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Abstract

Agrammatic aphasia can be observed in neurodegenerative disorders and has been traditionally
linked with damage to Broca’s area, although there have been disagreements concerning whether
damage to Broca’s area is necessary or sufficient for the development of agrammatism. We aimed
to investigate the neuroanatomical correlates of the emergence of agrammatic aphasia utilizing a
unique cohort of patients with primary progressive apraxia of speech (PPAQOS) that did not have
agrammatism at baseline but developed agrammatic aphasia over time. Twenty PPAQOS patients
were recruited and underwent detailed speech/language assessments and 3T MRI at two visits,
approximately two years apart. None of the patients showed evidence of agrammatism in writing
or speech at baseline. Eight patients developed aphasia at follow-up (progressors) and 12 did not
(non-progressors). Tensor-based morphometry utilizing symmetric normalization was used to
assess patterns of grey matter atrophy and voxel-based morphometry was used to assess patterns of
grey matter loss at baseline. The progressors were younger at onset and more likely to show
distorted sound substitutions or additions compared to non-progressors. Both groups showed
change over time in premotor and motor cortices, posterior frontal lobe, basal ganglia, thalamus
and midbrain, but the progressors showed greater rates of atrophy in left pars triangularis,
thalamus and putamen compared to non-progressors. The progressors also showed greater grey
matter loss in pars triangularis and putamen at baseline. This cohort has provided a unique
opportunity to assess the anatomical changes that accompany the development of agrammatic
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aphasia. The results suggest that damage to a network of regions including Broca’s area, thalamus
and basal ganglia are responsible for the development of agrammatic aphasia. Clinical and
neuroimaging abnormalities were also present before the onset of agrammatism that could help
improve prognosis in these subjects.
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1. INTRODUCTION

Agrammatic aphasia can be observed in neurodegenerative disorders and is characterized by
grammatical errors in speech or writing and impairments in comprehending syntactically
complex sentences (Thompson & Mack, 2014). Early stroke studies associated the presence
of agrammatic aphasia with damage to Broca’s area, located in the left inferior frontal lobe
(Broca, 1865; Geschwind, 1970), although there have been disagreements in the literature
concerning whether damage to Broca’s area is necessary or sufficient for the development of
agrammatic aphasia (Fridriksson, Fillmore, Guo, & Rorden, 2015; Marie, 1906). Patients
have been reported with agrammatic aphasia that do not have strokes affecting Broca’s area,
and, conversely, patients have been reported with strokes in Broca’s area that do not have
agrammatism (Fridriksson et al., 2015; Marie, 1906; Yang, Zhao, Wang, Chen, & Zhang,
2008). Several stroke studies have suggested that damage to other structures, including the
insula, parietal lobe, superior temporal lobe, thalamus and basal ganglia are also important
in the development of agrammatism (Dronkers, Plaisant, Iba-Zizen, & Cabanis, 2007;
Jodzio, Gasecki, Drumm, Lass, & Nyka, 2003; Mohr et al., 1978; Yang et al., 2008).

Structural neuroimaging has also been used to try to pin-point the anatomic correlate of
agrammatic aphasia in neurodegenerative disorders. These studies have typically assessed
patterns of atrophy in groups that have the agrammatic variant of primary progressive
aphasia (Gorno-Tempini et al., 2004; Grossman et al., 2013; Josephs et al., 2013; Josephs et
al., 2006; Rohrer et al., 2009), and a couple of studies have examined correlations between
clinical measures of agrammatic aphasia severity and grey matter volume (Amici et al.,
2007; Whitwell, Duffy, Strand, Xia, et al., 2013). The latter approach identified correlates in
Broca’s area, but also in the middle and superior frontal gyri and even temporal regions
(Amici et al., 2007; Whitwell, Duffy, Strand, Xia, et al., 2013). The weakness of these
approaches is that patients with agrammatic aphasia often have other clinical features, such
as apraxia of speech (Josephs et al., 2006) or parkinsonism (Graff-Radford, Duffy, Strand, &
Josephs, 2012; Josephs et al., 2006; Kertesz, McMonagle, Blair, Davidson, & Munoz, 2005),
and hence it can be difficult to disentangle the possible causal relationships between
anatomy and these different clinical features. In addition, the patients in these studies
already had well established agrammatic aphasia and so it has not been possible to assess the
changes in the brain that occur before symptom onset or at the time of development of
agrammatic aphasia.
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Primary progressive apraxia of speech (PPAQOS) is a neurodegenerative motor speech
disorder characterized by isolated apraxia of speech (J.R Duffy, 2013), in the absence of
agrammatic aphasia (Josephs et al., 2012); however, we have recently demonstrated that
some patients with PPAQS develop agrammatic aphasia over time, while in others apraxia of
speech remains the sole feature (Josephs et al., 2014). Thus, patients with PPAOS provide a
unique opportunity to study the emergence of agrammatic aphasia. The aim of this study
was, therefore, to study a cohort of PPAOS subjects that had been followed longitudinally to
assess the neuroimaging changes that accompany the development of agrammatic aphasia
when it occurs. A comparison of PPAOS subjects that develop agrammatic aphasia to those
that do not allowed us to identify regions specifically associated with the development of
aphasia, rather than general worsening of other clinical features. We have shown that
patients with PPAOS demonstrate a relatively focal pattern of atrophy, with grey and white
matter loss observed in the supplementary motor area and superior lateral premotor regions
(Josephs et al., 2013; Josephs et al., 2012; Whitwell, Duffy, Strand, Machulda, et al., 2013).
Hence, we hypothesized that the development of agrammatic aphasia in PPAOS would be
associated with a spread of disease from superior premotor regions into inferior frontal
regions, including Broca’s area.

2. MATERIALS AND METHODS
2.1. Subjects

A cohort of 20 subjects with PPAOS underwent two serial MRIs with an interval of
approximately two years. All subjects had been recruited into a cross-sectional National
Institute of Health (NIH) funded grant and had been given a diagnosis of PPAOS at their
first, i.e. baseline, research visit after undergoing an extensive speech and language battery,
as previously described (Josephs et al., 2012). Subjects were diagnosed with PPAOS if the
dominant presenting sign was apraxia of speech and any other nonspeech neurological or
aphasia characteristics were considered absent or, at most, equivocal. Dysarthria was not an
exclusionary problem unless it was judged as more severe than PPAOS at initial assessment.
Diagnosis was made after review of video and audio recordings and speech and language
test scores by two speech-language pathologists. All subjects returned for follow-up as soon
as possible as part of another NIH-funded longitudinal grant. All subjects underwent an
identical neurological evaluation, speech and language examination and volumetric head
MRI at both baseline and follow-up. All MRI scans were performed within two days of the
neurological and speech and language examinations for every subject. The video and audio
recordings and speech and language test scores from the follow-up assessments were
reviewed by two speech-language pathologists in a consensus meeting to determine whether
agrammatic aphasia was present. The presence of agrammatic aphasia was based on
evidence of agrammatism in either written or spoken language. A designation of
agrammatism was made if the speech or writing sample included two or more instances of
function word omission, errors in word order, or inappropriate morphology (e.g., verb tense).
Subjects who developed agrammatic aphasia often also performed abnormally on other
language tasks in a manner consistent with a diagnosis of aphasia (e.g., abnormal
comprehension of complex sentences, abnormal confrontation naming). No subject met
consensus criteria for a diagnosis of the semantic or logopenic variants of PPA (Gorno-
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Tempini et al., 2011). Fifteen of the 20 subjects have been screened for mutations in the
three major frontotemporal dementia-related genes (progranulin (Baker et al., 2006),
microtubule associated protein tau (Hutton et al., 1998) and COORF72 repeat expansions
(DeJesus-Hernandez et al., 2011; Renton et al., 2011)) and all were negative (Flanagan et al.,
2015).

The 20 PPAQS subjects were matched 2:1 by age, gender and scan interval to 40 healthy
controls. All healthy controls had been recruited into the Mayo Clinic Study of Aging
(MCSA) and the controls were identified from the MCSA database. The healthy control
cohort had a median (IQR) age of 71 (63.75, 76) years at baseline MRI, 45% were female,
and the median MRI interval was 2.3 (1.5, 2.6) years.

2.2. Speech and language battery

The speech and language battery has been described in detail previously (Josephs et al.,
2012). The battery included the Western Aphasia Battery (WAB) (Kertesz, 2007), Part 1,
which provided the WAB aphasia quotient (WAB-AQ) as a measure of global language
ability, and the information content, fluency, and auditory verbal comprehension subscores.
The battery also included the Token Test, Part V (De Renzi & Vignolo, 1962) as a sensitive
measure of verbal comprehension and, more specifically, grammatic/syntactic
comprehension, the 15-item Boston Naming Test (Lansing, Ivnik, Cullum, & Randolph,
1999) as a measure of confrontation-naming ability, and a Motor Speech Disorders (MSD)
scale (adapted with minimal changes from (Yorkston, Strand, Miller, Hillel, & Smith, 1993))
which rates the severity of motor speech impairment (apraxia of speech and/or dysarthria)
on a 10-point scale based on the functional impact of the speech disturbance (1 = nonvocal;
5=frequent repetition required; 10 = normal speech). A 0-4 rating scale (0 = normal/no
impairment; 4 = severe impairment with significantly reduced speech intelligibility) was
used to index AOS severity. The rating was based on conversational and narrative speech and
repetition of words and sentences. Letter (FAS) and semantic (animal) fluency scores were
also obtained. The writing sample from the WAB picture description was also reviewed for
the presence or absence of agrammatism. Because dysarthria was not an exclusionary
criterion, its severity was rated on a 0—4 severity scale (0 = normal speech; 4 = severe
dysarthria). In addition, each subject was classified with an apraxia of speech type based on
the specific apraxia of speech characteristics (Josephs et al., 2013). A designation of apraxia
of speech Type 1 was made if articulatory as opposed to prosodic abnormalities
predominated (Josephs et al., 2013). That is, there was a predominance of one or more of the
following: distorted sound substitutions or additions (often increasing in prominence with
increased utterance length or syllable or word complexity); sound or syllable repetitions;
false starts or attempts to correct articulatory errors. A designation of apraxia of speech Type
2 was made if syllable segmentation within multisyllabic words or across words in phrases,
and lengthened intersegment durations between syllables, words or phrases, was judged to
clearly dominate the speech pattern (Josephs et al., 2013). If no clear predominance of Type
1 or Type 2 features was observed, or if the patient became too severe to determine the
relative predominance of Type 1 and Type 2 features, a designation of AOS-NOS (not
otherwise specified) was made (Josephs et al., 2013). These classifications were made by
consensus between two speech-language pathologists, with excellent agreement as
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previously published (Josephs et al., 2013). The distinction between apraxia of speech and
dysarthria was based on the identification of features commonly associated with apraxia of
speech but not dysarthria (e.g., distorted sound substitutions, articulatory groping, increased
errors with increased length and complexity) and features commonly associated with
dysarthria but not apraxia of speech (e.g., strained voice quality, hypernasality) (J.R Duffy,
2013).

2.3. Neurological and neuropsychological batteries

All PPAQS subjects underwent detailed neurological examination by a behavioral and
movement disorders specialist (KAJ) and detailed neuropsychological testing. The
neurological examination included assessing general cognitive function with the Mini-
Mental State Examination (Folstein, Folstein, & McHugh, 1975); executive function with
the Frontal Assessment Battery (FAB) (Dubois, Slachevsky, Litvan, & Pillon, 2000); praxis
with the Limb Apraxia subscale of the WAB (Kertesz, 2007); functional performance with
the Clinical Dementia Rating Scale sum of boxes (CDR-SB) (Hughes, Berg, Danziger,
Coben, & Martin, 1982); neuropsychiatric features with the brief questionnaire form of the
Neuropsychiatric Inventory (NPI-Q) (Kaufer et al., 2000), and motor function with the
Movement Disorders Society sponsored revision of the Unified Parkinson’s Disease Rating
Scale (MDS-UPDRS) Parts Il (Goetz et al., 2008). The neuropsychological examination
included assessment of memory with the Auditory Verbal Learning Test (AVLT) (Rey, 1964)
delayed recall; executive function using the Delis-Kaplan Executive Function system
(DKEFS) card sort(Delis, Kaplan, & Kramer, 2001); and visuoperceptual function using the
Visual Object and Space Perception Battery (VOSP) incomplete letters (Warrington &
James, 1991). Mayo Older American Normative Studies (MOANS) age-adjusted scaled
scores (Ivnik et al., 1992) were used for the AVLT and scaled scores based on published
norms were used for the DKEFS. The MOANS and DKEFS scores are constructed to have a
mean of 10 and standard deviation of 3 in cognitively healthy participants.

2.4. Neuroimaging

All PPAQS and control subjects had both volumetric MRI performed at 3T using a
standardized protocol. A 3D magnetization prepared rapid acquisition gradient echo
(MPRAGE) was performed at each time-point using the following parameters: TR/TE/T1,
2300/3/900 ms; flip angle 8°, 26-cm FOV; 256 x 256 in-plane matrix with a phase FOV of
0.94, voxel sizes of 1x1x1.2mm. All MPRAGE images underwent pre-processing correction
for gradient non-linearity (Jovicich et al., 2006) and intensity non-uniformity using a
combination of N3 (Sled, Zijdenbos, & Evans, 1998) and the SPM5 normalization
(www.fil.ion.ucl.ac.uk/spm).

Longitudinal patterns of grey matter atrophy were assessed using an in-house developed
version of tensor-based morphometry using symmetric normalization (TBM-SyN) (Jack et
al., 2014) and Statistical Parametric Mapping (SPM5) (www.fil.ion.ucl.ac.uk/spm) software.
The symmetric normalization forces the deformation between two images to be symmetric
with respect to the direction of the deformation, eliminating asymmetry in the registrations
and ensuring that the absolute changes from scan A to scan B are the same as from B to A
(Fox, Ridgway, & Schott, 2011). First, all the repeat scans were iteratively registered to their
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common mean, using a nine degrees-of-freedom (9DOF) rigid-body registration. A
differential-bias correction was then performed in order to balance image intensities across
each scan-pair (Lewis & Fox, 2004). The symmetric normalization (SyN) algorithm (Avants,
Epstein, Grossman, & Gee, 2008) was applied to each 9DOF registered and differential bias
corrected scan-pair. The SyN algorithm was used to compute a nonlinear deformation
required to transform the later image to the earlier image for each pair of scans, producing
an image of the log of the Jacobian determinants for each deformation. The log Jacobian
image for each subject was scaled by the inter-scan interval, producing annualized log
Jacobian images, normalized to template space (Memuri et al., 2008) for statistical
comparison, and smoothed at 10mm full-width at half maximum. Two-sided t-tests were
used to compare the annualized log Jacobians between groups including age and sex as
covariates. As a secondary analysis, regression analyses were performed to assess
correlations between clinical measures and rates of atrophy at the voxel-level. Results were
assessed corrected for multiple comparisons using the family wise error correction at p<0.05
and uncorrected at p<0.001.

In addition, region-level rates of atrophy were calculated for each subject. For the region-
level analysis the SyN deformation was calculated between each pair of scans, in both
directions explicitly, saving an image of the log of the Jacobian determinants for each scan-
pair which was then annualized. The SyN deformation was applied to warp the late image to
the early image and the warped late image was then averaged with the early image to form a
softmean image in the space of the baseline image. We then applied unified segmentation to
each softmean image, and propagated automated anatomical labeling (AAL) (Tzourio-
Mazoyer et al., 2002) masks from template space (Vemuri et al., 2008) to the softmean
space. Grey matter ROIs that were defined on the softmean image were then applied to the
annualized log Jacobian image. Based on our previous studies on PPAOS and agrammatic
aphasia (Josephs et al., 2014; Josephs et al., 2013; Josephs et al., 2012; Whitwell, Duffy,
Strand, Xia, et al., 2013), we assessed the following regions-of-interest: precentral cortex,
paracentral cortex, supplementary motor area, Rolandic operculum, superior frontal gyrus,
middle frontal gyrus, pars opercularis, pars triangularis, thalamus, caudate, putamen and
pallidum.

Baseline assessment of grey matter volume at the voxel-level was assessed using voxel-
based morphometry in SPM5 (Ashburner & Friston, 2000). All baseline MRI were
normalized and segmented using a customized template and unified segmentation
(Ashburner & Friston, 2005) and the grey matter images were modulated and smoothed at
10mm full-width-at-half-maximum. Two-sided t-tests were used to compare groups. Results
were assessed corrected for multiple comparisons using the family wise error correction at
p<0.05 and uncorrected at p<0.001.

2.5. Statistical analysis

Statistical analysis was performed using JMP 10.0.0. Statistical comparisons between groups
were performed using Mann-Whitney U/Wilcoxon rank sum test for continuous variables
and chi-squared tests for categorical variables. Annualized rates of change in the clinical
measures were calculated as the number of points change between baseline and follow-up,
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divided by the follow-up interval in years. Regional rates of atrophy are expressed as
annualized percentage decline from baseline.

3. RESULTS

Of the 20 PPAOS subjects, eight (40%) were determined to be aphasic at the follow-up visit
(hereafter referred to as “progressors™). The remaining 12 subjects had not developed
aphasia at the follow-up visit. Writing samples demonstrating the development of
agrammatism in the progressors are shown in Table 1. The baseline characteristics of the
PPAQS progressors and non-progressors are shown in Table 2. There were no differences in
demographic features across the progressors and non-progressors, although the progressors
were younger at onset. There was also no difference across groups in measures of cognition,
functional ability, executive function, memory, visuoperceptual function, behavior, limb
apraxia and Parkinsonism. Both groups showed a comparable degree of apraxia of speech at
baseline, with median (inter-quartile range) apraxia of speech severity scores of 1 (1, 1.1) in
the non-progressors and 1.5 (1, 2.3) in the progressors (p=0.38). While no subject showed
any agrammatism in writing or speech at baseline, and all had normal scores on the WAB-
AQ, the progressors did show a slightly lower WAB-fluency score at baseline. The apraxia
of speech type differed significantly between groups at baseline, with apraxia of speech Type
1 only observed in the progressors. Annualized rates of change in the clinical scores are
shown in Table 3. The progressors showed higher rates of change compared to the non-
progressors in Token Test, WAB-AQ and WAB-fluency. Importantly, no difference in rate of
change in apraxia of speech severity was observed between the progressors (0.5 (0.4, 0.6))
and non-progressors (0.5 (0.4, 0.7), p=0.97). There was no difference in the proportion of
subjects with dysarthria between the non-progressors and progressors at baseline (two non-
progressors (16%), one progressor (12.5%), p=0.80) or follow-up (six hon-progressors
(50%), two progressors (25%), p=0.26).

In the longitudinal neuroimaging analysis, the non-progressors showed striking grey matter
atrophy bilaterally in premotor cortex, supplementary motor area, precentral cortex,
paracentral lobule and frontal lobe (Fig. 1 and Table 4, p<0.05 corrected for multiple
comparisons), particularly involving superior gyri (Fig. 1), compared to controls. These
regions were also atrophic in the progressors compared to controls (Fig. 1 and Table 4,
p<0.05 corrected for multiple comparisons). The two groups showed a similar degree of
atrophy in precentral and paracentral cortices (Table 4), but rates of atrophy across the other
frontal regions were generally greater in the progressors, particularly in the left hemisphere
(Table 4). In addition to these frontal regions, both groups showed atrophy in the left
thalamus, caudate nucleus, and putamen, as well as midbrain, compared to controls,
although the progressors showed more prominent and bilateral involvement of the basal
ganglia (Fig. 1 and Table 4). When the two groups were compared directly, the progressors
showed significantly greater rates of atrophy in the left thalamus (p=0.03), left putamen
(p=0.04), left pars triangularis (p=0.02), with a trend for greater rate in the left and right pars
opercularis (p=0.05 and p=0.06), compared to the non-progressors (Table 4 and Fig. 2,
uncorrected p<0.001). As a secondary analysis, a voxel-level regression analysis was
performed correlating rates of atrophy to rates of change in WAB-fluency; the clinical
measure that showed the most striking differences between groups. Change in WAB-fluency
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was associated with atrophy in the left inferior frontal lobe and basal ganglia (Supplemental
Figure 1, uncorrected p<0.001).

The baseline findings did not survive correction for multiple comparisons and so are
reported at an uncorrected threshold of p<0.001. The non-progressors showed grey matter
loss bilaterally in the supplementary motor area, paracentral lobule and lateral superior
premotor cortex compared to controls (Fig. 3). In contrast, the progressors showed grey
matter loss predominantly in the left hemisphere, involving supplementary motor area,
lateral superior, middle and inferior premotor cortex and putamen compared to controls (Fig.
3). The progressors showed greater grey matter loss in the left inferior triangularis and
bilateral putamen compared to the non-progressors (Fig. 2). No regions showed greater grey
matter loss in the non-progressors compared to the progressors.

4. DISCUSSION

This study provided us with the unique opportunity to assess the development of agrammatic
aphasia in a cohort of subjects with PPAOS. Almost half of the cohort of 20 subjects
developed aphasia over an interval of approximately two years, with this change associated
with atrophy of Broca’s area, as well as the thalamus and basal ganglia.

The PPAOS subjects that developed agrammatic aphasia at the follow-up visit showed
atrophy in a number of brain regions over the same time interval, with changes
predominantly located in the left hemisphere and involving inferior, middle and superior
frontal gyri, particularly in premotor regions, supplementary motor area, as well as the
thalamus, basal ganglia and midbrain. Because these subjects also showed worsening over
time in many other clinical features, such as apraxia of speech, Parkinsonism, and limb
apraxia, the anatomic correlate of the agrammatic aphasia is difficult to disentangle.
Importantly, however, this group of subjects was compared to a group of PPAOS subjects
that showed comparable degrees of progression on apraxia of speech, Parkinsonism, and
limb apraxia, but, critically, did not develop agrammatic aphasia. The findings from this
comparison suggest that the left pars triangularis, thalamus and putamen are particularly
associated with the development of agrammatism. There was also a trend for the left and
right pars opercularis to show a faster rate of atrophy in the progressors compared to the
non-progressors. These results were supported by the fact that rates of atrophy in the inferior
frontal lobe and basal ganglia were also correlated with rate of change in WAB-fluency. Our
findings concur with our previous study that found correlations between agrammatic aphasia
and atrophy of the pars triangularis and opercularis (Whitwell, Duffy, Strand, Xia, et al.,
2013); however, the involvement of the thalamus and basal ganglia suggests that Broca’s
area may not be the only region associated with the development of agrammatic aphasia.
Both the basal ganglia and thalamus have previously been implicated in agrammatic aphasia
(Fridriksson, Bonilha, & Rorden, 2007; Marie, 1906; Wallesch et al., 1983), and, in fact, it
has been suggested that Broca’s area basal ganglia thalamocortical circuitry may be
important in language processing (Brunner, Kornhuber, Seemuller, Suger, & Wallesch, 1982;
Ullman, 2001). It has been theorized that a frontal-striatal network may play a role in
providing the executive resources required to comprehend complex syntax (Grossman, 1999)
or in controlling rule-governed behavior, including the application of grammatical rules to
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combine morphemes into complex words (Ullman, 2001). Thalamic lesions can result in the
presence of semantic paraphasias, although abnormalities in language comprehension and
agrammatic non-fluent aphasia’s have also been reported (Crosson, 2013; Wallesch et al.,
1983). Indeed, recent studies have demonstrated structural connectivity between Broca’s
area and the thalamus and basal ganglia (Bohsali et al., 2015; Ford et al., 2013), with
projections observed from both the pars opercularis and pars triangularis into the anterior
putamen and the ventral anterior nucleus and pulvinar of the thalamus (Bohsali et al., 2015;
Ford et al., 2013). Our findings support a role for this network in agrammatism.

There was evidence that this network of regions related to the development of agrammatism
was already atrophic in the progressors at baseline compared to the non-progressors, despite
the fact that agrammatism was not present clinically. These changes therefore appear to
precede the development of agrammatism and represent a possible preclinical marker of the
development of future agrammatism. These atrophic changes may have been present up to
2.5 years before the onset of agrammatism, although the exact preclinical interval will be
best captured by future studies that follow PPAOS non-progressors for many years before
some develop aphasia.

The speech and language data suggests the absence of agrammatism at baseline in the
PPAQS subjects, with significant declines over time in the WAB and Token Test illustrating
the development of agrammatism in the progressors. The WAB-fluency subtest which
showed strikingly faster rates in the progressors is a construct in the WAB that includes
grammatical abnormalities. The Token Test provides a measure of relatively complex
sentence comprehension that includes a requirement for processing of grammatic and
syntactic relationships (e.g. after picking up the green square, touch the white circle; touch-
with the blue circle-the red square). The progressors did show slightly worse performance on
the WAB-fluency variable at baseline, raising the possibility that some of them may have
had subtle problems. Importantly, however, all still performed well; none received a fluency
score that indicated the presence of agrammatic or telegraphic utterances (all subjects scored
9 or 10/10), and all scored within the normal range on the WAB-AQ. It is possible that
slightly poor performance on the WAB fluency task could be an early indicator of the future
development of agrammatism, although this might be difficult to detect in individual patients
since performance was still within the normal range.

Interestingly, we observed a striking difference between the progressors and non-progressors
in apraxia of speech type. Over 60% of the progressors were apraxia of speech type 1,
meaning that they presented predominantly with distorted sound substitutions or additions.
In contrast, none of the non-progressors had apraxia of speech type 1; all of them instead
presented with a speech pattern predominated by syllable segmentation within multisyllabic
words or across words, i.e. AOS type 2 (Josephs et al., 2013). The presence of apraxia of
speech type 1 in PPAOS may, therefore, suggest that the subject is likely to develop
agrammatic aphasia, while a subject with apraxia of speech type 2 would be less likely to
develop agrammatic aphasia. This finding supports our previous study in which we found an
association between type 1 and agrammatic aphasia. In the previous study, we found that
apraxia of speech type 1 was more likely to occur in subjects that have dominant agrammatic
aphasia rather than in those with a dominant apraxia of speech. It also supports the
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description of apraxia of speech by others when co-existent with aphasia (Ogar, Dronkers,
Brambati, Miller, & Gorno-Tempini, 2007). These findings, together, highlight the
importance of assessing the specific characteristics of the apraxia of speech. While this
judgment is best made by neurologists and speech-language experts, it is possible that
acoustic analysis of speech data may be sensitive to apraxia of speech type and may prove to
be a useful diagnostic tool (J. R. Duffy et al., 2015). The PPAOS progressors were also
younger at onset compared to the non-progressors, suggesting that young age in the context
of PPAOS could prove to be a useful indicator of which subjects may develop agrammatism.
A caveat, however, with both the age and apraxia of speech type findings is that we do not
know whether any of the non-progressors will develop agrammatism in the future. Further
follow-up will, therefore, be needed to determine the relationship between these clinical
features and agrammatism.

The longitudinal assessment of subjects with PPAOS in this study has provided us with
significant insight into the neurobiology underlying agrammatic aphasia. While the number
of subjects in our study was relatively small, this is the largest cohort of PPAOS subjects to
date that have been followed longitudinally. The unique nature of our cohort allowed us to
assess the onset of agrammatism for the first time. It has also provided evidence that
demographic and clinical features may differ between PPAQOS progressors and non-
progressors. Hence, if a PPAOS subject presents at a young age (~60 years) with apraxia of
speech type 1, one could predict likely progression to agrammatic aphasia within the next
couple of years. Understanding how the disease is likely to progress will be critically
important to allow patients and their families to plan for the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Longitudinal regions of grey matter atrophy in the progressors (red) and non-progressors

(blue) compared to controls. Results are shown on lateral and medial three dimensional
renderings of the brain and representative coronal slices. Results are shown corrected for
multiple comparisons using the family wise error correction at p<0.05.

Cortex. Author manuscript; available in PMC 2018 May 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Whitwell et al.

Page 15

Baseline

LY

Change over time

.N\\
@ \ . . 5
=5 y .

' (=158 g

Figure 2.
Regions that showed greater grey matter atrophy in the progressors compared to the non-

progressors at baseline and over time. Results are shown uncorrected for multiple
comparisons at p<0.001.

Cortex. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitwell et al. Page 16

Figure 3.
Regions of grey matter loss at baseline in the progressors (red) and non-progressors (blue)

compared to controls. Results are shown on lateral and medial three dimensional renderings
of the brain and representative coronal slices. Results are shown uncorrected for multiple
comparisons at p<0.001.
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Writing samples from baseline and follow-up visits for the eight PPAOS progressors

Table 1

driveway."

Patient | Baseline Follow-up

1 "It's a weekend and the family is having "Mom, dad, son are the dauter to going
a picnic by a lake." the picnic.”

2 "There's a family at a picnic at the "There is a lot activity on the beach and
beach.” the lake."

3 "There is a man fishing off the dock and | "The driveway of the house is car on it."
a young girl is making a sand castle.”

4 "The family was having a great day by "The family went to lake weekend."
the water."

5 "The couple is having a picnic by the "The girl is constructing sand castle while
lake." the couple is drinking wine."

6 "The little girl is on the beach playing in | "There a tree by house, & a car out front."
the sand and she has a pail & shovel
beside her."

7 "Sammy is flying a kite while running. "The mother was pouring wine and her
Sally is building a castle with a shovel husband was reading good book."
and pail."

8 "Behind them is a house with a car in the | "[Name] born Holland." (only writing >

single word attempts)
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Subject demographics and baseline clinical data

Table 2

PPAOS non- PPAOS progressors z/chisqt | P value

progressors
N 12 8
No. female (%) 5 (42%) 4 (50%) 0.1 0.71
Education 16 (15-18) 15 (12-18) -0.63 0.53
Handedness (R/L/A) 10 (83%)/ 2 (17%) | 5 (63%)/ 2 (25%)/ 1 (12%) 2.0 0.38
Age onset, years 70 (66-73) 61 (57-67) -2.0 0.04
Iliness duration, years 3(2-4) 4 (3-7) 1.6 0.11
Age baseline MRI, years 75 (70,77) 67 (62,70) -1.6 0.11
MRI interval, years 2.1(1.5t02.5) 2.5(2.2-2.7) 1.0 0.31
Time from baseline MRI to baseline 0(0-1) 1(1-1) 2.0 0.05
clinical assessment, days
Time from follow-up MRI to 1(0-1) 0(0-1) -1.0 0.34
follow-up clinical assessment, days
MMSE (/30) 30 (29,30) 29.5 (28.8,30) -1.0 0.31
CDR-SB (/18; 0=best) 0 (0-0) 0 (0-0.1) -14 0.15
FAB (/18) 17 (16,17) 16 (16,18) -05 0.60
Limb apraxia (/60) 58 (57,59) 58.5 (57.8,60) 0.8 0.43
UPDRS 11 (/132; 0=best) 12.5 (5.8,16.8) 6 (5,8) -11 0.24
NPI (/36; 0=best) 1.5 (1,2.5) 2(0,5.3) 0.2 0.88
AVLT delayed recall * 115 (11.0,14.0) 11.5(9.8,13.3) -05 0.58
DKEES card sort ™ 11(10.3,133) 12 (8.8,13.5) 0.0 1.00
VOSP letters (/20; 20=best) 20 (20,20) 20 (20,20) -0.9 0.36
Token Test V (/22) 21 (20,22) 20.5 (19,21.3) -1.0 0.32
WAB-AQ (/100) 98.8 (96.4,100) 96.3 (95.4,97.5) -17 0.10
WAB-fluency (/10) 10 (9.8-10) 9 (9-9.3) -2.1 0.04
WAB-info content (/10) 10 (10,10) 10 (10,10) -11 0.26
WAB-AV comp (/10) 10 (10,10) 10 (10,10) -0.1 0.96
BNT (/15) 15 (13.8,15) 15 (13.8,15) -0.2 0.82
Apraxia of speech type 1 (%)/ type 2 | 0 (0%)/ 12 (100%) 5 (63%)/ 3 (37%) 10 0.002
)7
AOS severity (/4) 1.0 (1.0,1.1) 15 (1.0,2.3) 0.9 0.38
MSD (/10) 7(7.8) 7(6,8) -0.6 0.52
Letter fluency (FAS, one min. each) 22 (17.3,28.8) 26 (18,32.3) 0.5 0.59
Animal fluency (in one min.) 19 (15.5,20) 18 (15,21) 1.0 0.31
Dysarthria severity (/4) 0(0,0.1) 0(0,0.1) -0.1 0.96

Page 18

Data shown as median (inter-quartile range); PPAOS = primary progressive apraxia of speech; MMSE = Mini-Mental State Examination; CDR-SB
= Clinical Dementia Rating Sum of Boxes; FAB = Frontal Assessment Battery; UPDRS = Movement Disorders Society Sponsored revision of the
Unified Parkinson’s Disease Rating Scale; NP1 = Neuropsychiatric Inventory; AVLT = Auditory Verbal Learning Test; DKEFS = Delis-Kaplan
Executive Function System; VOSP = Visual Object and Space Perception Battery; WAB = Western Aphasia Battery; WAB-AQ=WAB Aphasia
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Quotient; AV comp = auditory verbal comprehension; BNT = Boston Naming Test; AOS = apraxia of speech; MSD = Motor Speech Disorders
severity scale

*

Scores are constructed to have a mean of 10 and standard deviation of 3 in cognitively healthy participants

fAt follow-up, one PPAOS progressor that was AOS type 2 at baseline was classified as AOS-NOS, and two PPAOS non-progressors that were
AOS type 2 were classified as AOS-NOS. In all three patients, the designation of AOS-NOS at follow-up reflected the fact that they became too

severe to judge whether Type 1 or Type 2 predominated.

'tFor continuous variables, Z statistic reported from the large-sample approximation/tie correction of the Mann-Whitney U statistic/Wilcoxon rank
sum statistic. For categorical variables, Chi Square test statistic reported.
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Table 3
Annualized rates of change in clinical scores
PPAOS non- PPAOS z* | Pvalue
progressors progressors
MMSE 0.0 (-0.5,0) -02(-0.9,01) | -01 | 094
CDR-SB 0(0,1.0) 0.1(0,0.5) 0.0 1.00
FAB -06(-1.1,0) | -11(-12-09) | -1.2 | 024
Limb apraxia -15(-280) | -24(-36-1.2) | 08 | 044
UPDRS Il 6.9 (1.6,10.7) 4.1(1.2,7.5) -0.5 0.59
NPI 0.2 (-0.7,0.5) 0(-0.6,0.7) 0.2 0.79
AVLT delayed recall 0(-0.8,0.4) 0 (-0.3,0.6) 0.2 0.85
DKEFS card sort 05(-1.1,1.7) 0(-1.0,0.4) -0.8 0.45
VOSP letters 0(0,0) 0(0,0.3) 1.4 0.16
Token Test 0(-0.8,0) -11(-21-08) | 21 | 0.03
WAB-AQ -12(-1.4-02) | -49(-6.1,-25) | 2.1 | 0.3
WAB-fluency 0 (-0.4,0) -1.7(-21,-08) | =23 | 0.02
WAB-info content 0(0,0) 0(-0.4,0) -1.0 0.31
WAB-AV comp 0(0,0) 0 (~0.1,0) -1.7| o010
BNT 0(-0.2,0) -04(-080) | -10] 030
MSD -0.7(-1.2,-0.4) | -0.8(-1.2-0.6) | 0.2 | 0.85
AOS severity 0.5(0.4,0.7) 05(0.406) | -0.0 | o097
Letter fluency -2.1(-4.0,-0.1) | -3.5(-4.9,-0.3) | -0.3 0.77
Animal fluency -1.2(-2.0,00) | -1.8(-3.1,-1.0) | -1.0 0.30
Dysarthria severity 0.3(0,0.4) 0.1(0,0.4) -0.6 0.56

Data shown as median (inter-quartile range); All rates are expressed as points change per year (rate=repeat-baseline/interval). PPAOS = primary
progressive apraxia of speech; MMSE = Mini-Mental State Examination; CDR-SB = Clinical Dementia Rating Sum of Boxes; FAB = Frontal
Assessment Battery; UPDRS = Movement Disorders Society Sponsored revision of the Unified Parkinson’s Disease Rating Scale; NP1 =
Neuropsychiatric Inventory; AVLT = Auditory Verbal Learning Test; DKEFS = Delis-Kaplan Executive Function System; VOSP = Visual Object
and Space Perception Battery; WAB = Western Aphasia Battery; WAB-AQ=WAB Aphasia Quotient; AV comp = auditory verbal comprehension;
BNT = Boston Naming Test; AOS = apraxia of speech; MSD = Motor Speech Disorders severity scale

*
Z statistic reported from the large-sample approximation/tie correction of the Mann-Whitney U statistic/Wilcoxon rank sum statistic
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Table 4
Annualized rates of grey matter atrophy
Hem Controls PPAOS non- PPAOS progressors
progressors
Precentral L [ -0.16(-0.60,0.24) | _320(-3.48-2.28)2 | -3.20 (-3.96,-2.61)@
R | ~0.19(-0.650.37) | 766 (-3.36,-2.00) | -2.44 (-3.36,-1.43)7
Supplementary motor area L -0.24(-0.720.28) | _2 99 (-4.87,-2.11)2 | -3.87 (-4.50,-1.74)2
R | -0.39(-0.850.08) | -0 (-3.38,-1.73)7 | -2.30 (-4.50,-1.76)4
Paracentral L -0.20 (-0.92,0.48) | _2.04 (-2.58,-0.99)@ | -1.49 (-1.73,-0.88)2
R | -0.07(-081027) | _117(-241-065)2 | ~0.93(-1.46,-0.54)
Rolandic operculum L -0.26 (-0.86,0.26) | —-0.72(-1.74,0.10) -153 (-1.65,-1.28)2
R [ 022(-055035) | —0.94(-2.00,-043)7 | -134(-1.75,-0.71)
Superior frontal L -0.10(-0.91,0.33) | _1.33 (-1.85-0.35)2 | -2.01 (-2.74,-0.50)2
R | -0.20(-0730.28) | _119(-203-068) | ~1.31(-2:36,-0.63)
Midadle frontal L -0.03(-0.76,0.43) | _1.04 (-1.54,-0.37)@ | -1.87 (-2.70,-0.71)2
R | -0.07(-079,0.35) [ -0.75(-141,-0.42) | _1 07 (-1.49-0.76)
Pars triangularis L -0.12(-068,0.33) [ -0.73(-1.25-0.21) | _1.96 (-2.53-1.39)3%
R | -0.22(-0.880.36) | -0.87 (-1.44,-0.41) | -0.96(-1.65-0.51)
Pars opercularis L -0.16 (-0.75,0.28) | _1 07 (-1.96,-0.69)2 | -2.62 (-3.20,-1.15)4
R [ -011(-034.037) | -103(-141,-0.66)7 | -1.77 (-2.21,-1.32)
Thalamus L | -0.30(-1.19,037) | -1.33(-2.23,-0.79)4 | -2.74 (-3.22,-2.30)20
R | -042(-1.38004) | -1.31(-1.91,0.21) -1.75 (-2.43,-0.53)
Caudate L 0.02(-0.37,0.32) | -104(-1.32,-0.73)2 | -1.27 (-1.77,-0.88)2
R | 027(-031081) [ —091(-1.65-0.24) | -1.33(-155-1.05)7
Putamen L 0.05 (-0.48,0.65) -0.62 (-1.06,0.06)2 | -1.78 (-2.75,-1.23)&%
R | -0.13(-042055) [ -055(-111,004) | _1g0(-3.49-0.79)
Pallidum L | 0.45(-0.11,1.86) 1.42 (~1.46,2.60) 123 (-2.15,-0.77)
R 1.55 (0.01,3.28) 0.72 (-0.09,2.22)

-0.02 (-1.55,0.34)4

Data shown as median (inter-quartile range); Regional rates of atrophy are expressed as annualized percentage decline from baseline.

a.. .. .
Significantly different from controls;

bSignificantIy different from non-progressors
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