superior temporal and inferior parietal regions important for short-
term memory. Consistent with the bilateral nature of the brain regions implicated in the
patients’ grammatical comprehension difficulty, extensive correlations related
comprehension performance to WM disease in CC and corona radiata. Moreover, similar
WM regions were implicated in grammatical and resource-related aspects of sentence
comprehension. This suggests a common source of impairment across both aspects of
sentences. Additional work correlating measures of executive functioning with WM disease
is needed to confirm these observations.

Sentence comprehension deficits in lvPPA and svPPA
We found a deficit for centre-embedded sentences in lvPPA. While a preliminary report
described a deficit for lengthy sentences in lvPPA,8 we did not find this. This discrepancy
may have been due in part to differences in the materials used in these studies. We found left
temporal-parietal atrophy in lvPPA, as described elsewhere.1432 Atrophy in this GM
distribution was related directly to difficulty understanding centre-embedded sentences. We
also found that reduced FA was related to grammatical comprehension difficulty in IFO and
CC, as we found in naPPA. These observations suggest an alternate explanation for sentence
comprehension difficulty in lvPPA that is independent of a short-term memory deficit, and
instead involves interruption of a large-scale, frontal-temporal sentence processing network.
This will require evaluation by additional studies.

Poor comprehension of centre-embedded sentences was found in svPPA as well. While
previous work associated sentence comprehension difficulty with a fundamental deficit in
lexical comprehension,733 we did not find that sentence comprehension correlates with the
Pyramid and Palm Tree assessment of lexical and object comprehension. Nevertheless,
impaired centre-embedded comprehension was related to GM atrophy in left mid-lateral
temporal cortex and to reduced FA in the associated left ILF. This network has been
implicated in lexical processing in svPPA.34 Although beyond the scope of the present
study, assessments of other aspects of lexical processing are needed before dismissing the
association of grammatical comprehension with lexical processing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sample task illustration. Note: 1. Example of a two-choice illustration used in the sentence
task presented to subjects. Subjects indicated which of the two panels correctly illustrated an
orally presented sentence. The sample shown here corresponds to the long, object-relative
cleft sentence, ‘It was the unpredictable man with good intentions that the woman poked’.
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Figure 2.
Mean (+SE) percent correct sentence comprehension performance. Notes: (1) (A)
Percentage of correct control, cleft, and centre-embedded sentences by diagnosis. (B)
Percentage of correct short and long sentences by diagnosis. (C) Percentage of correct
subject- and object-relative sentences by diagnosis. For these graphs, error bars represent the
SE of the mean. (2) * denotes a significant difference in mean scores (see text for details). In
(A), cleft and centre-embedded differences are not shown. (3) NCs, normal controls; naPPA,
non-fluent/agrammatic primary progressive aphasia (PPA); lvPPA, logopenic variant PPA;
svPPA, semantic variant PPA; bvFTD, behavioural variant frontotemporal degeneration.
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Figure 3.
Grey matter atrophy and regressions relating behaviour to atrophy, and reduced white matter
fractional anisotropy. Note: (1) Images on the left illustrate whole brain renderings of grey
matter atrophy, and coloured areas show the specific anatomic distribution of significant
atrophy compared to matched controls. Anatomic locations of the corresponding clusters are
provided in online supplementary appendix 2. Areas in colours other than green illustrate
loci of significant regressions relating performance to grey matter atrophy. Images on the
right illustrate reduced fractional anisotropy on red-green-blue (RGB) diffusion tensor
images (diffusion orientation: red=left-right, green=anterior-posterior, blue=superior-
inferior). Ghost areas indicate anatomic regions and orange areas within these ghosts
indicate areas of significantly reduced fractional anisotropy compared to matched controls.
Anatomic locations of the corresponding clusters are provided in online supplementary
appendix 2. (A): non-fluent/agrammatic primary progressive aphasia; (B): logopenic variant
primary progressive aphasia; (C): semantic variant primary progressive aphasia; (D):
behavioural variant frontotemporal degeneration.
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Table 2

Examples of sentences used in the sentence comprehension task

Type of sentence Example

Control 1, short The wild and tormented kid kicked the adventurous dog

Control 1, long The interesting and funny woman in the room watched the humorous puppy

Control 2, short The octopus was jolly and it trailed the seahorse

Control 2, long The child with a smile was kind and she observed the kitten

Cleft, subject-relative, short It was the caring dog that licked the cat

Cleft, subject-relative, long It was the sneaky mouse with big ears that trailed the snake

Cleft, object-relative, short It was the excited boy that the girl watched

Cleft, object-relative, long It was the unpredictable man with good intentions that the woman poked

Centre-embedded, subject-relative, short The fox that followed the domesticated cat was fierce

Centre-embedded, subject-relative, long The boy with bad behaviour that pushed the tremendous lady was rude

Centre-embedded, object-relative, short The woman that the smart man poked was athletic

Centre-embedded, object-relative, long The kid in the kitchen that the calm mouse followed was fast
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