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Progressive agrammatic aphasia without
apraxia of speech as a distinct syndrome

Katerina A. Tet:zloff,I Joseph R. Duffy,2 Heather M. Clark,2 Rene L. Ut:ianski,2
Edythe A. St:rand,2 Mary M. Machulda,3 ®Hugo Botha,2 Peter R. Mar't:in,4
Christopher G. Schwarz,' Matthew L. Senjem,"s Robert I. Reid,' Jeffrey L. Gunter,'
Anthony ). Spychalla,I David S. Knopman,2 Ronald C. Petersen,2 Clifford R. Jack, jr,'
Val J. Lowe,' Keith A. Josephs? and Jennifer L. Whitwell'

Agrammatic aphasia affects grammatical language production and can result from a neurodegenerative disease. Although it typ-
ically presents with concomitant apraxia of speech, this is not always the case. Little is known about the clinical course and
imaging features of patients that present with agrammatism in the absence of apraxia of speech, which we will refer to as
progressive agrammatic aphasia. We aimed to make a detailed description of the longitudinal clinical, linguistic, and neuroimaging
features of a cohort of 11 patients with progressive agrammatic aphasia to provide a complete picture of this syndrome. All
patients underwent detailed speech and language, neurological and neuropsychological assessments, 3 T structural and diffusion
tensor imaging MRI, '®F-fluorodeoxyglucose and Pittsburgh compound B PET. The 11 patients were matched by age and gender
to 22 patients who had mixed apraxia of speech and agrammatism. The progressive agrammatic aphasia patients performed
abnormally on tests of language, general cognition, executive function, and functional ability at baseline and declined in these
measures over time. Only two patients eventually developed apraxia of speech, while parkinsonism was absent-to-mild throughout
all visits for all patients. When compared to the patients with mixed apraxia of speech and agrammatism, the patients with
progressive agrammatic aphasia performed better on tests of motor speech and parkinsonism but more poorly, and declined faster
over time, on tests of general aphasia severity, agrammatism, and naming. The patients with progressive agrammatic aphasia also
showed different neuroimaging abnormalities, with greater atrophy, hypometabolism and white matter tract degeneration in the
prefrontal and anterior temporal lobes compared to patients with mixed apraxia of speech and agrammatism. These differences
were more pronounced as the disease progressed. These results demonstrate that progressive agrammatic aphasia has a different
clinical disease course and different underlying neuroanatomical abnormalities than patients with the more common syndrome of
mixed agrammatism and apraxia of speech. This supports the distinction of progressive agrammatic aphasia and has implications
for the classification of patients with agrammatic aphasia.
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Introduction

Agrammatic aphasia is a speech-language disorder that af-
fects language production, resulting in telegraphic speech,
grammatical simplification, the omission of function words,
and difficulty with syntax and verbs, among other deficits
(Grossman et al., 1996; Thompson et al., 1997; Ash et al.,
2010; Gorno-Tempini et al., 2011; Thompson and Mack,
2014). These impairments tend to affect both speech and
writing, although they may be worse in speech (Tetzloff
et al., 2018).

Although agrammatism can be caused by stroke, it can
also result from a neurodegenerative disease. Patients with
progressive agrammatism are typically diagnosed with the
non-fluent/agrammatic variant of primary progressive apha-
sia (agPPA) (Gorno-Tempini et al., 2004, 2011; Wilson
et al., 2010; Butts et al., 2015; Tetzloff et al, 2017,
2018). However, patients with agrammatic aphasia also
frequently have a motor speech disorder known as apraxia
of speech (AOS), a disorder of speech motor planning or
programming that is characterized by slow speech rate, ar-
ticulatory distortions, sound substitutions, and word and
phrase segmentation (Duffy, 2005, 2006; Josephs et al.,
2012). In reality, it is the combination of agrammatism
and AOS that most often comprises the syndrome of neu-
rodegenerative agPPA, or Broca’s or non-fluent aphasia
when aetiology is non-degenerative. In addition, there is
much variability, as either agrammatism or AOS can be
dominant in any given patient. It has also been recognized
that patients can have isolated neurodegenerative AQOS, in
the absence of agrammatism, a syndrome termed primary
progressive apraxia of speech (PPAOS; Josephs, 2012), and
the longitudinal progression and imaging features of this
syndrome differ from patients who have agrammatism
(Josephs et al., 2012, 2013). Agrammatism (or aphasia
classified as Broca’s) without AOS, and isolated apraxia
of speech can also occur as a result of stroke (Dulffy,
2013; Ballard et al., 2016). Less, however, is known
about the clinical course and imaging features of patients
who present with agrammatism in the absence of AOS,
which we will refer to as progressive agrammatic aphasia
(PAA). For example, it is unclear whether these patients
will go on to develop AOS and whether the imaging fea-
tures differ from those of patients with mixed agrammatism
and AOS (Tetzloff et al., 2017). Isolated PAA is, in fact,
uncommon. For example, of previously published agPPA
cohorts, the proportion of patients that had AOS ranged
from 75-100% (Ogar et al., 2007; Croot et al., 2012;
Harris et al., 2013). Taken together, PAA may account
for 1 in 20 patients with all combinations of agrammatic

aphasia and AOS. However, given that the diagnostic cri-
teria for agPPA can be met if a patient has one of the two
core features, i.e. agrammatism and AOS (Gorno-Tempini
et al., 2011), there is no way to know in many studies if
patients have PAA, PPAOS or a mixture of agrammatism
and AOS.

The primary aim of our study was to describe the clinical
and neuroimaging features of a relatively large cohort of 11
patients with PAA who was prospectively recruited and
followed over a period of almost a decade. The secondary
aim was to determine how the clinical and neuroimaging
results of the PAA cohort compare to patients who have
mixed AOS and agrammatism (AOS+PAA) to determine
whether the identification of PAA as a separate entity
makes a difference relative to the clinical course and neu-
roimaging findings.

Materials and methods

Patients

Fifty-five patients who presented with progressive agramma-
tism with or without AOS were recruited into the
Neurodegeneration Research Group research studies between
1 July 2010 and 12 March 2018. All patients had been re-
cruited from the Department of Neurology at the Mayo Clinic,
Rochester, MN, USA. Patients with concurrent illnesses that
could account for the speech deficits, such as traumatic brain
injury, stroke or developmental syndromes, and patients meet-
ing criteria for another neurodegenerative disease, such as
Alzheimer’s dementia (McKhann et al., 2011), dementia with
Lewy bodies (McKeith, 2017), behavioural variant frontotem-
poral dementia (Rascovsky et al., 2007), progressive supra-
nuclear palsy (Hoglinger et al., 2017), corticobasal syndrome
(Riley et al., 1990; Armstrong et al., 2013), or the logopenic or
semantic variants of PPA (Gorno-Tempini et al., 2011) were
excluded. All patients underwent a thorough speech-language
evaluation by a speech-language pathologist (J.R.D., HM.C.,
E.A.S., R.L.U.), a neurological evaluation, neuropsychological
evaluation, 3T volumetric head MRI, '®F-fluorodeoxyglucose
PET (FDG-PET) and Pittsburgh compound B (PiB) PET.
Clinical test scores and video recordings from each patient
were reviewed by at least two speech-language pathologists, as
described in Josephs et al. (2012), and the presence/absence of
agrammatism and AOS was recorded by consensus for each
patient, as described below. Of the 55 patients, 44 (80%) were
determined to have both AOS and agrammatism (AOS +PAA)
and 11 (20%) had isolated agrammatism with no AOS (PAA).
The 11 PAA patients were the primary focus of this study. Of
the 11 PAA patients, three had only one research visit, with
four having 2-yearly research visits, three having 3-yearly re-
search visits, and one having 4-yearly research visits. The 11
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PAA patients were matched by age, gender, and aphasia sever-
ity as measured by the Western Aphasia Battery Aphasia
Quotient (WAB-AQ), to a cohort of 22 AOS + PAA patients;
eight of these AOS +PAA patients had just one research visit,
while 14 had two research visits. They were also matched by
age and gender to 62 healthy control subjects who were re-
cruited through the Mayo Clinic Study of Aging and had
undergone identical imaging protocols. Of the 11 PAA pa-
tients, four were previously included in a study assessing lon-
gitudinal neuroimaging in agPPA (Tetzloff et al., 2017).

This study was approved by the Mayo Clinic IRB, and all
patients gave consent to participate.

Speech and language evaluation

All patients underwent a thorough speech and language bat-
tery. Global aphasia severity and language ability were mea-
sured through the testing of lexical content, fluency, repetition,
naming, and language comprehension, which are all parts of
the WAB (Kertesz, 2007); in the context of this paper, the term
fluency refers to the grammatical aspects of language, and not
to the motor aspects of speech production. Subscores on these
tests were then summed to form the comprehensive WAB-AQ.
An aphasia severity score was also rendered by consensus be-
tween two speech-language pathologists. The Token Test Part
V (De Renzi and Vignolo, 1962) was used to assess auditory
comprehension of different sentence structures, and the Boston
Naming Test (BNT; Lansing et al., 1999) was used to assess
confrontation naming. Patients were also tested on the short
form of the Northwestern Anagram Test (NAT; Weintraub
et al., 2009), which assesses syntactic performance. The pres-
ence of agrammatism was also assessed in speech and writing.

For a patient to meet criteria for having agrammatism, func-
tion word omissions or syntactic errors had to be present
during the WAB picture description task, in general conversa-
tion, or in the narrative writing subtest of the WAB. Apraxia
of speech was identified by consensus, based on all spoken
language tasks of the WAB plus additional speech tasks that
included vowel prolongation, speech alternating motion rates
(e.g. rapid repetition of ‘puhpuhpub’), speech sequential
motion rates (e.g. rapid repetition of ‘puhtuhkuh’), word and
sentence repetition tasks and a conversational speech sample.
The designation of agrammatism was made independent of the
motor characteristics of speech. The Apraxia of Speech Rating
Scale (ASRS), which rates the presence and prominence of a
number of clinical features associated with AOS (Josephs et al.,
2012; Strand et al., 2014), and the Motor Speech Disorders
(MSD) scale (Yorkston et al., 1993), which rates the effect of
any motor speech disorder (AOS or dysarthria) on communi-
cation function and speech intelligibility, independent of its
specific features, were used as additional tools to measure
the presence or severity of AOS. These speech tasks were fur-
ther used to make a clinical judgement about the presence and
severity of dysarthria, a motor speech disorder that reflects
weakness, spasticity, incoordination, involuntary movements,
or reduced, excessive or variable muscle tone (Duffy, 2013).
A measure of non-verbal oral apraxia, a disorder affecting
praxis for non-speech movements of speech muscles that can
occur with or without AOS (Botha et al., 2014) was also
administered.
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Neurological and neuropsychological
evaluation

All patients underwent thorough neurological and neuropsy-
chological testing, including the Montreal Cognitive
Assessment battery (MoCA; Nasreddine et al., 2005) to
assess general cognitive function; Clinical Dementia Rating
scale (CDR; Morris, 1993) to assess functional ability;
Frontal Assessment Battery (FAB; Dubois, 2000), The Sorting
Test from the Delis-Kaplan Executive Function System (D-
KEFS; Delis et al., 2001), and the Trail Making Test B
(Strauss et al., 2006) to assess executive function; Frontal
Behavioral Inventory (Kertesz et al., 1997) to assess behav-
ioural dysfunction; Neuropsychiatric Inventory Questionnaire
(NPI-Q; Kaufer et al., 2000) to assess neuropsychiatric fea-
tures; Rey Auditory Verbal Learning Test Delayed Recall
Trial (Schmidt, 1996) to assess memory; WAB (Kertesz,
2007) praxis subtest to assess limb apraxia; Movement
Disorders Society Sponsored revision of the Unified
Parkinson’s Disorder Rating Scale III (MDS-UPDRS III)
(Goetz et al., 2008) to assess parkinsonism; Trail Making
Test A (Strauss et al., 2006) to assess motor speed; and
Visual Object and Space Perception (VOSP; Warrington and
James, 1991) cubes and incomplete letters subtests and Rey
Osterrieth Complex Figure Test (Osterrieth, 1944) to assess
visuospatial and visuoperceptual function.

Language analysis

A linguistic analysis was performed to assess the severity of
agrammatism for all patients. All patients were asked to pro-
vide a spoken description of a picture of a picnic scene that is
part of the WAB, which was video recorded. They were then
later asked to provide a written description of the same picnic
scene, with the explicit instruction to write in sentences. All
language samples from both written and spoken modalities
were transcribed and coded in CHAT transcription format
for later analysis in the Computerized Language ANalysis
(CLAN) software (MacWhinney, 2000).

Word-level codes for grammatical category (e.g. noun, verb,
preposition, etc.) were included in the transcriptions, as well as
individual codes for each morpheme in multi-morphemic
words; all semantic and syntactic errors were also marked.
Additionally, each utterance or written response was given a
code to indicate if it was (i) grammatical, meaning there were
no errors; (ii) ungrammatical, meaning that there were obliga-
tory words omitted or one to three semantic or syntactic errors
were present; or (iii) a non-utterance, meaning that the utter-
ance was an isolated noun phrase or that there was no finite or
tensed verb in the phrase. All language samples were tran-
scribed and coded by K.A.T., who has substantial experience
with linguistic transcriptions (Tetzloff et al., 2018).

CLAN was used to automatically calculate the number of
words and utterances, as well as the mean length of utterance
for each sample. The number of nouns, verbs, function words
(articles, pronouns, and prepositions), and semantic and syn-
tactic errors were also counted. Complex utterances—utter-
ances that had embedding—were further marked as such.
Ratios of these variables were manually calculated to account
for differences in the number of utterances and number of
words produced by different speakers.
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Neuroimaging acquisition

Patients all underwent a 3T volumetric head MRI within 2
days of the clinical assessments at both baseline and follow-up
visits, which included a 3D magnetization prepared rapid ac-
quisition gradient echo (MPRAGE) sequence (repetition
time = 2300 ms, echo time = 3ms, inversion time =900 ms,
flip angle=8°, field of view=26cm, in-plane ma-
trix = 256 x 256, slice thickness=1.2mm), as well as a
single-shot echo-planar diffusion tensor imaging (DTI) pulse
sequence (echo time =65.9ms, repetition time = 10200 ms,
in-plane matrix = 128 x 128, phase field of view = 0.66,
2.7mm resolution, with four volumes without diffusion
weighting and 41 directions with b =1000s/mm? diffusion
weighting).

PET scans were acquired with a PET/CT scanner (GE
Healthcare) while operating in 3D mode. For FDG-PET, par-
ticipants were injected with 'SF-FDG of ~459 MBq (range
367-576 MBq) and after a 30-min uptake period an 8-min
'8E.FDG scan was performed. For PiB-PET, patients were in-
jected with PiB of ~628 MBq (range, 385-723 MBq) and after
40min a 20-min PiB scan was obtained. Emission data were
reconstructed into a 256 x 256 matrix with a 30-cm field of
view (pixel size = 1.0 mm).

Neuroimaging analysis

Voxel-level comparisons of MRI grey matter volumes and
FDG-PET metabolism were performed using SPM12
(Ashburner et al., 2014) at both baseline and the first available
follow-up visit. All MPRAGE scans were normalized to the
Mayo Clinic Adult Lifespan Template (MCALT), segmented
via unified segmentation (Ashburner and Friston, 2005) with
MCALT priors/settings (Schwarz et al., 2017) and grey matter
images were modulated and smoothed at 8 mm full-width at
half-maximum (FWHM). FDG-PET images were co-registered
to the MPRAGE using 6 degrees-of-freedom registration in
SPM12. All voxels in the MPRAGE-space FDG-PET images
were divided by median uptake in pons to create standardized
uptake value ratio (SUVR) images. SUVR images were normal-
ized to MCALT and smoothed at 6 mm FWHM. To assess
change in grey matter volume over time directly, we used an
in-house developed tensor-based morphometry with symmetric
normalization (TBM-SyN). The baseline and first available
follow-up MPRAGE images of each patient were co-registered
to their common mean with a 9 degree-of-freedom linear regis-
tration, and an in-house developed implementation of differ-
ential bias correction was run on each scan-pair. We computed
and applied ANTs SyN deformations from the late to the early
image, and vice versa, and averaged the deformed image with
the stationary image to generate ‘synthetic’ early and late
images. We saved the image log of the determinant of the
Jacobian for the deformations, which were annualized to pro-
vide annualized log Jacobian images that were smoothed at
8§mm FWHM (Vemuri et al., 2015). Voxelwise t-tests in
SPM12 were used to compare baseline images, the first avail-
able follow-up images and annualized Jacobians between PAA
and AOS+PAA against controls and against each other,
including age and gender as covariates. The comparisons of
the PAA and AOS +PAA groups were also run including dis-
ease duration as a covariate. Results are shown after family
wise error (FWE) correction for multiple comparisons at
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P < 0.05 or uncorrected at a threshold of P < 0.001. To visu-
alize individual-level patterns of hypometabolism we created
3D stereotactic surface projections (Minoshima et al., 1995)
using CortexID (GE Healthcare) whereby activity at each
voxel is Z-scored to an age-segmented normative database.

DTI images were preprocessed by masking out extracranial
voxels (Reid et al., 2018), denoising with a version of dwide-
noise (Veraart ef al., 2016) modified to handle zero padded
images, correcting for head motion (in both the images and the
diffusion vectors), eddy current distortion, and corrupted slices
with FSL’s eddy (Andersson and Sotiropoulos, 2016), and cor-
recting for Gibbs ringing with unring (Kellner et al., 2016).
The noise image was used to remove Rician bias in the data
(Koay et al., 2009). The intracranial mask was then recalcu-
lated and used by diffusion tensor fitting with a non-linear
least squares method that works in the space of the data to
avoid amplifying noise (Garyfallidis er al., 2014). Fitting the
diffusion tensors produced fractional anisotropy, mean diffu-
sivity, axial diffusivity and radial diffusivity images. We
excluded voxels with apparent mean diffusivity > 0.002
mm?*/s to reduce the effect of partial volume contamination
by CSF, and voxels with mean diffusivity < 7.0 x 10™> mm?/s
or a coefficient of variation > 0.25 in their five b = 0 values, to
reduce the effect of pulsatile motion. A voxel-based analysis
was then performed using a previously published method
(Schwarz et al., 2014) based on groupwise registration to a
study-specific template using ANTs (Avants et al., 2010) and
statistical comparisons using SPM12. Results are shown after
FWE correction for multiple comparisons at P < 0.05 or un-
corrected at a threshold of P < 0.001.

A global PiB SUVR was calculated as described previously
(Jack et al., 2017), using the cerebellar crus grey matter as the
reference region, and PiB positivity was defined as >1.42.

Statistical analysis

Demographic and clinical data were compared between PAA
and AOS+PAA groups using non-parametric pairwise
Wilcoxon rank sum comparisons in R (Team, 2013), using
the integrated development environment RStudio (Racine,
2012). All P-values were corrected for multiple comparisons
using the false discovery rate (FDR) correction. PAA and
AOS +PAA groups were compared at baseline and at their
first available follow-up; additionally, to lessen the effect of
the AOS + PAA group having significantly longer disease dur-
ation, values from the PAA follow-up visit were compared
with AOS +PAA baseline values. The same statistical meth-
ods were used in analysing the writing and speech language
samples, which were compared separately. Additionally,
annualized rates of change were calculated for each patient
for select clinical variables by subtracting the score of the
baseline visit from the score of the follow-up, which was
then divided by the time in years that passed between the
two Visits.

Data availability

The data that support the findings of this study are available
from the corresponding author, upon reasonable request.



2470 | BRAIN 2019: 142; 2466-2482

Results

Clinical description of the progressive
agrammatic aphasia group

The PAA group consisted of 63% females with an average
age of 68.5 years, and disease duration of 1.8 years at
baseline. Only one PAA patient showed amyloid-p depos-
ition on PiB-PET. All but two PAA patients showed impair-
ment on WAB-AQ at baseline, scoring <94.1; these two
patients, however, had the shortest disease durations at just
1 year. Over time, all PAA patients followed longitudinally
showed notable decline in WAB-AQ performance (Fig. 1).
Although none of the patients displayed AOS at baseline,
mild AOS did emerge after disease duration of 3 years in
two patients. The remaining nine patients did not develop
AQS, even after disease duration of up to 4.6 years in one
patient. Performance on the MDS-UPDRS III was within
normal age limits in all PAA patients (Fig. 1).

All but one PAA patient could be considered to have
some cognitive impairment, with MoCA < 26, at baseline.
Throughout the first 2 years of disease, cognitive impair-
ment remained just below normal but with disease progres-
sion most patients showed a sharp decline in performance.
Mild functional impairment was observed on the CDR at
baseline, with scores worsening over time (Fig. 1). Only
three PAA patients performed abnormally at any visit on

MoCA CDR
30-
= 15+
20- \®
S [Ty & 10- =
= O
= 10- .
5
Z{-—-
O-I 1] 1 1 1 Ol 1 1 ] 1
1 2 3 4 5 1 2 3 4 5

Disease Duration
FAB

Disease Duration
FBI

Disease Duration

Disease Duration

K. A. Tetzloff et al.

the Frontal Behavioral Inventory, whereas executive dys-
function measured on the FAB was more common
(Fig. 1). Only four patients performed normally on the
FAB at baseline, with two of them showing abnormalities
at future visits; the other two were not followed longitu-
dinally. Performance on the FAB tended to decline over
time. Most PAA patients performed within the normal
range on the NPI-Q, except for three patients who consist-
ently showed mild impairment with little progression.

Clinical comparison of progressive
agrammatic aphasia and AOS + PAA

The PAA and AOS +PAA groups did not differ on demo-
graphic characteristics such as age at baseline or gender,
although AOS + PAA patients had significantly longer dis-
ease duration than PAA by ~2 years (Table 1).

At baseline, as expected by definition, AOS +PAA per-
formed worse on measures of motor speech (ASRS, MSD,
dysarthria rating scale); they were also worse on the meas-
ure of parkinsonism (MDS-UPDRS III) (Table 1). At
follow-up, both cohorts showed decline in performance
on the clinical tests, but the ASRS, MSD, and MDS-
UPDRS-III, as well as WAB limb apraxia, were worse in
AOS +PAA compared to PAA. Additionally, PAA per-
formed significantly worse on AVLT delayed recall. When
comparing the follow-up visit of PAA with the baseline visit
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Figure | Longitudinal performance of all PAA patients on select clinical measures. Normal scores are noted with the solid black line.
ASRS = Apraxia of Speech Rating Scale; CDR = Clinical Dementia Rating; FAB = Frontal Assessment Battery; FBI = Frontal Behavioral Inventory;
MoCA = Montreal Cognitive Assessment; NPI-Q = Neuropsychiatric Inventory Questionnaire.
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Table 2 Annualized rates of change over time for select clinical measures

PAA AOS +PAA P-values (FDR P-values)
Visit interval, years 1.04 (0.98, 1.25) 1.29 (1.10, 1.74) 0.116 (0.213)
WAB-AQ —11.35 (—16.38, —7.65) —3.99 (—6.97, —0.26) 0.012 (0.05)
WAB-fluency —1.93 (—2.23, —1.54) —0.98 (—1.44, —0.85) 0.022 (0.059)

WAB-repetition
WAB-spontaneous speech

—0.73 (—1.40, —0.10)
—3.17 (—4.18, —2.44)

WAB-information content —1.04 (—2.04, —0.76)

WAB-praxis —1.56 (—3.48, 1.02)
Aphasia severity 0.76 (0.54, 0.91)
TT —4.62 (—6.38, —4.08)
BNT —2.01 (—2.88, —1.85)
NAT —3.02 (—3.42, —1.34)
ASRS —0.85 (—1.01, 0.00)

NVOA
Letter fluency

—6.12 (—11.58, —327)
—4.20 (—4.58, —2.54)

Action fluency —2.56 (—3.34, —0.50)

MSD —0.46 (—1.04, 0.00)
FBI —0.67 (—4.02, 4.27)
MDS-UPDRS Il —1.04 (~2.39, 0.00)
CDR 0.00 (0.00, 0.67)
MoCA —520 (-9.73, —2.01)
FAB —2.08 (—3.44, —1.52)
NPI-Q 0.00 (=226, 1.56)

—0.10 (—0.87, 0.12)
—0.98 (—2.62, 0.00)
0.00 (—1.75, 0.00)
—5.90 (—14.53, —3.49)
0.00 (0.00, 0.46)
—1.20 (—2.79, —0.24)
0.00 (—1.28, 0.00)
—1.40 (—1.58, 0.02)
1.97 (1.59, 3.80)
—5.73 (=7.50, —2.61)
—3.94 (—4.29, —291)
—1.97 (—2.81, —0.85)
—1.15 (=1.73, —0.60)
3.28 (1.50, 6.55)
12.73 (3.94, 17.95)

0232 (0.328)
0.022 (0.059)
0.074 (0.155)
0.019 (0.059)
0.029 (0.067)
0.006 (0.049)
0.009 (0.049)
0.268 (0.351)
0.002 (0.046)
0.664 (0.734)
0.836 (0.843)
0.607 (0.708)
0.094 (0.179)
0.234 (0.328)
0.007 (0.049)

0.53 (0.34, 5.10) 0.173 (0.279)
—1.84 (—7.82, 0.00) 0.153 (0.268)
—1.75 (—4.30, —0.46) 0.843 (0.843)

0.70 (0.00, 3.18) 029 (0.359)

Bold values were significant after FDR correction for multiple comparisons.
Values are shown as median (ql, q3).
Only select clinical variables with the most complete longitudinal testing are shown.

ASRS = Apraxia of Speech Rating Scale; BNT = Boston Naming Test; CDR = Clinical Dementia Rating; FAB = Frontal Assessment Battery; FBI = Frontal Behavioral Inventory;
MoCA = Montreal Cognitive Assessment; MSD = Motor speech disorder rating; NAT = Northwestern Anagram Test; NPI-Q = Neuropsychiatric Inventory Questionnaire;

NVOA = Non-Verbal Oral Apraxia rating; TT = Token Test.

of AOS +PAA, thus neutralizing the significant difference in
disease durations, PAA performed significantly worse on
the WAB and its fluency and spontaneous speech
subtests, whereas AOS+PAA patients performed worse
on ASRS, MSD, dysarthria rating scale, and MDS-
UPDRS-III (Table 1).

We investigated rate of change in clinical variables for
patients who had multiple visits further (Table 2). PAA had
a faster annual rate of change than AOS+PAA on the
WAB-AQ, Token Test, and Boston Naming Test.
AOS +PAA patients, on the other hand, declined faster
on the ASRS and MDS-UPDRS-IIL

Language results

At baseline, PAA and AOS +PAA performed similarly on
writing and speech output, showing no significant differ-
ences in the quantitative language analysis (Table 3).
However, at follow-up, PAA performed significantly
worse than AOS +PAA, particularly in writing. They pro-
duced fewer words overall, had a lower mean length of
utterance, and an increased ratio of nouns to other
words. Additionally, PAA patients produced far fewer
grammatical utterances and many more non-utterances in
their writing. Verbal production was more similar between
the two groups at follow-up, with PAA showing only a

greater noun ratio and more non-utterances than
AOS +PAA. To minimize the effects of different disease
durations between the two groups, the follow-up visit of
PAA patients was compared with the baseline visit of
AOS +PAA patients. When disease duration did not differ
between cohorts, AOS +PAA outperformed PAA. In writ-
ing, PAA generated significantly fewer words, had
decreased mean length of utterance, increased noun ratio,
decreased function word ratio, and more non-utterances.
There were no differences in spoken language output be-
tween groups at these respective visits.

MRI-grey matter results

Results of the MRI analyses are shown in Fig. 2. At base-
line, PAA showed reduced grey matter volume throughout
left prefrontal lobe compared with controls. Reduced
volume was most notable in superior and middle frontal
gyri, medial frontal lobe, as well as Broca’s area, and was
also observed in anterior superior temporal gyrus. Some
medial frontal regions of the right hemisphere were also
affected. Grey matter volume loss in AOS+PAA was
more bilateral, although still left-hemisphere dominant,
with most striking involvement of premotor regions com-
pared to controls. Reduced volume was also observed in
motor cortex, the superior and middle frontal regions,
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Grey matter atrophy in PAA (red) and AOS+PAA (blue) versus controls

Baseline

Follow-up

Baseline

Follow-up

TBM change #

Left lateral Right lateral

Left medial Right medial

Figure 2 Voxel-level maps of grey matter loss in PAA and AOS + PAA. The top three rows show 3D surface renderings of the brain
showing grey matter volume loss at baseline and follow-up, and grey matter atrophy measured using TBM-SyN, in PAA (red) and AOS + PAA
(blue) versus controls. The bottom three rows show regions where volume loss or atrophy is greater in PAA than AOS + PAA. All results are FWE

corrected at P < 0.05.

supramarginal and angular gyri, anterior cingulate gyrus,
and thalamus.

At follow-up, the regions of reduced volume in PAA
spread diffusely throughout the left prefrontal lobe. The
right hemisphere remained relatively spared, with a small
degree of loss observed in superior and medial frontal

regions. Involvement of the left temporal lobe also ex-
panded to involve anterior superior, middle, and inferior
temporal gyri, as well as temporal pole. Bilateral volume
loss was observed in anterior cingulate. The AOS+PAA
patients also showed more grey matter volume loss at
follow-up compared to baseline. However, the extent of
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progression was less than that observed in PAA. Premotor
regions still showed the most significant volume loss bilat-
erally, with some extension into prefrontal cortices.

In the TBM-SyN analysis of Jacobian change maps, PAA
showed greater atrophy than controls throughout left pre-
frontal cortex and anterior inferior and middle temporal
gyri, spreading back into the posterior middle temporal
gyrus and inferior parietal lobe, with atrophy in the right
hemisphere restricted to the prefrontal cortex. Atrophy in
AOS +PAA was observed bilaterally in premotor cortex
compared to controls.

When compared directly against each other at baseline,
there were no significant differences that survived correc-
tion for multiple comparisons between the two groups.
However, when uncorrected (P < 0.001), PAA showed
greater volume loss in Broca’s area compared to
AOS +PAA. At follow-up, PAA showed greater volume
loss in left Broca’s area than AOS+PAA after correction
for multiple comparisons (Fig. 2). There were no regions
that showed more loss in AOS +PAA versus PAA. In the
direct comparison of TBM-SyN Jacobians, PAA showed
greater atrophy in left prefrontal cortex and anterior tem-
poral lobe compared to AOS+PAA after correction for
multiple comparisons. Conversely, AOS+PAA showed
greater atrophy than PAA predominantly in the bilateral
premotor cortex, although only when uncorrected
(P < 0.001).

MRI-DTI results

Results of the DTI analysis are shown in Fig. 3. PAA
showed lower fractional anisotropy compared to controls
at baseline in left anterior inferior and middle frontal re-
gions, genu of the corpus callosum and uncinate fasciculus,
and right middle frontal white matter. mean diffusivity re-
sults were similar, although more extensive. AOS+PAA
showed more bilateral patterns of reduced fractional anisot-
ropy compared to controls at baseline, most notable in
motor and premotor regions and body of the corpus callo-
sum; although loss was observed bilaterally, the left hemi-
sphere was more severely affected. Increased mean
diffusivity was observed in similar regions, although pat-
terns were more extensive, also involving temporoparietal
regions. Patterns observed in AOS+PAA were generally
more posterior than what was observed in PAA.

At the follow-up visit, PAA again showed reduced frac-
tional anisotropy and increased mean diffusivity in left pre-
frontal white matter, but showed greater involvement of
left anterior temporal lobe and right superior and middle
frontal regions and genu of the corpus callosum than at
baseline. At follow-up, AOS+PAA showed a pattern of
reduced fractional anisotropy and increased mean diffusiv-
ity very similar to baseline.

When compared directly against each other at baseline,
PAA showed decreased fractional anisotropy compared to
AOS +PAA in small regions in left prefrontal and medial
frontal regions. The PAA cohort also showed increased

BRAIN 2019: 142; 2466-2482 | 2475

mean diffusivity in inferior frontal regions compared to
AOS +PAA. AOS +PAA did not show regions of decreased
fractional anisotropy compared to PAA after correction for
multiple comparisons, but when uncorrected (P < 0.001),
they showed decreased fractional anisotropy in the left pre-
motor region and middle corpus callosum. AOS + PAA pa-
tients showed increased mean diffusivity in the motor and
premotor regions compared to PAA, bilaterally, but only
when left uncorrected. Differences between the two cohorts
were exaggerated at the follow-up visits, with PAA showing
reduced fractional anisotropy in left middle frontal white
matter and increased mean diffusivity throughout left infer-
ior frontal and inferior temporal white matter, including
the uncinate fasciculate, compared to AOS + PAA. The frac-
tional anisotropy and mean diffusivity findings in
AOS +PAA compared to PAA were similar to baseline,
but also did not survive correction for multiple
comparisons.

At both baseline and follow-up visits, axial diffusivity
and radial diffusivity results were also examined but did
not differ greatly from the mean diffusivity results. For
this reason, their discussion has been omitted.

FDG-PET results

Results of the SPM analysis of FDG-PET are shown in
Fig. 4. At baseline, PAA showed hypometabolism diffusely
throughout left prefrontal cortex, specifically in superior
and inferior regions, compared to controls. The anterior
portion of the left temporal lobe was also affected.
Although more predominant in the left hemisphere, hypo-
metabolism was also observed in the right prefrontal
cortex. The medial frontal lobe and anterior cingulate
were affected bilaterally. The amount of hypometabolism
observed in individual patients varied greatly within the
PAA cohort, although all patients showed hypometabolism
of the prefrontal cortex (Fig. 5). At baseline, AOS + PAA
also showed hypometabolism in left frontal lobe compared
with controls, particularly in lateral and medial premotor
regions extending back into motor cortex. Right hemi-
sphere hypometabolism was observed in motor and pre-
motor regions.

At follow-up, hypometabolism spread throughout the left
prefrontal and anterior temporal lobes in PAA. Additional
hypometabolism was observed in the left supramarginal
gyrus. Right hemisphere hypometabolism also increased,
with greater involvement of inferior frontal and prefrontal
regions. Bilateral medial frontal and anterior cingulate re-
gions showed increased hypometabolism at follow-up.
AOS+PAA also showed greater hypometabolism at
follow-up compared with controls. Bilateral premotor and
motor regions were more affected, as well as the left par-
ietal lobe. Hypometabolism was also observed in the basal
ganglia and surrounding midbrain structures at follow-up.

When compared directly to each other at baseline, PAA
showed greater hypometabolism in left Broca’s area and in
a small region in the medial prefrontal cortex compared to
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Decreased FAin PAA (red) and AOS+PAA (blue) versus controls

\

Follow-up
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Figure 3 Voxel-level maps of fractional anisotropy (FA) and mean diffusivity (MD) in PAA and AOS + PAA. The top two rows are
3D transparent renders showing decrease in fractional anisotropy in PAA (red) and AOS + PAA (blue) versus controls at baseline and follow-up,
respectively. The third and fourth rows show regions where fractional anisotropy is decreased in PAA compared to AOS + PAA at both time
points. Rows five and six show increase in mean diffusivity in PAA (red) and AOS + PAA (blue) versus controls at baseline and follow-up,
respectively. The bottom two rows show regions of increased mean diffusivity in PAA compared to AOS + PAA at both time points. All results are
FWE corrected at P < 0.05.
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FDG hypometabolism PAA (red) and AOS+PAA (blue) versus controls

Follow-up
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Figure 4 Voxel-level maps of FDG hypometabolism in PAA and AOS + PAA. The top two rows show 3D surface renderings of the
brain showing FDG hypometabolism in PAA (red) and AOS + PAA (blue) versus controls at baseline and follow-up, respectively. The bottom two
rows show regions where FDG hypometabolism is greater in PAA than AOS + PAA at both time points. All results are FWE corrected at P < 0.05.

AOS +PAA. At follow-up, PAA showed greater hypometa-
bolism throughout left Broca’s area, prefrontal cortex, an-
terior temporal regions, and medial frontal/anterior
cingulate, and right prefrontal regions, compared to
AOS +PAA. AOS+PAA showed greater hypometabolism
than PAA in bilateral premotor cortex at both time
points, although only uncorrected (P < 0.001).

Additional MRI and PET SPM analyses were run in
which disease duration, which differed between the
groups, was included as a covariate; the results from
these analyses were not qualitatively different from those
previously described.

Discussion

In this study, we describe the clinical and imaging charac-
teristics of 11 patients with isolated agrammatism that we
have designated as PAA, which is an uncommon and pre-
viously under recognized neurodegenerative syndrome.
They were compared against healthy control subjects and

patients with the more common AOS +PAA clinical pres-
entation. We showed that PAA is associated with a funda-
mentally different pattern of neurodegeneration than
AOS +PAA, involving the prefrontal and anterior temporal
lobes, and that PAA patients show a faster decline in lan-
guage and other neurocognitive functions over time. The
majority of previous studies have combined PAA and
AOS +PAA patients into a single agPPA group, but our
data suggest that doing so adds significant heterogeneity
to that cohort, heterogeneity that masks important reliable
clinical and neuroimaging distinctions.

Patients diagnosed with PAA presented with agramma-
tism in the absence of AOS. Speech and language testing
also showed mild naming abnormalities and non-verbal
oral apraxia. Only 2 of 11 PAA patients went on to de-
velop mild AOS, but their agrammatism remained the pre-
dominant impairment. The remaining nine patients did not
develop any features of AQS, even after a relatively long
follow-up of almost 5 years in one patient. We cannot rule
out the possibility that AOS may develop in some of these
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Figure 5 Cortex ID Z-score maps of FDG-PET hypometabolism in individual PAA patients.
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patients eventually, although it does seem that the develop-
ment of AOS is uncommon, especially early in the disease
course. They also commonly displayed cognitive impair-
ment at baseline which progressed rapidly over the course
of the disease. The profile of cognitive impairment was
dominated by executive dysfunction with some episodic
verbal memory deficits, suggestive of frontotemporal aeti-
ology. Parkinsonism, limb apraxia and dysarthria were not
features of the disease course in PAA.

Although the PAA and AOS+PAA cohorts performed
similarly on many clinical tests at baseline and follow-up,
this may have been expected since they were matched for
aphasia severity. Furthermore, the cohort comparison was
confounded by a difference in disease duration, with the
PAA patients being captured earlier in their disease
course. To provide a comparison that was less confounded
by disease duration, we compared the second visit of the
PAA patients to the AOS +PAA baseline visits. This com-
parison revealed that PAA performed worse on measures of
aphasia severity, including the WAB-AQ, WAB fluency
subtest, WAB spontaneous speech subtest, and the aphasia
severity rating, for similar disease duration. Similarly, when
we examined annualized rates of decline in the clinical test
scores, PAA showed a significantly faster rate of decline on
measures of aphasia, including the WAB-AQ, Token Test,
and BNT, with borderline findings for the WAB fluency
and spontaneous speech  subtests, compared to
AOS +PAA. Therefore, not only do PAA patients show
more aphasia than AOS+PAA at a given time point in
their disease duration, but their disease progresses at a
faster rate. Importantly, this suggests that PAA is not just
an earlier or milder form of AOS +PAA in which AOS has
not yet developed.

As expected, based on how we defined our groups, PAA
patients consistently performed better and progressed at a
significantly slower rate on clinical tests related to motor
speech impairments. They also showed less parkinsonism
and limb apraxia compared to AOS+PAA. We and
others have noted that patients with AOS+PAA often
evolve into a parkinsonian syndrome over time with over-
lapping features of corticobasal syndrome and progressive
supranuclear palsy, and have a 4R tauopathy, such as pro-
gressive supranuclear palsy or corticobasal degeneration, at
autopsy (Josephs et al., 2005, 2006; Deramecourt et al.,
2010; Adeli et al., 2013; Santos-Santos et al., 2016). In
contrast, PAA seems to have a different disease course,
with patients rarely developing parkinsonism or limb
apraxia and not showing progression of those features
over time. This could possibly, therefore, also suggest a
different pathology underlying PAA. In fact, autopsy find-
ings have been reported in two PAA patients and both had
the TAR DNA binding protein of 43 kDa (TDP-43) path-
ology (Harris et al., 2013), which differs from the tauopa-
thies that are commonly found in patients with AOS
(Josephs et al., 2006; Deramecourt et al., 2010; Harris
et al., 2013). We can be confident that Alzheimer’s disease
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is not the underlying pathology given the negative PiB-PET
scans.

Both cohorts showed the expected features of agramma-
tism (Thompson and Mack, 2014; Tetzloff et al., 2018),
including reduced language production, simple sentence
structure, omission of function words, verbal and syntactic
difficulties, and disproportionate production of nouns. PAA
and AOS +PAA groups did not show any significant differ-
ences in their language production at their baseline visits,
likely because the two groups were matched based on
aphasia severity. However, PAA patients’ language declined
more rapidly than that of the AOS +PAA patients, as evi-
denced by their poorer performance at follow-up visits, es-
pecially in writing. At follow-up, PAA patients produced
fewer words, had shorter utterances, fewer grammatical ut-
terances, and more non-utterances (i.e. utterances that con-
sist of an isolated noun or a phrase that lacks a tensed
verb). Again, correcting for disease duration by comparing
PAA’s baseline visits with AOS+PAAs’ follow-up visits
showed similar increased grammatical impairment in
PAA’s writing. These linguistic findings provide further
support for the notion that PAA, and in particular features
of agrammatism, progresses more rapidly than in
AOS +PAA.

Language differences between the two cohorts were more
striking in the written than spoken modality. PAA seemed
to perform similarly in speech and writing. AOS + PAA, on
the other hand, did not; their spoken language production
was much more impaired than their written, likely due to
the motor speech difficulties caused by the apraxia of
speech. Although their aphasia was less severe than PAA
when disease duration was controlled, their apraxia of
speech hindered their ability to perform well on this task.
For this reason, written language production may be a
more valid way to evaluate agrammatism in AOS+PAA
as long as limb apraxia does not substantially affect the
ability to write.

On neuroimaging measures, PAA showed striking in-
volvement of the left prefrontal and anterior temporal
lobes on MRI and FDG-PET. These regions are similar to
what is observed in the behavioural variant of frontotem-
poral dementia (Rosen et al., 2002); although none of the
PAA patients met clinical criteria for that disorder
(Rascovsky et al., 2007) and they did not show worse be-
haviour or executive dysfunction than the AOS+PAA
cohort. The striking left dominant patterns of volume loss
and hypometabolism in PAA supports the fact that it is a
language disorder, in contrast with the behavioural variant
frontotemporal dementia, which usually shows more bilat-
eral neurodegeneration (Whitwell et al, 2013b).
AOS +PAA patients, on the other hand, showed most at-
rophy in premotor and precentral regions and showed
more bilateral patterns of volume loss and hypometabo-
lism. These patterns are consistent with those previously
associated with patients who have both AOS and agram-
matic aphasia (Josephs et al., 2006, 2013; Peelle et al.,
2008; Rogalski et al., 2011, 2014), with involvement of
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superior premotor regions likely associated with the pres-
ence of AOS, and involvement of inferior frontal gyrus, i.e.
Broca’s area, likely associated with the presence of agram-
matism (Whitwell ef al., 2013a). We observed significant
differences in regional atrophy between PAA and PAA-AQOS
even after correction for multiple comparisons and despite
the fact that these direct contrasts may have had reduced
power compared to when each group was contrasted with
controls. The difference between the two groups was most
striking in Broca’s area, where PAA was significantly more
affected, especially at the follow-up visit. This concurs with
the fact that the PAA group showed worse agrammatism
than the AOS +PAA group.

PAA also showed distinct patterns of white matter tract
degeneration compared to AOS+PAA, with greater in-
volvement of the left prefrontal white matter tracts and
the uncinate fasciculus. In AOS + PAA, however, degener-
ation did not include the anterior temporal lobe but instead
spanned from the left posterior frontal lobe to the anterior
parietal region, along posterior aspects of the superior lon-
gitudinal fasciculus. The uncinate fasciculus and superior
longitudinal fasciculus form part of the speech-language
network (Duffau et al., 2009; Dronkers, 2011; Papagno,
2011; Friederici and Gierhan, 2013). Our results suggest
that damage to different subcomponents of the superior
longitudinal fasciculus may be occurring in PAA and
AOS +PAA, with damage to more posterior sections
involved in motor-speech planning and programming
rather than grammar. Indeed, we have previously demon-
strated involvement of the posterior superior longitudinal
fasciculus in patients with AOS (Whitwell et al., 2010,
2013a; Josephs et al., 2012; Botha et al., 2015; Tetzloff
et al., 2017). The left uncinate fasciculus was significantly
more affected in PAA than in AOS +PAA, perhaps playing
a role in the poorer naming and memory observed in the
PAA patients (Papagno et al., 2010; Papagno, 2011), and
we observed greater degeneration of white matter tracts in
the inferior frontal gyrus in PAA, which may be associated
with the greater severity of agrammatism (Catani et al.,
2013).

A limitation to the present study is the lack of autopsy-
confirmed pathology. Additionally, the PAA cohort was not
very large, consisting of just 11 patients, which may limit
statistical power and generalizability, but given the rarity of
the syndrome it is a reasonable sample, and many results
survived correction for multiple comparisons despite the
small number of patients. Nevertheless, the spatial extent
of the neuroimaging differences between PAA and AOS-
PAA may have been larger if we had a larger sample.
The present study has several strengths, which include the
fact that all patients were comprehensively evaluated by a
multidisciplinary team that included expertise in neurology,
speech-language pathology, neuropsychology, and neuroi-
maging. Additionally, an analysis of both written and
spoken language was performed for all patients, providing
a more comprehensive look at the agrammatic features of
language (Thompson et al., 1997; Tetzloff et al., 2018).

K. A. Tetzloff et al.

Importantly, our PAA cohort was homogeneous, in that
no patient had AOS at baseline.

The clinical, language, and neuroimaging findings for
PAA demonstrate that it is a syndrome that affects the
prefrontal cortex and anterior temporal lobes with asso-
ciated agrammatism, naming deficits and cognitive impair-
ment. These features differ from patients with AOS + PAA,
suggesting it represents a distinct syndrome with different
patterns of progression. Notably, PAA does not evolve into
a Parkinsonian syndrome, in contrast to AOS+PAA.
Patients with isolated PAA have more involvement of
Broca’s area, which is consistent with their more rapid clin-
ical decline in the grammatical aspects of language. These
findings have implications for clinical diagnosis and prog-
nosis for these two cohorts, which are most commonly
lumped together in a single group, agPPA. In PAA, with
no AOS present at baseline, the worsening of aphasia will
likely be more rapid and will remain the predominant
symptom. These distinctions may also be important when
it comes to predicting pathology, although autopsy con-
firmation is still necessary.
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