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Abstract

Objective: To characterize and compare the neuropsychological profiles of patients with primary
progressive apraxia of speech (PPAOS) and apraxia of speech with progressive agrammatic
aphasia (AOS-PAA).

Method: Thirty-nine patients with PPAOS and 49 patients with AOS-PAA underwent formal
neurological, speech, language, and neuropsychological evaluations. Cognitive domains assessed
included immediate and delayed episodic memory (Wechsler Memory Scale-Third edition;
Logical Memory; Visual Reproduction; Rey Auditory Verbal Learning Test), processing speed
(Trail Making Test A), executive functioning (Trail Making Test B; Delis-Kaplan Executive
Functioning Scale — Sorting), and visuospatial ability (Rey-Osterrieth Complex Figure copy).

Results: The PPAQOS patients were cognitively average or higher in the domains of immediate
and delayed episodic memory, processing speed, executive functioning, and visuospatial ability.
Patients with AOS-PAA performed more poorly on tests of immediate and delayed episodic
memory and executive functioning compared to those with PPAOS. For every 1 unit increase in
aphasia severity (e.g. mild to moderate), performance declined by 1/3 to 1/2 a standard deviation
depending on cognitive domain. The degree of decline was stronger within the more verbally
mediated domains, but was also notable in less verbally mediated domains.

"Correspondence and reprint requests to: Rene L. Utianski, PhD, Mayo Clinic, 200 15t Street SW, Rochester, MN, 55904, USA.
utianski.rene@mayo.edu.
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Conclusion: The study provides neuropsychological evidence further supporting the distinction
of PPAOS from primary progressive aphasia and should be used to inform future diagnostic
criteria. More immediately, it informs prognostication and treatment planning.

Keywords

Primary progressive apraxia of speech; Primary progressive aphasia; Agrammatic aphasia;
Frontotemporal dementia; Motor speech disorder; Nonfluent primary progressive aphasia

INTRODUCTION

In 1967, Darley described a motor speech disorder characterized by varying combinations of
slow speaking rate, syllable segmentation, abnormal prosody, distorted sound substitutions,
additions, and prolongations, sometimes accompanied by groping and trial and error
articulatory movements (Darley, 1967, 1969). This disorder was termed apraxia of speech
(AQS). It reflects abnormal planning and/or programming of speech production and is
distinct from aphasia (a disorder of language) and dysarthria (disorders of neuromuscular
execution). In adults, AOS is well known as an acquired, focal impairment in the context of
stroke with a course that eventually improves or becomes chronic and stable. AOS that has
an insidious onset and progresses over time because of neurodegeneration is the subject of
more recent investigation (Duffy, 2006; Josephs et al., 2005; Josephs et al., 2012).

In the context of neurodegenerative disease, AOS can be embedded within a broader
dysfunction of cognition, language, or motor symptoms (Duffy, 2006). It is part of the

most recent criteria for progressive supranuclear palsy (PSP) (Hoglinger et al., 2017) and
corticobasal syndrome (CBS) (Armstrong et al., 2013). It is also a core criterion for the
nonfluent/agrammatic variant of primary progressive aphasia (referred to in the literature

as nfvPPA, nfPPA, PPA-G, or agPPA) and can present with or without accompanying
aphasia (Gomo-Tempini et al., 2011; Ogar, Dronkers, Brambati, Miller, & Gomo-Tempini,
2007). The Gorno-Tempini et al. (2011) criteria specify that either aphasia (in the form

of agrammatism) or AOS is sufficient for a diagnosis of nfvPPA (in addition to other
diagnostic criteria). However, as many in the scientific community acknowledge, motor
speech disorders (i.e., AOS) should not be considered PPA (Duffy & Josephs, 2012; Josephs
etal., 2012; Mesulam, 2001, 2003). Our group demonstrated that in about 20% of nfvPPA
cases, AOS was the primary and sometimes only deficit with little to no evidence of
aphasia (Duffy, Strand, & Josephs, 2014). To recognize this and help determine whether the
distinction is necessary, the term primary progressive apraxia of speech (PPAOS) is used
when progressive AOS is the primary and only deficit (Duffy, 2006; Josephs et al., 2014;
Josephs et al., 2012). When patients meet the language-driven requisite of PPA, the terms
apraxia of speech and progressive agrammatic aphasia (AOS-PAA) are used to reflect the
combination of both speech and language disorder. When discussing prior literature, we use
the term nfvPPA to refer to individuals where no specific distinction about the combination
of speech vs. language symptoms is reported.

On imaging, patients with PPAOS show specific involvement of the precentral cortex and
supplementary motor area (SMA), with hypometabolism seen on [18F]fluorodeoxyglucose
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positron emission tomography imaging (Josephs et al., 2012; Josephs et al., 2006), gray
matter atrophy on magnetic resonance imaging (MRI) (Josephs et al., 2013), reduced
connectivity to speech, language, and face sensorimotor networks on functional MRI (Botha
et al., 2018), and white matter tract degeneration on diffusion tensor imaging (Whitwell et
al., 2013). Although not necessarily specific to PPAQS, prominent AOS in the context of
progressive speech and language disorders (e.g., progressive nonfluent aphasia) has been
linked to CBD, PSP, and Pick’s disease, which are all tauopathies (Deramecourt et al., 2010;
Josephs et al., 2012; Josephs et al., 2006; Tetzloff, Duffy, et al., 2018). In vivo imaging

of tau, with tau-PET, showed uptake bilaterally throughout the premotor and precentral
cortices, involving inferior, middle, and superior frontal gyri and the SMA in PPAOS
(Utianski, Whitwell, Schwarz, Senjem, et al., 2018). A similar pattern was seen in patients
with AOS-PAA; however, when agrammatic aphasia occurred without AOS (herein referred
to as progressive agrammatic aphasia [PAA]), uptake was predominantly in left frontal
regions as well as temporal regions (Utianski, Whitwell, Schwarz, Duffy, et al., 2018). These
and other studies (Tetzloff et al., 2019) provide support showing that AOS and agrammatic
aphasia, when present in isolation, have separable neuroanatomical substrates. Exploring
the neuropsychological profiles of patients with AOS in isolation (PPAOS) compared to
AQOS with agrammatic aphasia could contribute to an understanding of these syndromes as
possibly representing separate entities.

Neurocognitively, preliminary work suggests that cognitive functioning in PPAOS is mostly
intact, while patients with both AOS and aphasia appear more cognitively compromised.
Josephs et al. (2014) found that of the 13 PPAOS patients studied, all were within or above
normal limits on a measure of executive functioning, only one individual demonstrated
mildly lower than normal delayed word list memory, and only two demonstrated mild
slowing on a processing speed task. Using a patient sample with some overlap with Josephs
et al. (2014), Utianski, Whitwell, Schwarz, Senjem, et al. (2018) also found patients with
PPAQS were neurocognitively normal and it was only if they later developed aphasia

(i.e., 7/14 patients) that they demonstrated any sign of neurocognitive difficulties. While
performance on the Visual Object and Space Perception Letters and Cube subtests (VOSP;
n=14) and Camden word recognition test (7= 11) were within normal limits in this

group, five of the seven with aphasia fell below the normal cutoff (scoring below 26/30) on
the Montreal Cognitive Assessment (MoCA), a verbally mediated cognitive assessment,
and two fell below cutoff (scoring below 12/18) on the Frontal Assessment Battery.

These studies had small samples and relatively limited reporting of cognitive measures,
necessitating follow-up studies expanding on the generalizability of results. Additionally,
as the findings from Utianski, Whitwell, Schwarz, Senjem, et al. (2018) suggest, there

may be neurocognitive differences beyond the speech and language domains in PPAOS

and AOS patients with aphasia. Indeed, several studies and meta-analyses demonstrate

that when aphasia is present with AOS, it is associated with disruption in frontally
mediated cognitive functions. Butts et al. (2015) reported that these patients had deficits

in the domain of executive functioning. Similarly, in a recent meta-analysis, patients with
nfvPPA perform lower on measures of working and episodic memory compared to healthy
controls (Eikelboom et al., 2018). Interestingly, these deficits in frontally mediated cognitive
functions extend into the visuospatial domain as well. Watson et al. (2018) showed patients
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with nfvPPA performed worse than healthy controls on measures of visuospatially based
episodic memory and executive functioning. Consistent across these studies, however,

was that AOS was not recorded, and the contribution of AOS or aphasia severity to the
neuropsychological profile was not examined. Group studies that do not sufficiently describe
patient characteristics may not accurately reflect the degree of impairment in the group as

a whole; that is, impairment may be underreported if all patients have AOS and do not

have aphasia (Bettcher & Sturm, 2014; Bultts et al., 2015; Harris, Saxon, Jones, Snowden,

& Thompson, 2019). As of yet, the potential cognitive differences between patients with
PPAQS and patients with AOS and aphasia is unknown. It is also unclear how aphasia
severity might be related to degree of cognitive impairment.

Present Study

METHOD

We aimed to characterize and compare the neuropsychological profiles of patients with
PPAQS (i.e. progressive isolated AOS) and those who present with a combination of AOS-
PAA (term and classification discussed in more detail below). We also examined whether
severity of aphasia, independent of disease duration, was associated with performance

in five cognitive domains (immediate and delayed episodic memory, processing speed,
executive functioning, and visuospatial functioning). It was hypothesized that (1) PPAOS
patients would be grossly cognitively normal in the five cognitive domains, (2) patients with
AOS-PAA would have poorer cognition than those with PPAOS, particularly in executive
functioning, and (3) increasing aphasia severity would be associated with lower cognitive
performance particularly on tests that are highly verbally mediated.

Standard Protocol Approvals and Patient Consents

Participants

This study was approved by the Mayo Institutional Review Board. All participants provided
written informed consent before participating in research. Research was completed in
accordance with the Helsinki Declaration.

Ninety-nine patients were followed as part of a larger study of degenerative disorders

of language and speech. Forty of these patients (PPAOS 7= 13; AOS-PAA n=27)

were reported on in prior work discussed above (Butts et al., 2015; Utianski, Whitwell,
Schwarz, Duffy, et al., 2018; Utianski, Whitwell, Schwarz, Senjem, et al., 2018). Patients
were recruited from the Mayo Clinic Department of Neurology by the Neurodegenerative
Research Group (NRG) between July 2010 and April 2018. Procedures and measures of this
larger study have been previously reported (Duffy et al., 2017; Duffy et al., 2015; Josephs
etal., 2013; Josephs et al., 2014; Josephs et al., 2012). Participants underwent a detailed
speech and language examination, neurological evaluation, and neuropsychological testing
over a span of 48-72 hours. All participants presented with a chief complaint of speech
and/or language dysfunction and were included if they were at least 18 years of age, spoke
English as their primary language, and had evidence of AOS on exam.
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Clinical classification was made via consensus after two experienced speech-language
pathologists (J.R.D., H.M.C., and R.L.U.) made independent judgments of the presence,
nature, and severity of AOS, aphasia, and dysarthria without any knowledge of the
neurological, neuroimaging, or neuropsychological results. Interrater reliability was not
assessed, but agreement about presence/absence of aphasia and AOS was reached without
the need for discussion in all but a few cases. In the few cases not reaching consensus, a
third speech-language pathologist was the tie-breaker.

It is important at this juncture to clarify that both groups technically met diagnostic

criteria (Gomo-Tempini et al., 2011) for nfvPPA; however, this is because motor speech

is considered an element of language for the root PPA criteria, which is not universally
accepted. As our research group considers motor speech to be separable from language,

we do not consider patients with PPAOS to have met necessary root criteria for a nonfluent/
agrammatic PPA diagnosis. This is why we opted not to use this terminology (i.e., nfvPPA).
Given that we are exploring the implications for this distinction, we have used the term
“PPAQS” to recognize AQS as the initial and sole problem at onset and “AOS-PAA” to
recognize those that meet the language-driven requisite of PPA.

Patients were classified as PPAOS if there was evidence of progressive impairment in
speech (i.e., AOS), which was the first noted symptom, and any other neurological

deficits, including aphasia, were no more than equivocal (Botha & Josephs, 2019;

Josephs et al., 2014; Josephs et al., 2012). Patients were classified as AOS-PAA if there
was evidence of AOS andagrammatic aphasia (see below for assessment procedures).
Neuropsychological performance was not considered during the adjudication process for
diagnostic classification. The presence of dysarthria did not preclude a classification of
PPAOS or AOS-PAA, if present, dysarthria must have been less severe than both the

AQS and agrammatic aphasia at study enrollment. Eleven patients presented with only
agrammatic aphasia (i.e., no AOS). These patients were classified as PAA to distinguish
them from patients with both agrammatism and AOS. Unfortunately, due to the smaller and
disproportionate sample size (compared to the PPAOS and AOS-PAA groups), we could not
include this group as part of our analyses. We do, however, include their data here to allow
the reader a qualitative comparison.

Speech & Language Assessment

Formal speech and language assessment of all participants were audio and video recorded.
Judgments about motor speech abilities were based on all spoken language tasks of the
Western Aphasia Battery-Revised (WAB-R) (Kertesz, 2007) plus additional speech tasks
that included vowel prolongation, speech alternating motion rates (e.g., rapid repetition of
puhpiih-puh), speech sequential motion rates (e.g., rapid repetition of puh-tuh-kuf), word
and sentence repetition tasks, and a conversational speech sample. Speech characteristics
were rated on the Apraxia of Speech Rating Scale, (Josephs et al., 2012; Strand, Duffy,
Clark, & Josephs, 2014). A subjective index of AOS severity (1-4; 1 =mild, 4 = severe)
was also assigned. The same speech tasks were also judged for the presence or absence of
dysarthria, again rated on a 0—4 severity scale (0 = normal/no dysarthria, 4 = severe).
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Presence or absence of aphasia was determined, and severity of aphasia was quantified with
several measures of language abilities. The WAB-R aphasia quotient (WAB-AQ (Kertesz,
2007)) served as a composite measure of global language ability. It includes measures

of word and sentence repetition, confrontation naming, spontaneous speech fluency, word
finding, grammatical competence, verbal and reading comprehension, and writing. A WAB-
AQ score of 93.8 or above is considered normal, consistent with standardized test guidelines.
Additional supplementary reading and writing tasks from the WAB were also administered.
Grammar (and therefore agrammatism) was assessed by review of conversational speech and
oral and written picture description tasks. Examples of agrammatism include telegraphic
written and/or spoken language, grammatical simplification, and omission of function

words or morphological markers noted on formal (e.g. Northwestern Anagram Test)

and/or informal assessment. The influence of grammatical complexity on comprehension
was assessed with formal measures (e.g., subtests of the Boston Diagnostic Aphasia
Examination). A consensus determination was made as to whether a patient qualified as
agrammatic based on the combination of these informal (e.g., conversational speech) and
formal (e.g., NAT) measures described above. The 15-item Boston Naming Test (BNT)
(Lansing, Ivnik, Cullum, & Randolph, 1999) served as a sensitive measure of confrontation
naming ability; a score of 13 or above is considered normal. As some of the WAB-R subtests
can be influenced by non-aphasic deficits, including but not limited to AQS, participants
were required to perform below normal on at least two measures of language to establish

the presence of aphasia. The composite of the aforementioned tests was utilized in the
judgment of overall aphasia severity (0-4; 0 = normal/no aphasia; 4 = severe). Of note,
severity and nature of agrammatism, specifically, were not quantified in this study’s sample.
For quantification of elements of agrammatism in a subset of our larger study participants
with agrammatism alone and with additional AOS see Tetzloff, Utianski, et al. (2018). See
Table 1 for speech and language scores.

Neurologic and Neuropsychological Evaluation

All participants underwent a detailed neurologic examination, including general cognitive
testing (MoCA (Nasreddine et al., 2005)) and an index of motor parkinsonism (Movement
Disorder Society revised Unified Parkinson’s Disease Rating Scale-111 (Goetz et al., 2007)).

The neuropsychological evaluation was performed separately from the comprehensive
speech and language evaluation by a trained psychometrist and was supervised by a
neuropsychologist (M.M.M.). Cognitive domains assessed included immediate and delayed
episodic memory (Wechsler Memory Scale-Third edition [WMS-I11] Logical Memory
[LM] and Visual Reproduction [VR] (Wechsler, 1997); Rey Auditory Verbal Learning

Test [AVLT] (Rey, 1964)), processing speed (Trail Making Test A [TMT A] (Spreen &
Strauss, 1998)), executive functioning (Trail Making Test B [TMT B] and Delis-Kaplan
Executive Functioning Scale —Sorting subtest [DKEFS Sorting] (Delis, Kaplan, & Kramer,
2001)), and visuospatial ability (Rey-Osterrieth Complex Figure copy [Rey-O] (Osterrieth,
1944; Rey, 1964)). Of note, although patients completed the letter and cube subtests of the
VOSP battery (Warrington & James, 1991), these data were not included in the visuospatial
composite due to significant skewing and ceiling effect.
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Raw scores of the neuropsychological tests were converted to age-adjusted scaled scores
(SS) using either the Mayo Older Americans Normative Study (MOANS) in the case of the
AVLT (lvnik et al., 1992), Rey-O (Machulda et al., 2007), and TMT A&B (Ivnik, Malec,
Smith, Tangalos, & Petersen, 1996) or published norms in the case of the WMS-II1 subtests
and DKEFS Sorting (scaled score; M= 10; SD = 3). Of note, six patients were unable to
complete TMT B in the allotted time and received a default MOANS score of ‘1’. Scaled
score descriptives for each test are presented in Table 1. Scaled scores were averaged,

with missing scores omitted from the average, to create composite scores for the following
cognitive domains: 1) immediate episodic memory (WMS-111 LM | and VR |, AVLT 1%t
learning trial), 2) delayed episodic memory (WMS-111 LM Il and VR II, AVLT delayed
recall), and 3) executive functioning (TMT B, D-KEFS Sorting). Domains 4 (processing
speed) and 5 (visuospatial) were based on a single measure and did not require a composite
score. The raw scores on the VOSP letter perception subtest were used for additional
description of performance, as the Rey-O, while a visuospatial test, also can be impacted by
executive dysfunction. Due to changes in the testing protocol over time, individual cognitive
tests were missing from some cognitive domain composites: 19 for immediate and delayed
episodic memory (7 PPAOS; 12 AOS-PAA), two for processing speed (2 AOS-PAA), one for
executive functioning (1 AOS-PAA), and three for visuospatial abilities (3 AOS-PAA).

Statistical Analysis

For hypothesis 1 (patients with PPAOS will be grossly cognitively normal), we examined
age-corrected scaled scores for the five cognitive composite domains within the PPAOS
group. We used the following identifiers for ranges of scores: SS< 7 =low; SS=7 -

11 = average; SS > 11 = above average. For hypothesis 2 (patients with AOS-PAA will
perform more poorly than patients with PPAOS on cognitive measures), we used penalized
logistic regression to predict whether patients were PPAOS or AOS-PAA based on the

five cognitive domains detailed above. The outcome of the model was group membership,
PPAQS or AOS-PAA. We employed an elasticnet regularization to prevent overfitting and
shrink parameter estimates to be more generalizable. We used a penalty that was 80% lasso
and 20% ridge and used leave-one-out cross validation to determine lambda that is at most
one standard deviation above the optimal solution. The result is a parsimonious solution
from what would ordinarily be an overspecified model (more predictors than typically
allowed in maximum likelihood estimation). In this way, we could quantify the evidence
of the marginal (not adjusted for confounders) discriminative power of these five cognitive
domains while avoiding multiple comparisons (and the need to correct for such).

For hypothesis 3 (aphasia severity will be associated with cognitive performance), we fit
a single, comprehensive, hierarchical Bayesian linear model to describe whether aphasia
severity influences performance across the five cognitive domains. In this model, the
cognitive domain composite score was the dependent variable that was predicted by
aphasia severity, diagnosis (PPAOS vs. AOS-PAA), age at evaluation, disease duration,
and education. We also included coefficients estimated in batches (Gelman & Hill, 2006)
for intercept shifts for each domain, batched coefficients for domain aphasia severity
interaction terms, and batched intercepts per person. Hierarchical models address the
problem of multiple comparisons by creating a single comprehensive model and benefit
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from partial pooling of variances as well as shrinking coefficients, resulting in more stable
and generalizable estimates.

The prior distributions for each of the unbatched terms were assumed to be Student t-
distributions centered at zero and a standard deviation of three with four degrees of freedom.
The batched coefficients were each assumed to follow independent normal distributions with
prior distributions on the mean and standard deviation. The prior distributions for both the
mean and standard deviation had a mean of zero and standard deviation of three, with the
standard deviation prior distribution being truncated to be strictly positive.

The model was fit using the statistical software R version 3.6.2 using the package rjags
version 4-10 running JAGS version 4.3. The posterior estimates of effects were based on
four parallel chains of 20,000 samples each, resulting in posterior samples of 80,000 per
parameter. These posterior samples were generated after 100 initial adaptation iterations and
10,000 burn in samples that were discarded. After this fitting process, the Gelman Rubin
diagnostic was approximately 1, not indicating lack of convergence of any parameters.
Parameter estimates are generated by summarizing these posterior samples using medians
and quantile intervals.

Clinical Consensus Group Classification

Thirty-nine patients (39%) were classified as PPAOS and 49 patients (49%) were classified
as AOS-PAA. The groups did not differ on most demographic variables (e.g., age, sex,
disease duration) but did differ in education (PPAOS > AOS-PAA), AOS severity (AOS-PAA
> PPAQS), and MoCA score (PPAOS > AOS-PAA). Consistent with classification criteria,
the AOS-PAA group had significantly lower scores on the WAB-AQ and BNT than the
PPAQS group. See Table 1 for demographic and clinical information of all groups, including
PAA (n= 11, 11% of total sample; not included in statistical analyses).

Patients with PPAOS were Generally Cognitively Average to above Average

As seen in Table 2, on average, those classified as PPAOS fell within the average or above
average range (SS range = 9 — 12) in all cognitive domains. On the individual level, two
patients with PPAOS had low executive functioning (SS = 3 and 6.5), four patients had low
immediate episodic memory (SS range = 4 — 6.5), eight patients had low processing speed
(SS range = 3-6), and four patients had low visuospatial performance (SS range = 2 — 6). No
patients had low scores on the delayed episodic memory composite. For patients who had
low Rey-O scores, VOSP letter (raw scores = 10/10), and cube (raw score range = 19-20/20)
scores were within normal limits, suggesting the low Rey-O performance may be secondary
to planning and organization difficulty.

Worse Performance on Immediate and Delayed Episodic Memory and Executive
Functioning Distinguished AOS-PAA from PPAOS

The penalized logistic regression model demonstrated good classification separation for
PPAQOS and AOS-PAA with area under the Receiver Operating Characteristic curve (AUC) =
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0.83, p<0.001. Specifically, the immediate and delayed episodic memory and executive
functioning domains distinguished between the two groups, with the AOS-PAA group
performing worse in these domains than the PPAOS group (see Table 2). Processing speed
and visuospatial abilities were dropped by the model; that is, they were less important

in predicting group classification. Despite worse performance in the AOS-PAA group, the
groups’ median scores fell mostly within the low average range.

Aphasia Severity Predicted Poorer Cognitive Performance Across All Domains

Controlling for age, education, and disease duration, performance in each cognitive domain
decreased with increasing aphasia severity (Figure 1). Aphasia severity ranged from 0
(PPAOS) to 4 (ratings of 1-4 correspond to AOS-PAA).

There was strong evidence (probability > 0.95) for an association between aphasia severity
and performance on all five cognitive domains (see Figure 2). For every 1 unit increase

in aphasia severity, immediate episodic memory declined by 1.64 scaled scores, delayed
episodic memory declined by 1.24 scaled scores, executive functioning declined by 1.58
scaled scores, processing speed declined by 1.02 scaled scores, and visuospatial abilities
declined by 1.01 scaled scores.

Comparisons between cognitive domains of the strength of the association between aphasia
severity and cognitive performance revealed moderate evidence of a difference between
immediate episodic memory vs. (a) visuospatial abilities and (b) processing speed (posterior
probability >.90). There was also moderate evidence of a difference between executive
functioning and (a) visuospatial abilities and (b) processing speed (posterior probability >
.90). There was otherwise weak evidence of differences for all other domain comparisons.
Of note, the Spearman correlation between aphasia severity and disease duration was r(89) =
-.11, p=.44. This low correlation suggests that the association between aphasia severity and
cognition is not driven by or confounded by length of disease course.

DISCUSSION

The present study examined the neuropsychological performance of patients with PPAOS
and AOS-PAA. Consistent with our hypotheses, cognitive functioning in the PPAOS

group fell in at least the average range. Performance was lower in the AOS-PAA group.
Immediate and delayed episodic memory and executive functioning were particularly useful
for distinguishing between the groups, even though the AOS-PAA groups’ median scores
were in the low average range. Additionally, increasing aphasia severity was associated with
poorer performance in all cognitive domains, independent of age, education, and disease
duration.

The neuropsychological profile of PPAOS revealed that these patients, as a whole,
performed at or above average on measures across five domains of cognitive functioning.
These data are consistent with the conceptualization of this syndrome as an isolated deficit
in motor speech programming (i.e., AOS) and past imaging data that demonstrated limited
cortical involvement (i.e., restricted mainly to left lateral superior motor cortex and SMA,;
Josephs et al., 2012), at least in the early stages of the disease. However, it is possible that
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our measures were not sensitive enough to capture more subtle cognitive change in this
group. For example, previous work demonstrated that scores on verbal fluency measures,
such as letter and action fluency, were lower in patients with PPAOS compared to controls
and frequently abnormal (Hoglinger et al., 2017; Josephs et al., 2012). Performance on
fluency measures might be confounded by motor speech problems, but it is also possible that
these tests are more sensitive to subtle changes in executive functioning as well.

Examining individual-level scores in the current study found that if patients with PPAOS
had difficulty on any task, it was most likely reduced processing speed (17%, n=8). In

a longitudinal study, Josephs et al. (2014) demonstrated processing speed was the only
cognitive domain to decline over an average of 2.4 years in a group of 13 patients with
PPAQS. The relative vulnerability of processing speed may reflect the propensity for many
of these patients to eventually develop extrapyramidal signs, particularly bradykinesia, axial
rigidity, and a masked face, as the underlying disease process progresses. Although none
of the patients with PPAOS in our study met criteria for any other neurological disorder

at presentation, we speculate that slowing might at least partially reflect greater motor
symptomatology (as measured by the UPDRS, patients with low TMT A scores: median
UPDRS =16 [13.5, 25.5]; patients with normal or above TMT A scores: median UPDRS
= 8.5 [5, 16.5]), impacting performance on this speeded, motor-mediated task. This is
compatible with the motor features of the neurologic syndromes that frequently eventually
emerge in these patients, i.e., PSP or CBS.

In contrast to the PPAQS group, the AOS-PAA group performed worse across all cognitive
domains, and group differences were particularly pronounced in executive functioning and
episodic memory. Group differences in delayed episodic memory appeared largely driven
by exceptionally strong performance in the PPAOS group rather than poor performance

in the AOS-PAA group. In fact, on average, delayed episodic memory was the AOS-PAA
groups’ strongest cognitive domain. In contrast group differences in immediate episodic
memory and executive functioning appeared driven more by the AOS-PAA group’s poorer
functioning, with 25% of patients falling below the normal (low average or higher) range.
Lower performance in these domains suggests greater disruption of frontally mediated
systems and processes (i.e., executive functioning and encoding) in patients with AOS-PAA
compared to patients with PPAOS. This is perhaps not surprising given that AOS-PAA

is associated with extramotor regions and more widespread frontal involvement (Botha et
al., 2015; Whitwell et al., 2013). The finding is also consistent with prior work showing
that patients with AOS-PAA tend to have low levels of executive functioning and working
memory (Bettcher & Sturm, 2014; Butts et al., 2015; Harris et al., 2019). Although we were
unable to include the agrammatic-only group (PAA) in the analyses, directly comparing
normed scores across groups suggest that they may have even more cognitive difficulty than
the group with AOS and agrammatism (i.e., AOS-PAA). Future work with larger sample
sizes allowing statistical comparisons could help demonstrate these potentially meaningful
differences between groups.

These data — in combination with prior work in imaging, pathology, and clinical syndromes
—argue for a recognition of PPAQOS as a unique syndrome separable from PAA (Tetzloff et
al., 2019; Utianski, Whitwell, Schwarz, Duffy, et al., 2018). While PPAOS and AOS-PAA
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may share the same underlying neuropathology, how their clinical courses differ continues
to be a subject of investigation with mounting evidence that prognosis and trajectories
may be separable. Several other studies have already demonstrated differences in the
emergence of other speech and neurologic features in these patients as well as differences
in survival (Tetzloff et al., 2019; Utianski, Duffy, Clark, Strand, Boland, et al., 2018;
Whitwell et al., 2020; Whitwell et al., 2017). For example, Whitwell et al. (2020) found
better survival and lower risk of death for individuals with PPAOS than AOS-PAA. In

fact, individuals with AOS-PAA were three times more likely to die before an individual
with PPAOS. Additionally, Whitwell et al. (2017) showed that within the PPAOS group,
there were notable differences among individuals in whether they developed aphasia (i.e.,
PAA) within a 2-year follow-up. In their study, only 40% of PPAOS patients developed
aphasia by 2 years post-diagnosis. Though not specific to PPA or PPAOS, Véglein et al.
(2021) demonstrated the diagnostic and prognostic importance of identifying first symptoms
(FS) in neurodegenerative disease. For example, a cognitive FS compared to non-cognitive
FS was associated with longer survival in frontotemporal lobar degeneration. This work
demonstrates that initial symptoms have value in diagnosis and in predicting the course of
disease, even among those with the same underlying pathology.

Clinically, these features also suggest different therapeutic approaches for maintaining
functions or compensating for losses. For example, patients with PPAOS have a pure motor
speech disorder and can much more easily use complex technology to supplement their
speech; they may also benefit from intervention with the principles of motor learning.

On the other hand, when aphasia is present, the complexity of such a system must be
calibrated to the language and cognitive impairments. Compensation and adaptation also
have implications for professional accommodations; patients with PPAOS, for example, may
be able to continue to work, given appropriate support for augmentative or alternative means
of communication.

In the context of the neuropsychological evaluation, these results may also assist the
clinician in diagnostic accuracy. While it is clear that a comprehensive speech and language
evaluation is fundamental to the diagnosis of AOS and aphasia (and by extension — PPAOS
and PPA), it is often the case that the patient has not seen a speech language pathologist
prior to a neuropsychological evaluation. We recommend that when a patient presents

with an insidious onset of AOS, the clinical neuropsychological evaluation cover not only
appropriate language measures (especially measures of agrammatism in speech and writing)
but also ensure appropriate assessment of executive functioning and episodic learning. In the
case where the neuropsychological profile is average or above (possibly with the exception
of mild slowing), and there is no more than equivocal evidence of aphasia, a diagnosis

of PPAOS should be considered. If there is evidence of more cognitive impairment, other
diagnostic classifications may need consideration (e.g., CBS, PSP, PPA).

In the current study, the AOS-PAA group was quite heterogeneous with respect to the
severity of aphasia relative to AOS. Some patients had more prominent AOS than aphasia
(n = 25), some had equivalent AOS and aphasia (/7= 6), and some had more prominent
aphasia than AOS (n=15). It has been proposed that the group with more prominent AOS
than aphasia is more similar clinically and pathologically to PPAOS than to AOS-PAA,
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where aphasia is more prominent, and may represent patients on a broader spectrum of
“progressive apraxia of speech” (Botha et al., 2015; Josephs et al., 2013). Future studies
may wish to examine potential differences in neuropsychological profiles, with systematic
evaluation of differences relative to symptom predominance.

Examining associations between cognitive performance and aphasia severity reveals that
these associations are unlikely to be driven by age, education, or disease duration. In

fact, to this latter point there was no substantial correlation between disease duration

and aphasia severity. Similar illness durations regardless of aphasia severity in the AOS-
PAA group suggest we are not simply capturing the artifact of illness progression with
increasing aphasia severity and that aphasia itself was associated with performance in

these domains. Even within an AOS-PAA sample with mild—-moderate aphasia, aphasia
severity predicted performance across all cognitive domains. For every 1 unit increase in
aphasia severity, performance declined by 1/3 to 1/2 a standard deviation (SD) depending

on cognitive domain. The association was strongest within more verbally mediated domains,
but was also notable in less verbally mediated domains. While this could demonstrate

that neuropsychological performance is influenced by language impairment (though the
current data cannot establish direction of causation), associations with less verbally mediated
domains suggest it would not be the entire explanation. Although speculative, this lends
potential support for unbiased involvement of these other cognitive domains, rather than
poorer neuropsychological performance simply representing an artifact of poorer language
skills.

As this was a cross-sectional study, future work should examine intraindividual changes

in aphasia and cognition in a longitudinal design, in patients with varying combinations

of AOS and aphasia. We also did not examine cognitive profiles with respect to AOS
subtype. A speech pattern dominated by distorted sound substitutions and additions,

and articulatory errors is identified as the “phonetic” subtype, whereas a speech pattern
dominated by slow, prosodically segmented speech is the “prosodic” subtype (Utianski,
Duffy, Clark, Strand, Botha, et al., 2018). Preliminary work with patients with PPAOS
suggests possible group differences in processing speed (measured with graphomotor tasks)
between the phonetic (faster) and prosodic (slower) groups, but these data need replication
in a larger sample with a more comprehensive neuropsychological and neurological battery
(Utianski, Duffy, Clark, Strand, Botha, et al., 2018). Additionally, prior work suggests that
the phonetic subtype develops more severe language impairment (Hoglinger et al., 2017;
Josephs et al., 2014; Utianski, Duffy, Clark, Strand, Botha, et al., 2018) and earlier in the
disease course (Whitwell et al., 2017) compared to the prosodic subtype. In examining the
neuropsychological profiles of the different presentations of AOS, it would be important to
properly account for unique contributions of subtype and language impairment on cognitive
performance. A longitudinal study, controlling for language change over time, would be
helpful to examine whether the subtype of AOS predicts cognitive change. Finally, it is
important to note that there were few patients with aphasia severity scores =3. This is at
least partially because people with severe aphasia are difficult to test. Thus, when aphasia is
very severe, cognition is a bit of a “black box.” For example, it is possible that visuospatial
abilities are relatively preserved or that we could see a difference between verbal and
nonverbal episodic memory performance. However, we cannot determine this with any
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certainty until we have tests that are able to tap into these processes while minimizing the
impact of language impairment.

CONCLUSIONS

This study characterized the neuropsychological performance of patients with PPAOS and
provides a comparison with patients with AOS-PAA, extending findings from previous
studies in a large sample of patients who were evaluated with the same language and
cognitive battery. The results suggest that patients with PPAOS are typically cognitively
average or above in the domains of immediate and delayed episodic memory, processing
speed, executive functioning, and visuospatial ability. Further, patients with AOS-PAA
performed more poorly on tests of cognition compared to those with PPAOS. Finally,
severity of aphasia contributes to, but does not entirely account for, cognitive performance
across cognitive domains. This study builds on prior work supporting the possibility that
PPAQS represents a unique syndrome and can be used to inform future diagnostic criteria.
More immediately, it may inform prognostication and treatment planning.
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Change in performance (scaled scores) with increasing severity of aphasia (aphasia rating
scale 0-4; 0 = PPAOS and 1-4 = AOS-PAA) within each cognitive domain: Immediate
episodic memory, delayed episodic memory, executive functioning, processing speed, and
visuospatial abilities. Dots represent individual scores. Lines represent fitted values in each
domain across the range of aphasia severity for a 70-year-old individual with 16 years of

education and 3-year disease duration.
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