
Edited by

Advances in Primary 
Progressive Aphasia

Jordi A. Matias-Guiu, Robert Jr Laforce and Rene L. Utianski

Printed Edition of the Special Issue Published in Brain Sciences

www.mdpi.com/journal/brainsci



Advances in Primary Progressive
Aphasia





Advances in Primary Progressive
Aphasia

Editors

Jordi A. Matias-Guiu
Robert Jr Laforce
Rene L. Utianski

MDPI ‚ Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Manchester ‚ Tokyo ‚ Cluj ‚ Tianjin



Editors

Jordi A. Matias-Guiu

Department of Neurology

Universidad Complutense

de Madrid

Madrid

Spain

Robert Jr Laforce

Clinique Interdisciplinaire
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Québec

Canada

Rene L. Utianski

Department of Neurology

Mayo Clinic

Rochester

United States

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Brain Sciences (ISSN 2076-3425) (available at: www.mdpi.com/journal/brainsci/special issues/

Primary Progressive Aphasia).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-4408-3 (Hbk)

ISBN 978-3-0365-4407-6 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/brainsci/special_issues/Primary_Progressive_Aphasia
www.mdpi.com/journal/brainsci/special_issues/Primary_Progressive_Aphasia


Contents

Jordi A. Matias-Guiu, Robert Laforce, Monica Lavoie and Rene L. Utianski
Advances in Primary Progressive Aphasia
Reprinted from: Brain Sci. 2022, 12, 636, doi:10.3390/brainsci12050636 . . . . . . . . . . . . . . . . 1

Rene L. Utianski, Hugo Botha, John N. Caviness, Gregory A. Worrell, Joseph R. Duffy and
Heather M. Clark et al.
A Preliminary Report of Network Electroencephalographic Measures in Primary Progressive
Apraxia of Speech and Aphasia
Reprinted from: Brain Sci. 2022, 12, 378, doi:10.3390/brainsci12030378 . . . . . . . . . . . . . . . . 5
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Contribution of the Cognitive Approach to Language Assessment to the Differential Diagnosis
of Primary Progressive Aphasia
Reprinted from: Brain Sci. 2021, 11, 815, doi:10.3390/brainsci11060815 . . . . . . . . . . . . . . . . 169

Jeanne Gallée, Claire Cordella, Evelina Fedorenko, Daisy Hochberg, Alexandra
Touroutoglou and Megan Quimby et al.
Breakdowns in Informativeness of Naturalistic Speech Production in Primary Progressive
Aphasia
Reprinted from: Brain Sci. 2021, 11, 130, doi:10.3390/brainsci11020130 . . . . . . . . . . . . . . . . 181

vi



Citation: Matias-Guiu, J.A.; Laforce,

R., Jr.; Lavoie, M.; Utianski, R.L.

Advances in Primary Progressive

Aphasia. Brain Sci. 2022, 12, 636.

https://doi.org/10.3390/

brainsci12050636

Received: 30 April 2022

Accepted: 9 May 2022

Published: 12 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

brain
sciences

Editorial

Advances in Primary Progressive Aphasia

Jordi A. Matias-Guiu 1,* , Robert Laforce, Jr. 2, Monica Lavoie 2 and Rene L. Utianski 3

1 Department of Neurology, Hospital Clínico San Carlos, Health Research Institute “San Carlos” (IdISCC),
Universidad Complutense de Madrid, 28040 Madrid, Spain

2 Clinique Interdisciplinaire de Mémoire, Département des Sciences Neurologiques du CHU de Québec,
Faculté de Médecine, Université Laval, Quebec City, QC G1V 0A6, Canada;
robert.laforce@fmed.ulaval.ca (R.L.J.); monica.lavoie.1@ulaval.ca (M.L.)

3 Department of Neurology, Mayo Clinic, Rochester, MN 55902, USA; utianski.rene@mayo.edu
* Correspondence: jordi.matias-guiu@salud.madrid.org

Primary progressive aphasia (PPA) is a neurodegenerative syndrome characterized
by progressive and predominant language impairment. Our knowledge of this disorder
has evolved significantly in recent years. Notably, correlations between clinical findings
and pathology have improved, and main clinical, neuroimaging, and genetic features have
been described. However, as in other neurodegenerative syndromes, diagnosis is often
challenging, a better understanding of natural history is needed, and successful therapies
are lacking.

In this context, this Special Issue of Brain Sciences is focused on “Advances in Primary
Progressive Aphasia (PPA)” and includes articles addressing advances in the diagno-
sis, expected progression, and treatment of PPA, each of which is elucidated further in
what follows.

1. Diagnosis

In “Contribution of the Cognitive Approach to Language Assessment to the Differen-
tial Diagnosis of Primary Progressive Aphasia” [1], the authors reviewed the contribution
of the assessment of specific language abilities in the differential diagnosis of PPA, the main
cognitive processes involved in each task, and the findings supportive of each variant.

In “Breakdowns in Informativeness of Naturalistic Speech Production in Primary
Progressive Aphasia” [2], the authors examined 101 participants, including 70 patients
with a diagnosis of PPA (19 svPPA patients, 26 lvPPA patients, and 25 nfvPPA) and 31 age-
matched controls, using the “Picnic Scene” from the Western Aphasia Battery-Revised.
The informativeness of speech was quantified. Relative informativeness, or efficiency, of
speech was preserved in non-fluent variant PPA patients and impaired in logopenic and
semantic variants. These findings support the value of assessing and quantifying functional
communication in PPA, which could be useful in the diagnosis and complement other
parameters of spontaneous speech analysis.

In “Verbal Short-Term Memory Disturbance in the Primary Progressive Aphasias:
Challenges and Distinctions in a Clinical Setting” [3], the authors examined short-term
memory profiles in four well-characterized patients with lvPPA, nfvPPA, svPPA, and
Alzheimer’s disease. The authors also discussed the adequate tasks to evaluate short-
term memory, the influence of other cognitive functions, and the relevance of examining
visuospatial short-term and working memory.

In “Primary Progressive Aphasia: Use of Graphical Markers for an Early and Dif-
ferential Diagnosis” [4], the authors analyzed writing pressures during linguistic and
non-linguistic tasks in patients with PPA, Alzheimer’s disease, and healthy controls. Sev-
eral differences were found between groups depending on the type of task.

Two studies examined the application of electroencephalography (EEG) in the diagno-
sis of PPA and its variants. In “Application of Machine Learning to Electroencephalography
for the Diagnosis of Primary Progressive Aphasia: A Pilot Study” [5], a cross-sectional study
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with 40 PPA patients and 20 controls was performed. Patients underwent resting-state
EEG. Several data extraction procedures were performed, and several machine learning
algorithms were evaluated. Diagnostic capacity was relatively high for the discrimination
between PPA and controls, while the classification between variants was lower. The most
important features in the classification were those derived from network analysis based
on graph theory. In this regard, in the study “A Preliminary Report of Network Electroen-
cephalographic Measures in Primary Progressive Apraxia of Speech and Aphasia” [6], the
authors evaluated EEG changes in the agrammatic PPA and primary progressive apraxia
of speech variants using graph theory analysis. Several network alterations were found,
and interestingly, there were correlations between EEG graph theory measures and certain
clinical measures. Overall, both studies suggest the potential for further application of EEG
in PPA.

2. Longitudinal Change

In “Longitudinal Changes in Cognition, Behaviours, and Functional Abilities in the
Three Main Variants of Primary Progressive Aphasia: A Literature Review” [7], the authors
provided a literature review on the natural history of the three main variants of PPA.
The review focused on cognitive, behavioral, and functional changes associated with the
syndromes. Findings from 15 studies included in the review showed that the svPPA was
associated with more behavioral disturbances both at baseline and over the course of the
disease, whereas lvPPA experienced worse cognitive decline and faster progression to
dementia. The most significant decline in language production and functional abilities
was found in individuals with nfvPPA. This review highlighted the need for more data on
lvPPA, surprisingly, given it is the most frequent subtype of PPA. The authors also reported
a lack of data regarding the prodromal and last stages of PPA, which could be very helpful
for patients and families.

In “Survival in the Three Common Variants of Primary Progressive Aphasia: A Retro-
spective Study in a Tertiary Memory Clinic” [8], the authors analyzed survival data in a
cohort of 83 deceased patients with a diagnosis of PPA. They reported a significantly longer
survival from symptom onset and diagnosis in svPPA than in the two other variants. In-
deed, the mean survival from symptom onset was 7.6 years for lvPPA, 7.1 years for nfvPPA,
and 12 years for svPPA. The most common causes of death were natural cardio-pulmonary
arrest and pneumonia. These findings provide invaluable data to healthcare professionals,
as well as patients and families, about the progression of the disease and the end stages
of life.

3. Treatment

In “Treatment for Anomia in Bilingual Speakers with Progressive Aphasia” [9], the
authors explored the impact of the lexical retrieval cascade treatment approach on a group
of bilingual patients with heterogeneous clinical presentations, including right-sided tem-
poral frontotemporal dementia and semantic and logopenic PPA. Overall, participants
demonstrated a significant treatment effect in each of the targeted languages and showed
a cross-linguistic transfer for trained cognates in both languages that were maintained
up to one-year post-treatment. While there was a decline in clinical measures of lan-
guage and cognition, patient and care partner reported outcomes indicated communication
was “somewhat better.” The findings of the study support the important conclusions that
(1) monolingual clinicians may be able to select cross-linguistic cognates as a means to
support gains across languages, even for words trained in a single language, and (2) the
importance of including patient-reported outcome measures in intervention studies.

In “Cognitive Intervention Strategies Directed to Speech and Language Deficits in
Primary Progressive Aphasia: Practice-Based Evidence from 18 Cases” [10], the authors
demonstrated the importance of symptom-targeted intervention in a group of patients
with PPA, again with heterogeneous clinical presentations. While there was no control
cohort or within-group comparison to determine the impact of alternative treatment ap-
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proaches, the patients showed improved performance in trained items at post-test, with
an individualized focus on either naming, sentence production, motor speech functioning,
or phonological functioning. While 18 patients completed their personalized treatment,
this was 56% of those recruited; it is also important to note that 25% of patients recruited
did not complete the intervention because of frustration, anxiety, motivation, or other
practical–logistical barriers. Many of the participants who completed the program had an
objective decline in function at follow-up but reported subjective improvement that was
not otherwise quantified, again highlighting the importance of patient-reported outcomes.
Overall, the study supports the potential for symptom-targeted intervention and suggests
that completing this in the early stages of the disease may improve adherence and the
subsequent possibility of positive treatment outcomes.

In “Semantic Variant Primary Progressive Aphasia: Practical Recommendations for
Treatment from 20 Years of Behavioural Research” [11], the authors highlighted the different
sources of word-finding difficulties in PPA, including impairment in semantic knowledge
in semantic, lexical access, and phonological impairment in logopenic, and post-lexical
execution in non-fluent/agrammatic. With the focus on semantic PPA, they discussed the
important implications of left and right atrophy, where patients with right-sided temporal
atrophy may have greater behavioral changes, loss of insight, and altered pragmatics. It is
crucial to recognize that these non-aphasic cognitive-communication challenges are well
within the scope of speech pathology to address in intervention. In this review, the authors
discussed the outcomes of different naming treatments and the benefit of capitalizing upon
preserved long-term memory systems. They noted that in maintenance or compensatory
approaches, the severity of impairment should inform the nature of the intervention. For
instance, patients may not be able to learn how to augmentative or alternative communica-
tion devices later in the disease, so it is important to incorporate this before the skills to
acquire its use are lost. They also mentioned the benefit of interdisciplinary treatment, with
collaboration between speech and occupation therapy, and focusing on activities of daily liv-
ing. Finally, they discussed the benefit of education and support group programs as a safe
forum for discussing experiences and sharing resources and strategies, further highlighting
the needs of both patient and care partners should both be addressed, simultaneously.

4. Conclusions

Taken together, the papers in this Special Issue, addressing the diagnosis, treatment,
and expected progression of PPA, contribute to the literature and our understanding of this
heterogeneous patient population. We strongly believe that speech–language pathologists,
neurologists, and neuroscientists alike will benefit from the original research studies and
reviews amassed in this collection, and as the Guest Editors of this Special Issue, we thank
the authors for their contributions.

Author Contributions: Writing—review and editing, J.A.M.-G., R.L.J., M.L., R.L.U.; visualization,
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equally to writing the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

3



Brain Sci. 2022, 12, 636

References
1. Macoir, J.; Legaré, A.; Lavoie, M. Contribution of the cognitive approach to language assessment to the differential diagnosis of

primary progressive aphasia. Brain Sci. 2021, 11, 815. [CrossRef] [PubMed]
2. Gallé, J.; Cordella, C.; Fedorenko, E.; Hochberg, D.; Touroutogiou, A.; Quimby, M.; Dickerson, B.C. Breakdowns in informativeness

of naturalistic speech production in primary progressive aphasia. Brain Sci. 2021, 11, 130. [CrossRef] [PubMed]
3. Foxe, D.; Cheung, S.C.; Cordato, N.J.; Burrell, J.R.; Ahmed, R.M.; Taylor-Rubin, C.; Irish, M.; Piguet, O. Verbal short-term memory

disturbance in the primary progressive aphasias: Challenges and distinctions in a clinical setting. Brain Sci. 2021, 11, 1060.
[CrossRef] [PubMed]

4. Plonka, A.; Mouton, A.; Macoir, J.; Train, T.M.; Derremaux, A.; Robert, P.; Manera, V.; Gros, A. Primary progressive aphasia: Use
of graphical markers for an early and differential diagnosis. Brain Sci. 2021, 11, 1198. [CrossRef] [PubMed]

5. Moral-Rubio, C.; Balugo, P.; Fraile-Pereda, A.; Pytel, V.; Fernández-Romero, L.; Delgado-Alonso, C.; Delgado-Álvarez, A.;
Matías-Guiu, J.; Matias-Guiu, J.A.; Ayala, J.L. Application of machine learning to electroencephalography for the diagnosis of
primary progressive aphasia: A pilot study. Brain Sci. 2021, 11, 1262. [CrossRef] [PubMed]

6. Utianski, R.L.; Botha, H.; Caviness, J.N.; Worrell, G.A.; Duffy, J.R.; Clark, H.M.; Whitwell, J.L.; Josephs, K.A. A preliminary report
of network electroencephalographic measures in primary progressive apraxia of speech and aphasia. Brain Sci. 2022, 12, 378.
[CrossRef] [PubMed]

7. De la Sabionnière, J.; Tastevin, M.; Lavoie, M.; Laforce, R., Jr. Longitudinal changes in cognition, behaviours, and functional
abilities in the three main variants of primary progressive aphasia: A literature review. Brain Sci. 2021, 11, 1209. [CrossRef]
[PubMed]

8. Tastevin, M.; Lavoie, M.; de la Sabionnière, J.; Carrier-Auclair, J.; Laforce, R., Jr. Survival in the three common variants of primary
progressive aphasia: A retrospective study in a tertiary memory clinic. Brain Sci. 2021, 11, 1113. [CrossRef] [PubMed]

9. Grasso, S.M.; Peña, E.D.; Kazemi, N.; Mirzapour, H.; Neupane, R.; Bonakdarpour, B.; Gorno-Tempini, M.L.; Henry, M.L. Treatment
for anomia in bilingual speakers with progressive aphasia. Brain Sci. 2021, 11, 1371. [CrossRef] [PubMed]

10. Machado, T.H.; Carthery-Goulart, M.T.; Campanha, A.C.; Caramelli, P. Cognitive intervention strategies directed to speech and
language deficits in primary progressive aphasia: Practice-based evidence from 18 cases. Brain Sci. 2021, 11, 1268. [CrossRef]
[PubMed]

11. Suárez-González, A.; Savage, S.A.; Bier, N.; Henry, M.L.; Jokel, R.; Nickels, L.; Taylor-Rubin, C. Semantic variant primary
progressive aphasia: Practical recommendations for treatment from 20 years of behavioral research. Brain Sci. 2021, 11, 1552.
[CrossRef] [PubMed]

4



Citation: Utianski, R.L.; Botha, H.;

Caviness, J.N.; Worrell, G.A.;

Duffy, J.R.; Clark, H.M.; Whitwell,

J.L.; Josephs, K.A. A Preliminary

Report of Network

Electroencephalographic Measures in

Primary Progressive Apraxia of

Speech and Aphasia. Brain Sci. 2022,

12, 378. https://doi.org/10.3390/

brainsci12030378

Academic Editor: Yang Zhang

Received: 27 January 2022

Accepted: 10 March 2022

Published: 12 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

brain
sciences

Article

A Preliminary Report of Network Electroencephalographic
Measures in Primary Progressive Apraxia of Speech
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Abstract: The objective of this study was to characterize network-level changes in nonfluent/agrammatic
Primary Progressive Aphasia (agPPA) and Primary Progressive Apraxia of Speech (PPAOS) with
graph theory (GT) measures derived from scalp electroencephalography (EEG) recordings. EEGs
of 15 agPPA and 7 PPAOS patients were collected during relaxed wakefulness with eyes closed
(21 electrodes, 10–20 positions, 256 Hz sampling rate, 1–200 Hz bandpass filter). Eight artifact-free,
non-overlapping 1024-point epochs were selected. Via Brainwave software, GT weighted connectivity
and minimum spanning tree (MST) measures were calculated for theta and upper and lower alpha
frequency bands. Differences in GT and MST measures between agPPA and PPAOS were assessed
with Wilcoxon rank-sum tests. Of greatest interest, Spearman correlations were computed between
behavioral and network measures in all frequency bands across all patients. There were no statistically
significant differences in GT or MST measures between agPPA and PPAOS. There were significant
correlations between several network and behavioral variables. The correlations demonstrate a
relationship between reduced global efficiency and clinical symptom severity (e.g., parkinsonism,
AOS). This preliminary, exploratory study demonstrates potential for EEG GT measures to quantify
network changes associated with degenerative speech–language disorders.

Keywords: electroencephalography (EEG); network analysis; graph theory; primary progressive
aphasia; progressive apraxia of speech

1. Introduction
1.1. EEG Graph Theory Measures

The use of electroencephalography (EEG) has expanded from identifying and charac-
terizing seizure disorders to differentiating many different cerebral functions. Past research
has demonstrated that clinical EEG is sensitive to dementia associated with Alzheimer’s
(AD) [1] and Parkinson’s diseases (PD) [2], and nonfluent/agrammatic Primary Progressive
Aphasia (agPPA) [3], but not Primary Progressive Apraxia of Speech (PPAOS; patients
who present with isolated apraxia of speech (AOS)) [4]. However, clinical EEG studies
describe overall brain health and do not quantify interactions among multiple brain areas,
or network activity.

Graph theory is a branch of mathematics that is central to much of the modern
“network neuroscience.” It is premised on representing a system or network as a collection
of nodes, with the interaction among them represented by edges. Node, edge, subgraph,
and global metrics can then be calculated and compared between groups or to a behavioral
measure. For example, degree centrality is a node-level metric calculated as the number of
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edges, or the total weight of edges, to a given node. Nodes can be grouped in modules,
representing nodes that tend to connect to each other more than other nodes and potentially
reflect specialized processing. Some high-degree nodes connect many modules and are
referred to as hubs. At a global scale, most real-world networks balance integration, or a
high level of connectivity between nodes, and segregation, reflecting distinct modules in a
network. The extent to which this balance is optimized is captured in the small world-ness
of the network. In EEG studies, the nodes are represented by the electrodes and the edges
by a measure of coherence within a selected frequency band [5].

1.2. EEG Graph Theory in Neurodegenerative Disease

Studies have shown changes in EEG graph theory measures in dementia associated
with PD [6], AD [7–10], and frontotemporal dementia (FTD) [11]. More specifically, EEGs
of cognitively unimpaired patients with PD showed increased local integration across
frequency bands when compared to cognitively unimpaired controls; those with dementia
associated with PD had decreased integration in the lower alpha band relative to the
cognitively unimpaired PD patients [6], suggesting the latter change was related to cognitive
changes, not simply the presence of the disease. Analysis of brain networks of patients
with AD-related dementia have shown decreased connectivity (or increased randomness),
with loss of hubs compared to cognitively unimpaired controls [9,10].

Different types of network change have been shown in FTD. There were no differ-
ences in clustering coefficient or path length measures; however, the lower alpha band
degree correlation increased in FTD relative to cognitively unimpaired controls, suggesting
reduced segregation [11]. Overall, while AD patients showed less order, FTD patients
showed a more ordered structure, possibly reflecting the differing underlying pathophysi-
ology. However, in that study, the behavioral variant and semantic dementia were the only
clinical phenotypes represented. Overall, it seems that patterns of network breakdown
may be evident in neurodegenerative cognitive disorders and may be specific to the clinical
syndromes and/ or causative pathology. To date, EEG graph theory measures have not
been described in PPAOS and only one study has addressed this in agPPA [12], two other
clinical syndromes associated with FTD pathology.

1.3. Primary Progressive Aphasia and Apraxia of Speech

Briefly, PPA encompasses a group of neurodegenerative syndromes characterized by
progressive and predominant language impairment [13]. The agPPA subtype is charac-
terized by grammatical errors in speech and writing and, not infrequently, accompanied
by AOS, a motor speech disorder characterized by disruption in sensorimotor planning
and/or programming [14]. When AOS, and not aphasia, is the initial manifestation of
neurodegenerative disorders it is referred to as PPAOS [15,16]. In the context of PPAOS,
some patients eventually develop aphasia that remains milder in severity than the AOS [17].
Research has suggested the initial or combination of speech (i.e., AOS) and language (i.e.,
aphasia) features may have implications for imaging findings, underlying pathology and
the anticipated progression of the neurodegenerative disorder [18–21]. Given that more
cortical imaging findings have been associated with the presence of aphasia, we opted to
group those with aphasia, with or without AOS and regardless of predominance, into a
single group referred to as agPPA. Many patients with PPAOS have normal MRIs, with
FDG-PET considered the most sensitive imaging biomarker [22]. Unfortunately, FDG PET
scans are not ubiquitously available and are sometimes cost-prohibited.

1.4. Present Study

The primary goal of this study was to provide foundational information on which to
build our understanding of the network breakdowns in patients with progressive AOS
and/or aphasia. Ultimately, this might inform our theoretical understanding of the neu-
ropathophysiology underlying these clinical presentations, and clinically, inform a more
widely available and cost-effective method to support differential diagnosis. Toward that
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end, we describe graph theory network measures and correlate them with indices of speech
and language deficits to better understand their relationship.

2. Materials and Methods
2.1. Participants

The study was approved by Mayo Clinic’s Institutional Review Board (#17-002468 on
19 July 2017); all patients were native English speakers and gave written consent according
to the Declaration of Helsinki. Between October 2016 and December 2019, a total of
22 patients with agPPA (n = 15) or PPAOS (n = 7) completed a clinical EEG recording as
part of a larger study conducted by the Neurodegenerative Research Group (NRG).

2.2. Clinical Measures

A comprehensive speech–language evaluation was conducted by an experienced
speech–language pathologist (SLP). Clinical judgments regarding the presence, nature
(i.e., type), and severity of AOS and aphasia were made by the examining clinician and
subsequently confirmed by consensus agreement with at least one other non-examining
SLP. The SLPs were experienced in differential diagnosis of neurodegenerative speech and
language disorders.

Severity ratings reflected gestalt clinical judgment on a 5-point scale (0 = absent,
1 = mild, 2 = moderate, 3 = marked, 4 = severe). Other formal measures were administered
and used to inform the overall judgments. The Western Aphasia Battery-Revised (WAB-R)
Aphasia Quotient (WAB-AQ) [23], as a composite measure of global language ability, and
the Northwestern Anagram Test (NAT) [24], a non-speech sentence-production task, were
administered. A conversational speech sample, including narrative picture description,
was collected as a part of the WAB-R. Additionally, supplementary speech and speech-like
tasks (alternating and sequential motion rates) were elicited. The speech samples were used
to reach consensus about the predominance of phonetic or prosodic speech characteristics
by the same SLPs, as previously described [25]. The speech samples were also used to
score the Apraxia of Speech Rating Scale—version 3 (ASRS-3) [25,26], an index of abnormal
speech features and severity of AOS.

As part of the neurological evaluation, the Montreal Cognitive Assessment (MoCA) [27],
a screening test of general cognition, was completed. The Movement Disorder Society-
Sponsored Revision of the Unified Parkinson’s Disease Rating Scale, Motor section (MDS-
UPDRS III) [28], an index of motor functioning, was scored.

2.3. Electroencephalographic (EEG) Recording

Scalp EEG recordings were collected with XLTEK utilizing 21 electrodes placed with
standard 10–20 positions, recording reference electrode of CPZ, a sampling rate of 256 Hz,
1 Hz low-frequency filter, and 70 Hz high-frequency filter, during relaxed wakefulness,
wherein patients sat quietly with their eyes closed for 90% of the 45 to 55 min recording.
A Natus EMU40EX Wireless LTM Amplifier (Natus Medical Incorporated, CA, USA) was
utilized. A time base of 30 mm/sec with patient-individualized sensitivity was utilized
for ongoing monitoring of artifacts. Clinical protocols for “awake” EEG were followed;
no request was made for sleep deprivation. Recording intervals that included mental
activation were not included for analysis.

2.4. EEG Processing

The continuous EEG data were divided into non-overlapping 1024-point (1023 ms)
epochs, dictated by the sampling rate (256 Hz). Each epoch was visually inspected for
artifacts, though rejection of artifacts was uncommon due to the vigilant monitoring of the
online acquisition. For detecting blinking and other eye-movement artifacts, comparison
was made to the vertical and horizontal eye movement channels. Epochs with muscle
artifacts were rejected if such artifact signals were present grossly. No specific criteria were
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applied, but rather gestalt judgment. Consistent with prior research [6], 8 artifact-free
epochs were chosen for analysis.

2.5. Graph Theory Analysis

Graph theory network analysis was performed with Brainwave software (http://
home.kpn.nl/stam7883/brainwave.html, accessed on 27 January 2022). Briefly, functional
connectivity was assessed with phase lag index (PLI), as research has shown it is less
affected by volume conduction than other measures [29]. Complementary traditional graph
theory weighted connectivity and minimum spanning tree (MST) measures [30,31] were
selected. Selected measures are shown in Table 1. All graph theory and MST measures were
calculated for the following frequency bands (Hz): theta (4–8), alpha1 (8–10), and alpha2
(10–13), selected given prior demonstration of slowing and alterations in these ranges [4].

Table 1. Definition of utilized network measures (adapted from Van Steen [5]).

Measure Definition

PLI, Phase lag index
Measure of functional connectivity

between nodes

Gamma, Normalized weighted
clustering coefficient

Measure of connectivity between nodes or the
extent to which neighboring nodes are also
neighbors with one another, calculated per

node and averaged over the entire network.

Lambda, Normalized characteristic path length
Measure of the average number of connections

in the shortest path between two nodes of
the network

KappaW, Weighted degree divergence

Measure of the broadness of the weighted
degree distribution, where weighted degree is
the summed weights of all edges connected to

a node

Modularity
Measure of the degree to which nodes are more
connected to each other than to nodes outside a

given cluster (i.e., module)
MST BCmax, Maximum MST

betweenness centrality
Maximum number of paths between any two

MST nodes running through a single node

MST Diameter
Maximum number of connections (distance)

between two MST nodes

MST Eccentricity
Average maximum distance between any two

MST nodes

MST Leaf, MST leaf fraction
Measure of the number of MST nodes with

only one link relative to the maximum possible
number of leaves

Utilizing Brainwave, the weighted network map of connections and minimum span-
ning tree were visualized for a given frequency band; this was performed for the whole
cohort and separately for each subgroup (PPAOS and agPPA) based on an average of all
individual epochs. In the weighed network map, the lines represent connections with PLI
synchronization above the noted connectivity threshold.

2.6. Statistical Analysis

Differences in clinical characteristics between subgroups were assessed with Wilcoxon
rank-sum tests. Differences between agPPA and PPAOS patients’ graph theory and MST
measures were assessed separately with Wilcoxon rank-sum tests, each collapsed across
frequency bands. Spearman correlations were computed between behavioral and network
measures in all frequency bands across all patients. Statistical analyses were performed
utilizing the JMP computer software (JMP Software, version Pro 14; SAS Institute Inc.,
Cary, NC, USA) with significance set at p < 0.05. Multiple comparison corrections were
not imposed due to the small sample size. Given the exploratory nature of the study, we
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prioritized avoiding type II error inflation which unfortunately results from all common
multiple comparison corrections (see Figure 5 in the following reference) [32].

3. Results

Demographic information and clinical data for the cohort and each subgroup are
detailed in Table 2. Overall, agPPA patients were slightly younger, with slightly longer
disease durations, compared to PPAOS patients. Sex representation was equivalent (ap-
proximately 60% female in each group). Consistent with the diagnoses, indices of language
functioning (e.g., NAT and WAB-AQ) were lower in agPPA compared to PPAOS. Scores
on the index of general cognition (the MoCA) were lower and ratings of parkinsonism (on
the MDS-UPDRS III) were slightly higher in agPPA compared to PPAOS. There was no
difference in AOS severity or ASRS-3, a quantitative index of AOS, between subgroups. For
all patients, objective testing aligned with the SLP’s gestalt clinical judgment (i.e., normal
language testing for those diagnosed PPAOS).

Table 2. Median clinical and demographic information for this cohort and subgroups.

agPPA (n = 15) PPAOS (n = 7) All (n = 22)

Age at EEG * 69 74 73
Disease Duration at EEG * 4.1 2 3.95

Sex 9 F (60%) 4 F (57%) 13 F (59%)
MoCA* (/30) 21 27 25

MDS-UPDRS III (/81) * 15 12 15
ASRS-3 (/52) 21 16 21
NAT (/10) * 5 9 7

WAB-AQ (/100) * 88.775 97.9 96.4
Aphasia Severity (/4) * 1.5 0 1

AOS Severity (/4) 2 2 2
Note: Age and disease duration (years); MoCA = Montreal Cognitive Assessment; MDS-UPDRS III = Move-
ment Disorder Society-sponsored version of the Unified Parkinson’s Disease Rating Scale, Motor section;
ASRS-3 = Apraxia of Speech Rating Scale-3; NAT = Northwestern Anagram Test; WAB-AQ = Western Aphasia
Battery Revised Aphasia Quotient. Maximum score noted in row header, when applicable. Asterisk in row header
indicates significant non-parametric test of differences between agPPA and PPAOS groups (p < 0.05).

Median network measures are reported in Table 3. Omnibus tests of differences did
not support significant differences in either graph theory or MST measures between agPPA
and PPAOS. The data are visualized in power maps and minimum spanning trees; results
for the whole cohort are presented in Figures 1 and 2, respectively. Data were additionally
visualized relative to the subgroups of agPPA and PPAOS, shown in Figures 3 and 4. The
power maps show differences in the distribution of connectivity for agPPA compared to
PPAOS. The MSTs for the agPPA in the alpha frequency bands show a relatively more
“star-like” quality, with a more central node connecting to the majority of other nodes. The
star-like quality typically relates to a more integrated network, with a smaller diameter and
shorter path length; this MST configuration typically reflects efficient information transfer,
although not always. One possible downfall is information overload at the central node
with subsequent inefficiency.

To better understand the relationship between graph theory measures and clinical
presentations, non-parametric correlations between network and behavioral variables were
calculated across all patients; these are reported in Table 4. Statistically significant relation-
ships were identified between: age and alpha2 gamma (ρ = −0.60), kappaw (ρ = −0.42), and
MST leaf (ρ = −0.48); disease duration and theta modularity (ρ = −0.58); disease duration
and alpha1 lambda (ρ = 0.78); MDS-UPDRS III and alpha1 PLI (ρ = −0.55) and kappaw
(ρ = −0.56); MDS-UPDRS III and alpha2 MST leaf (ρ = −0.47); ASRS-3 and alpha1 gamma
(ρ = 0.54) and lambda (ρ = 0.82); ASRS-3 and alpha2 lambda (ρ = 0.059). No significant
relationships identified between graph theory or MST measures and the MoCA or WAB-AQ.
Correlation scatter plots, with individual data points indicating group membership, are
provided in Supplementary Materials.
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Table 3. Median (interquartile range) for group-level network measures.

Measure agPPA (n = 15) PPAOS (n = 7) All (n = 22)

Theta
PLI 0.189 (0.180, 0.211) 0.187 (0.175, 0.209) 0.188 (0.178, 0.210)

Gamma 1.020 (1.007, 1.038) 1.030 (1.008, 1.040) 1.025 (1.007, 1.039)
Lambda 0.934 (0.932, 0.945) 0.934 (0.922, 0.947) 0.934 (0.930, 0.946)
KappaW 4.001 (3.787, 4.439) 3.978 (3.694, 4.440) 3.998 (3.723, 4.439)

Modularity 0.077 (0.068, 0.083) 0.081 (0.070, 0.082) 0.078 (0.070, 0.082)
MST BCmax 0.723 (0.692, 0.742) 0.711 (0.680, 0.722) 0.711 (0.691, 0.734)

MST Diameter 0.425 (0.413, 0.444) 0.406 (0.394, 0.438) 0.422 (0.405, 0.439)
MST Eccentricity 0.340 (0.324, 0.352) 0.330 (0.313, 0.347) 0.339 (0.323, 0.348)

MST Leaf 0.550 (0.519, 0.569) 0.544 (0.531, 0.575) 0.547 (0.530, 0.570)
Alpha1

PLI 0.242 (0.242, 0.272) 0.257 (0.234, 0.274) 0.248 (0.234, 0.273)
Gamma 1.029 (1.022, 1.043) 1.033 (1.022, 1.039) 1.030 (1.022, 1.040)
Lambda 0.938 (0.937, 0.946) 0.935 (0.932, 0.941) 0.938 (0.935, 0.946)
KappaW 5.143 (4.992, 5.753) 5.434 (4.940, 5.833) 5.296 (4.980, 5.773)

Modularity 0.079 (0.073, 0.084) 0.081 (0.070, 0.084) 0.080 (0.072, 0.084)
MST BCmax 0.721 (0.707, 0.734) 0.733 (0.696, 0.757) 0.723 (0.705, 0.739)

MST Diameter 0.431 (0.388, 0.444) 0.394 (0.388, 0.431) 0.419 (0.388, 0.444)
MST Eccentricity 0.339 (0.306, 0.350) 0.314 (0.310, 0.348) 0.335 (0.309, 0.349)

MST Leaf 0.550 (0.531, 0.588) 0.581 (0.531, 0.600) 0.553 (0.531, 0.595)
Alpha2

PLI 0.215 (0.193, 0.241) 0.207 (0.198, 0.219) 0.210 (0.196, 0.230)
Gamma 1.041 (1.012, 1.057) 1.029 (1.005, 1.044) 1.033 (1.012, 1.046)
Lambda 0.943 (0.932, 0.950) 0.933 (0.925, 0.938) 0.936 (0.928, 0.946)
KappaW 4.553 (4.054, 5.157) 4.327 (4.242, 4.620) 4.440 (4.156, 4.920)

Modularity 0.075 (0.071, 0.086) 0.080 (0.071, 0.080) 0.077 (0.071, 0.084)
MST BCmax 0.714 (0.700, 0.749) 0.734 (0.684, 0.742) 0.719 (0.700, 0.742)

MST Diameter 0.419 (0.388, 0.438) 0.406 (0.400, 0.419) 0.413 (0.398, 0.433)
MST Eccentricity 0.336 (0.309, 0.347) 0.320 (0.314, 0.332) 0.325 (0.314, 0.341)

MST Leaf 0.556 (0.538, 0.594) 0.563 (0.519, 0.581) 0.559 (0.536, 0.583)

Table 4. Non-parametric Spearman correlations between graph theory network and behavioral
variables of interest.

Age
Disease

Duration
MoCA

MDS-UPDRS
III

ASRS-3 WAB-AQ

Theta
PLI −0.1404 0.2893 −0.1254 0.0023 0.0788 −0.0589

Gamma 0.0583 0.1509 0.1904 −0.0736 0.0037 0.1218
Lambda −0.1130 0.1524 −0.0325 −0.1586 −0.0283 −0.0558
KappaW −0.1512 0.2995 −0.1005 −0.0068 0.0640 −0.0392

Modularity −0.0261 −0.5790 * 0.1266 −0.0739 −0.0382 0.1539
MST BCmax −0.0798 0.0590 −0.2501 0.1687 −0.1280 −0.3221

MST Diameter 0.2293 0.2937 −0.0906 0.0923 0.3820 0.0083
MST Eccentricity 0. 3000 0.2640 −0.0495 0.0977 0.3879 −0.0021

MST Leaf −0.3106 −0.0500 0.1542 −0.1328 −0.0315 0.0990
Alpha1

PLI −0.3447 −0.0483 0.1778 −0.5537 * −0.2069 0.1552
Gamma 0.0476 0.1421 0.1538 −0.1954 0.5357 * 0.2598
Lambda 0.0340 0.7833 * −0.2614 0.4002 0.8246 * −0.0485
KappaW −0.3505 −0.0596 0.1466 −0.5593 * −0.1625 0.1869

Modularity 0.0986 0.0301 0.2071 0.2310 0.0197 0.1260
MST BCmax −0.0541 −0.2585 0.1364 −0.2593 −0.1016 0.0015

MST Diameter 0.0390 0.0542 −0.2057 0.2736 0.2427 0.0156
MST Eccentricity −0.0456 0.1078 −0.1194 0.2591 0.1932 0.1147

MST Leaf −0.0011 0.1291 0.1326 −0.3163 −0.0167 −0.0109
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Table 4. Cont.

Age
Disease

Duration
MoCA

MDS-UPDRS
III

ASRS-3 WAB-AQ

Alpha2
PLI −0.3771 0.0556 −0.1609 −0.0668 0.1822 0.0743

Gamma −0.5991 * 0.0562 0.0650 −0.4110 0.1994 0.3263
Lambda 0.0102 0.3142 −0.2803 0.0221 0.5871 * −0.1249
KappaW −0.4241 * 0.0153 −0.0688 −0.1545 0.1883 0.1735

Modularity 0.2749 −0.1153 0.1483 0.1116 −0.4380 −0.1314
MST BCmax −0.2936 0.3081 −0.0643 −0.0856 0.4436 0.3390

MST Diameter 0.3636 −0.0558 −0.0065 0.1252 −0.1891 −0.3696
MST Eccentricity 0.3539 −0.1016 −0.0295 0.1432 −0.2905 −0.4027

MST Leaf −0.4824 * 0.0546 0.0546 −0.4686 * 0.0722 0.2962

Note: Age and disease duration (years); MoCA = Montreal Cognitive Assessment; MDS-UPDRS III = Move-
ment Disorder Society-sponsored version of the Unified Parkinson’s Disease Rating Scale, Motor section;
ASRS-3 = Apraxia of Speech Rating Scale-3; WAB-AQ = Western Aphasia Battery Revised Aphasia Quotient.
Significant correlations (p < 0.05) are indicated by bold font and *; correction for multiple comparisons was
not applied.

− − −

− − −

− − −

− − − −

− − − −

− −

sponsored version of the Unified Parkinson’s Disease Rating Scale, 

Theta 

 

Alpha1 

 

Alpha2 

 

Figure 1. Average network maps for all patients for the theta, alpha1, and alpha2 frequency bands.
The maps demonstrate the presence of correlations between pairs of channels, with threshold of 0.1
(PLI value) or correlations above that threshold.
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Theta Alpha1 Alpha2 

   
 

Figure 2. Minimum Spanning Trees for the cohort of all patients for the theta, alpha1, and alpha2
frequency bands. This visualization connects all nodes, maximizing synchronization. The numbers
reflect electrode numbers; consistent with assessing mean connectivity, the relationships between
specific electrodes were not explored in this study.

 

Figure 3. Average network maps separating the agPPA patients and PPAOS, for the theta, alpha1,
and alpha2 frequency bands. The maps demonstrate the presence of correlations between pairs of
channels, with threshold of 0.1 (PLI value) or correlations above that threshold.
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Figure 4. Minimum Spanning Trees (MSTs) separating the agPPA patients and PPAOS, for the
theta, alpha1, and alpha2 frequency bands. This visualization connects all nodes, maximizing
synchronization. The numbers reflect electrode numbers; consistent with assessing mean connectivity,
the relationships between specific electrodes were not explored in this study.
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4. Discussion
4.1. General Discussion

The results provide EEG evidence of network alteration in patients with agPPA and
PPAOS. While it is difficult to fully describe or dismiss significant differences between
groups due to the sample sizes, this exploratory study demonstrates potential for EEG
graph theory measures to quantify network changes associated with degenerative speech
and language disorders. The novelty of this study is the patient population and the
correlation between EEG graph theory measures and certain clinical measures.

The results broadly suggest that increased global integration, or reduced network
specificity, occurs in degenerative speech and language disorders. These network changes
exist even in the absence of strong evidence for structural changes on magnetic resonance
imaging [4] and it is therefore considered unlikely these are artifacts of atrophy. The
visualization of the data supports the presence of network alterations, with correlation
analyses offering insight into their clinical manifestations. This study explored global
connectivity, rather than that of smaller cortical regions, which should be the focus of future
studies. Further, it is not yet clear if the network changes represent direct disease effects or
a compensatory response. For example, additional regional graph theory measures and
correlational analyses might clarify whether connectivity in the region of suspected disease
(e.g., precentral gyrus or supplementary motor area) is reduced and/ or whether there
are downstream effects of hyperconnectivity in other areas working to compensate for
that loss; alternatively, if hyperconnectivity is seen in the region of disease, it might reflect
system stress. A more complete understanding of network disruption in neurodegenerative
speech and language disorders, perhaps in the context of the cascading network failure
model [33], might better elucidate the relationship between the underlying pathophysiology
and clinical presentation. Toward that end, future studies will explore the graph theory
measures and relationships with clinical measures longitudinally.

4.2. Tests of Differences and Correlations

In this study, the agPPA patients were, on average, slightly younger with slightly
longer disease durations compared to PPAOS patients. These differences warrant caution
when comparing the graph theory measures between the two groups. Scores on the index of
general cognition (the MoCA) were lower and ratings of parkinsonism (on the MDS-UPDRS
III) were also slightly higher in agPPA compared to PPAOS. However, it is important that
there was no difference in AOS severity or ASRS-3, a quantitative index of AOS, between
the subgroups.

Tests of differences did not support significant differences in either graph theory or
MST measures between agPPA and PPAOS patients. Interestingly, differences in clinical
EEGs were seen between the groups (i.e., relative to the presence of aphasia) [4] in a
smaller subset of those patients included in this study, which is more consistent with the
visualization of the data. In that study, patients with PPAOS (n = 5) had normal EEGS
while two of three those with aphasia had theta slowing. The power maps and minimum
spanning trees for the whole cohort (Figures 1 and 2, respectively) do not equally reflect
the visualization of the agPPA and PPAOS subgroups (Figures 3 and 4). The MSTs for the
agPPA in the alpha1 and alpha2 frequency bands show a more “star-like” quality, although
given the unequal sample sizes, this should be interpreted cautiously. Future studies should
systematically explore other possible sources of differences, including the subtype of AOS
(i.e., phonetic or prosodic predominant speech disturbance [27]).

The correlation analysis offers insight into the relationship between graph theory
measures and clinical presentations (see Table 4) and provides complementary support for
reduced global efficiency and increased integration in patients with agPPA and PPAOS.
There were negative relationships between the MDS-UPDRS III, a measure of motor impair-
ment, and synchronicity, kappa, and MST leaf in the alpha band, likely reflecting severity
(reduced synchronicity with increased motor dysfunction). The strongest correlation was
noted between the ASRS-3, a measure of AOS severity, and lambda in the alpha1 frequency
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band, suggesting a relationship between reduced distance between nodes (measured by
lambda) and more prominent AOS (indexed by the ASRS). This relationship supports the
notion that network measures may better reflect more abstract process breakdowns (such
as that of sensorimotor planning/programming in AOS) that have a less clear structural
correlate, particularly compared to clinical EEG reads which were reportedly normal in
these patients [4]. Interestingly, there were no significant relationships identified between
graph theory or MST measures and the MoCA or WAB-AQ. This work lays the foundation
to better understand whether these relationships (and lack thereof) represent the loss of
ordered correlations (or anti-correlations) resulting from the disease. Frequency band
differences require further exploration.

4.3. Relationship with Functional Connectivity Literature

While this is the first study of EEG graph theory measures in PPAOS, the broader
literature on neurodegenerative disease provides helpful context for these findings. A
recent study showed promising utility of EEG graph theory measures, in conjunction
with machine learning, in distinguishing patients with PPA from controls [12]; however,
the focus of the study was the machine-learning algorithms rather than the graph theory
measures themselves. EEGs from patients with dementia associated with Lewy bodies
had reduced connectivity strength in the alpha frequency band relative to cognitively
unimpaired controls and patients with dementia from Alzheimer’s disease, with additional
evidence of reduced network efficiency. There were associations with clinical measures,
including between leaf fraction and the Mini-Mental State Examination, a test of general
cognition [34]. Another study showed increased connectivity in the theta band in patients
with Alzheimer’s disease dementia and mild cognitive impairment, relative to cognitively
unimpaired controls; the connectivity measures were also correlated with neuropsycho-
logical test scores [35]. Finally, assessment of functional connectivity in multiple sclerosis
via magnetoencephalography showed a less integrated network related to more severe
cognitive impairment [36]. Together, these and other recent studies support the practical
implications of EEG graph theory for accurate diagnosis, early detection, and disease
monitoring [37]. It may be that a relative combination of graph theory metrics and their
clinical correlates are most sensitive for diagnostic precision.

While a different modality, there have been at least four studies of functional con-
nectivity in PPA and PPAOS via fMRI [38–41]. These studies have broadly demonstrated
reduced connectivity in these populations. An fMRI study of functional connectivity in
patients with PPAOS demonstrated reduced connectivity, specifically in the supplementary
motor areas (SMA); reduced connectivity in the right SMA negatively correlated another
measure of AOS, an articulatory error score, while connectivity in the left working memory
network correlated with the ASRS [38]. These can serve as a foundation from which to
formulate hypotheses for future regional analyses; for instance, it is hypothesized that there
may be loss of ordered synchronization between frontal regions, supplementary motor
areas, and, overall, regions in the left hemisphere compared to others.

Other fMRI studies of agPPA patients [40], patients with semantic variant PPA [39],
and PPA patients more broadly [41] showed lower global integration and alteration in
hub distribution in speech-predominant regions compared to cognitively unimpaired
controls that were not entirely explained by structural changes. Taken together, there is
support for looking at more functional, rather than structural, measures of disease burden
in understanding clinical symptoms.

4.4. Limitations and Future Directions

There are limitations to the current study. While this is the largest documented EEG
study of patients with PPAOS, the sample size was relatively small, which limited our
ability to examine smaller subgroup influences (e.g., AOS type, phonetic or prosodic) on
the findings. Further, given the results of the power analysis (which suggests the need for a
much larger sample size; details not reported for brevity), we are unable to assess robust
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effects from this sample size. We are lacking an ideally age- and sex-matched cognitively
unimpaired control cohort to expand the impact beyond patient group description and to
assess the diagnostic power between impaired and unimpaired groups. The patient group
comparisons offer important insight on which to base future hypotheses, but the groups are
imbalanced in size, age, and disease duration. To explore the complex relationship between
EEG network measures, clinical symptoms, and other explanatory variables (such as age
and disease duration), regression models should be considered with relevant covariates.

The novelty of the current study lies in the relationship of network measures and
clinical parameters. Stronger relationships are expected between regional, rather than mean,
network measures, which should be explored in future studies. Additional limitations
are methodological, including the use of 21 electrodes and a 256 Hz sampling rate, as
well as PLI in favor of synchronization likelihood, another connectivity measure; different
parameters, including exploring frequency bands beyond alpha and theta and frequency
band measure ratios, could yield different results. Another modifiable parameter is sample
length; here, the epoch length was limited by the sampling rate. While “clean” epochs were
selected, no specific criteria were applied, which could impact replicability. Finally, differ-
ences in number of epochs and use of other connectivity measures could have influenced
results [42], as could have the reference electrode [43]. While the recording parameters
make it difficult to compare the results to those of published controls or other patient
populations, methodological decisions were made to expedite transfer of these findings
to clinical practice, which is considered a relative strength. Longitudinal assessments in a
larger cohort, across the clinical severity spectrum and with different clinical phenotypes
will also strengthen the interpretability and utility of these findings.

5. Conclusions

This study provides EEG evidence of network alteration and breakdown associated
with primary progressive aphasia and apraxia of speech, although quantifiable differences
between the groups are not yet clear. Nonetheless, this study demonstrates potential for
EEG graph theory measures to quantify network changes that may reflect degenerative
speech and language disturbances, given correlations with clinical measures. It remains
important to compare these patterns to a healthy cognitively unimpaired control group.
Describing network pathophysiology may have utility for understanding these diseases in
a way not previously available, and, importantly, via a widely available and cost-effective
method. This method may parlay into diagnostic EEG biomarkers, and ultimately, biomark-
ers for predicting disease progression and monitoring treatment-mediated improvements.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/brainsci12030378/s1. Figure S1: Correlation scatter plots between
graph theory and behavioral measures, with individual data points indicating frequency band and
group membership.
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Abstract: People with semantic variant primary progressive aphasia (svPPA) present with a char-
acteristic progressive breakdown of semantic knowledge. There are currently no pharmacological
interventions to cure or slow svPPA, but promising behavioural approaches are increasingly reported.
This article offers an overview of the last two decades of research into interventions to support
language in people with svPPA including recommendations for clinical practice and future research
based on the best available evidence. We offer a lay summary in English, Spanish and French
for education and dissemination purposes. This paper discusses the implications of right- versus
left-predominant atrophy in svPPA, which naming therapies offer the best outcomes and how to
capitalise on preserved long-term memory systems. Current knowledge regarding the maintenance
and generalisation of language therapy gains is described in detail along with the development of
compensatory approaches and educational and support group programmes. It is concluded that
there is evidence to support an integrative framework of treatment and care as best practice for svPPA.
Such an approach should combine rehabilitation interventions addressing the language impairment,
compensatory approaches to support activities of daily living and provision of education and support
within the context of dementia.

Keywords: semantic dementia; semantic variant primary progressive aphasia; word finding;
frontotemporal dementia; language therapy; behavioural therapy

1. Introduction

In the 1970s, Warrington’s description of three individuals with a selective and pro-
found inability to name and recognise objects [1] laid the foundation for what years later,
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in 1989, would be coined “semantic dementia” [2]. Semantic dementia, now widely re-
ferred to as semantic variant primary progressive aphasia (svPPA), is a neurodegenerative
syndrome characterised by progressive loss of semantic knowledge in the context of oth-
erwise well-preserved language and cognitive abilities [3,4]. Current consensus criteria
require language impairment to be the most salient clinical symptom and the main cause of
impairment in daily living activities [3,5]. Clinically, individuals with svPPA present with
fluent speech (preserved repetition and speech production) and loss of semantic knowledge
across all modalities of testing (e.g., picture naming, single-word comprehension and visual
association tasks). As the disease progresses, behavioural features emerge, and speech
becomes increasingly empty, culminating with mutism in the final stages [6]. An illustrative
example is provided by the response of one woman with svPPA who, when asked about
her symptoms, pointed to the trees in the hospital’s courtyard and said, “I don’t know
what those green things are anymore”.

SvPPA is estimated to account for one-third of all cases of frontotemporal dementia [7]
with an average age at symptom onset of 60 years (64 years for diagnosis to be established).
The prognosis for length of survival following diagnosis is highly variable, with a median
of 12 years [8]. MRI brain scans typically reveal bilateral and asymmetric temporal pole
atrophy (greater on the left) and asymmetric anterior hippocampal atrophy [9]. Further-
more, the anterior portion of the fusiform gyrus and adjacent regions are also critical areas
systematically affected in svPPA and appear to play a pivotal role in semantic degrada-
tion [10–13]. Between 75% and 100% of all svPPA cases are associated with underlying
TDP-43-C pathology, with the remainder mostly involving FTD tau [8,14–16] and a small
proportion of cases showing concomitant Alzheimer’s disease pathology [8,17].

There is no curative or disease-modifying treatment for svPPA. However, a growing
body of research on non-pharmacological interventions has shown that people with svPPA
may relearn lost vocabulary and benefit from other behavioural therapies. The first re-
habilitation reports emerged in the literature in the late 1990s, inspired by patients who
spontaneously engaged in self-practice as an attempted remedy for their anomia [18,19].
The proliferation of single case studies and small group studies over the next decades
have demonstrated that people with svPPA who receive naming therapy can improve
their recall of object labels in the short term, that the gains might be retained over time
and that at least partial restoration of semantic knowledge may be possible (see reviews
by Carthery-Gouland et al. [20], Jokel et al., [21], Cotelli et al., [22] and Pagnoni et al. [23]
for an overview). Furthermore, the breadth of research into non-pharmacological inter-
ventions has by no means remained restricted to word retrieval. Therapeutic approaches
targeting conversation [24], tasks and activities of daily living [25–27], psychoeducation
programmes [28,29] and peer support groups [30] have made headway and are on the in-
crease. Altogether they have set the stage for an integrative framework of clinical treatment
and care in svPPA that combines rehabilitation interventions, compensatory approaches
and provision of education and support, addressing the language impairment in svPPA
within the context of dementia [31]. This article aimed to synthesise the learnings from
20 years of research in the non-pharmacological treatment and management of svPPA
and lay out evidence-based recommendations for clinical practice and future research.
For the purposes of education and dissemination beyond an academic audience, this ar-
ticle includes a lay summary available in English, Spanish and French (Supplementary
Materials S1–S3).

2. Anomia in svPPA as a Sign of Semantic Breakdown

There is evidence that the anomia seen in svPPA stems from impairment in semantic
knowledge [32]. This is different from the word retrieval impairments shown in the other
PPA variants that arise at the lexical/phonological (logopenic variant PPA) or post-lexical
(non-fluent/agrammatic PPA) [33] stages. A basic understanding of how semantic memory
architecture works is therefore required to develop effective treatments. A common theory
is that semantic knowledge is organised in a hierarchy of specificity [1,34], ranging from
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very specific attributes at the bottom (e.g., the hummingbird is a small bird that can hover)
to very general knowledge at the top (e.g., a hummingbird is an animal) (see Figure 1).

Figure 1. Organisation of the semantic memory category system and its implications for semantic breakdown in svPPA.
The characteristic pattern of semantic organisation for the concept “birds” is illustrated in the picture above. Superordinate
categories (e.g., animals) sit at the top of the semantic hierarchy. They display a high degree of generality and low specificity
among the features shared by their members. Subordinate categories are a more specific level of categorisation, e.g.,”
birds” is a subordinate category of “animals” and “hummingbird” is a subordinate category of “birds”. At the bottom
of the hierarchy sit the most specific attributes, which are also those to degrade first in svPPA, e.g., “a hummingbird is
a very small bird, feeds on flower nectar and can hover”. A typical patient with svPPA may initially name the picture
of a hummingbird correctly, but as the disease progresses, errors and superordinate responses would emerge in the
following pattern: Assessment 1: Hummingbird → “hummingbird” (named correctly); Assessment 2: Hummingbird →

“sparrow” (named as a semantically similar category coordinate); Assessment 3: Hummingbird → “bird” (named as a
higher-familiarity typical member of the category); Assessment 4: Hummingbird → “animal” (named as the superordinate
category); Assessment 5: Hummingbird → “I don’t know”.

Specific attributes are hypothesised to degrade first in a continuum of progressive
degeneration that continues with the loss of general attributes and culminates in the disap-
pearance of the concept. For instance, a person may identify a hummingbird as a living
thing without being able to identify its specific properties (e.g., that it can fly and feeds
on flower’s nectar). This means that, during cognitive and language assessment, partial
provision of information should not be interpreted as unequivocal proof of complete se-
mantic preservation. Further investigation of semantic integrity should always be pursued
in people with svPPA in preparation for therapy.
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Leveraging Episodic Memory

Episodic memory (e.g., the ability to remember where you parked your car, what you
did yesterday evening, or the plumage of a bird that is new to you) is a main entry point of
semantic information into the memory system. This new information is integrated into
existing bodies of knowledge by a dual system supported by the hippocampus (allowing
quick capture of episodes) and neocortical structures (allowing a slower but effective inte-
gration into a long-term database) [35]. More specifically, in this second neocortical stage,
information is consolidated in integrated, generalisable representations across a network
distributed along the neocortex, tapping into the sensory, motor and linguistic systems [36].
Cross-modal interaction of these areas has been hypothesised to be anatomically supported
by the anterior temporal lobes (ATLs) that operate as a hub where different forms of seman-
tic information converge and connect [37,38]. This ATL region is affected at an early stage
by the bilateral pathological aggregation of proteins associated with svPPA. However, the
brain structures supporting episodic memory, such as the posterior area of the hippocam-
pus and posterior cingulate cortex [39], are usually reasonably preserved. This suggests
that, in principle, the episodic memory gateway to inputs that will eventually transform
into re-learned concepts may remain functional. Consequently, this mechanism may be
used, in conjunction with partially degraded neocortical structures, to the advantage of
rehabilitation goals [40].

3. Differences between Left and Right Variants: Implications for Practice

The usual pattern of brain atrophy in svPPA (left greater than right) is reversed in
approximately 30% of cases (i.e., right greater than left), giving rise to left and right-sided
variants (left-svPPA and right-svPPA respectively) [41–43] (see Figure 2). Left-svPPA is
characterised by poorer performance on verbal tasks compared to right-svPPA [13,43,44].
At the time of presentation, the prevalence of word-finding difficulties in left-svPPA is
reported to be 94%, compared to 36% in right-svPPA, while impairments in single-word
comprehension are reported in 67% of left-svPPA and 18% of right [43]. In contrast, indi-
viduals with right-svPPA show greater impairment of non-verbal semantics [38,42,43]. In
up to 91% of cases with right-svPPA, the clinical picture is characterised by prosopagnosia
(a difficulty in recognising faces) that for these individuals is associated with person-specific
semantic knowledge breakdown [42,45–49]. Behavioural changes, although reported in
both variants, seem to be more pronounced and appear earlier in right-svPPA, with so-
cial awkwardness and loss of insight are commonly reported (present in 64% and 55%
of individuals respectively) [43] along with loss of empathy, disinhibition, apathy and
compulsiveness [42,45,48].

Analysis of the types of naming errors produced by each group suggests that individ-
uals with right-svPPA might have more difficulty accessing semantic knowledge through
visual than verbal modalities (e.g., more difficulty recognising a famous face by looking at
a photograph than by listening to a description of the person) (see Table 1). Individuals
with left-svPPA show a larger proportion of circumlocutions in response to naming diffi-
culties (e.g., “when it rains” for umbrella) and omissions [44,50] compared to right-svPPA,
while those with right-svPPA make more coordinate and superordinate semantic errors
(e.g., coordinate: “cat” for “dog” and superordinate: “animal” for “dog”) [44,50]. The
reduced ability of these individuals to access knowledge through visual features has been
proposed as a possible mechanism that contributes to their greater difficulty in producing
semantic associations, predisposing them to production of more taxonomic (coordinated
and superordinate) semantic errors [44].

22



Brain Sci. 2021, 11, 1552

Figure 2. (A.1) Axial T1 MR image: anterior temporal lobe displaying marked atrophy on the left
pole. (A.2) Coronal T1 MR image: marked left temporal atrophy with dilation of the temporal horn
and left hippocampal shrinkage. (B.1) Axial T1 MR image: anterior temporal lobe displaying bilateral
atrophy more marked on the right. (B.2) Coronal T1 MR image: marked right temporal atrophy with
dilation of the temporal horn and right hippocampal shrinkage.

Table 1. Differences between right and left variant: implications for clinical practice.

Left-Sided svPPA Right-Sided svPPA

Verbal tasks

Verbal tasks Poorer Better
Single word comprehension + impaired - impaired
Naming + impaired - impaired

Type of naming errors

Circumlocutions + frequent - frequent
omissions + frequent - frequent
Semantic errors - frequent + frequent

Visual/non-verbal tasks

Non-language semantics Better Poorer
Prosopagnosia * - frequent + frequent

Behaviour

Social awkwardness - frequent + frequent
Loss of insight - frequent + frequent
Loss of empathy - frequent + frequent
Disinhibition - frequent + frequent
Compulsiveness - frequent + frequent
Apathy - frequent + frequent

(+) means more; (-) means less; * ”prosopagnosia” is a term that refers to impaired ability to recognise faces.
It was used by previous authors in the clinical description of the syndrome. It is however worth noting that the
recognition deficit seen in right-svPPA is not restricted to faces but encompasses multimodal person knowledge
as well. Grey background indicates features more severely impaired or more frequent symptoms in one variant
compared to the other.
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In light of this evidence, clinicians should pay particular attention to a few factors.
First, whether verbal material (e.g., audio recordings, verbal descriptions and sounds) may
be preferable to visual (e.g., photographs and real objects) should be considered when
treating individuals with right-svPPA. Second, individuals with left-svPPA seem better
able to access residual associated semantic knowledge and use this to describe the target
when attempting to name. This can be used as a therapeutic opportunity, for instance, by
encouraging the individual to retrieve this residual knowledge and relink it with the label.

4. The Current Evidence Informing Treatment and Management of Anomia and Word
Comprehension Deficits
4.1. How Should Therapies for Anomia Be Designed and Administered?

Typically, lexical training therapies have consisted of a set of items given to individuals
to practice. Therapy in svPPA should focus on maintaining or improving access to both
names and semantic representations. Below, we present a summary of how these therapies
should be planned and administered in svPPA based on a synthesis of current evidence.

4.2. Who Benefits from Anomia Therapy?

Benefits of therapy have been shown across a range of severities of anomia, provided
some level of spoken language is preserved (i.e., there are no studies of individuals who
are mute). This suggests that, in principle, the level of severity should not prevent any
individual with svPPA from being considered for treatment, although the nature of the
intervention would differ based on the level of severity. People in the early stages may have
the advantage of retaining more semantic knowledge on which to build the therapy. They
are also more likely to be free of other cognitive or behavioural symptoms that may impact
successful engagement with therapy and, in fact, circumscribed semantic impairments
longer than 6 years post-onset have been reported in some individuals [51–54].

4.3. How Many Sessions, of What Length and How Many Items per Session?

Current evidence suggests that 20–60 min of daily (or almost daily) practice is effective
to produce short-term benefits [51,52,55–57], although some individuals have also shown
benefits from less. Significant improvements should be expected within the first month of
consistent practice [40,52,53,58–64] but may be evident sooner. Most studies to date have
combined face-to-face sessions with the therapist with self-administered home programmes.
Usual set size is between 15 and 30 items per session [51–54,58,60,63,65].

4.4. What Kind of Items and Naming Therapy?

Two kinds of words have been targeted in therapy: those that still are associated with
some residual semantic knowledge and those that are not. A word is considered to have
residual knowledge when the person can produce or comprehend at least partial infor-
mation about it (e.g., “it’s food” for an egg, without being able to connect the association
between an egg and a hen). These words are by far the most investigated in the lexical
retrieval literature. Words where meaning is completely lost have, on the contrary, been
less investigated and the few studies looking at the use of conceptual enrichment therapies
to treat words destitute of semantic knowledge have produced mixed results [66,67]. A list
of the techniques used in the svPPA rehabilitation literature is shown in Table 2.
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Table 2. List of lexical retrieval techniques used in the svPPA rehabilitation literature.

Technique Example

Reading and repetition in
the presence of a picture

Picture presented + corresponding printed word
[18,40,52,53,55,58,60,62,63,66,68–71]

Picture presented + corresponding printed word + audio
recording of the object name (some authors have also included
audio recorded descriptions of the treated item and some others
also require a written response) [51,54,57,65,67,72]

Semantic treatment Picture presented + corresponding spoken + written name +
specific attributes [59]

Semantic feature analysis—this technique requires patients to
describe each feature of a word in a systematic way by answering
a set of questions about group, use, action, properties, location
and association [73,74]

Conceptual enrichment therapy—this technique manipulates the
encoding of new learning to promote flexible learning by placing
the trained item in a personally meaningful temporal and spatial
context [66,67,70]

Feature generation from a list of sentence cues for personally
relevant episodic or semantic information [75]

Elaboration of items within subcategories, sorting pictures and
words by subcategory, identifying semantic attributes of
exemplars, usage of a picture dictionary organised by
categories [76]

Sentence generation
Picture presented + name of the item + example sentence using
the word + blank line for the participant to write their own [65]

Semantic, phonological,
orthographic and/or
autobiographical
cueing/treatment

Sequence of tasks to engage semantic, phonemic, and
orthographic self-cues and/or autobiographic memories, e.g.,
prompt semantic description by asking “what do you use it for?”
[56,62,64,77–83]

Note: This is not intended to be a systematic review of naming therapy techniques. It rather aims to offer a
practical overview of commonly administered training strategies. See [66] for a review of methods used in svPPA
studies up until 2014 and [23] for methods used in PPA studies in general.

One of the most common approaches to improving naming is the “Look, listen and
repeat” (LLR) or “Repetition (and reading) in the presence of the picture (RRIPP)”. A
picture of the target concept is presented, along with the name as a spoken and/or written
word for the individual to repeat/read aloud, sometimes preceded by an attempt at
naming, with or without (semantic or phonological) cues. Multiple variations of this
approach have proven effective for improving production of vocabulary that the person
with svPPA can still comprehend (see Table 2). However, this technique can lead to rote-
learning (rigid and context-specific) and poor generalisation when semantic knowledge of
the trained item is very impaired (e.g., the person can no longer comprehend either the
lexical label or a picture of the object). Restitutive training of words/concepts that the
person can no longer comprehend has been less explored in the literature. The suitability
of a semantic approach to treating these items (e.g., working on characteristics of an
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object’s usage and location and linking it with other related memories) is supported by two
types of studies. The first consists of studies looking at the direct restoration of semantic
knowledge [66,67,70] and the second capitalising on residual semantic information to boost
word retrieval [18,40,52,53,55,58,60,62,63,66,68–71]. Both contribute to understanding the
importance of the semantic system in the rehabilitation of svPPA. For instance, the naming
of items with residual semantic knowledge appears to be easier to rehabilitate than that of
items completely devoid of meaning [53,58]. Likewise, greater success is achieved with
familiar items—familiar concepts degrade slower due to the larger and stronger network
of semantic connections that are regularly reinforced with use (e.g., the concept of a toaster,
used daily for breakfast, will be retained for longer than a hammer that is borrowed from
a neighbour and used occasionally) [53,58,60,84]. In this same vein, some authors have
introduced photos of individuals’ own items within their therapy material (rather than
generic exemplars), to harness familiarity and personal significance [51,54,65,82]. Others
have identified semantic attributes of exemplars [76] or sorted items within semantic
categories [18,51,54,65] to further reinforce the semantic concept (but randomise the order
of items with each presentation to avoid rote learning).

4.5. Are These Therapies Well Accepted by People with svPPA?

Most studies of word retrieval therapy in svPPA have shown good adherence of
people to practice. In many cases, participants completed home programmes consistently
for many months. The first lexical retrieval therapy studies were prompted by individuals
who started self-practice on their own initiative, evidencing their keenness to play an active
role in their treatment [18]. Inevitably, individuals reported in the literature are those who
volunteered for research and are probably particularly motivated to pursue therapy, which
may not be the case when extrapolating to the broader clinical population. It has been
reported that, in clinical settings, individuals with PPA who receive lexical retrieval therapy
show a rate of adherence of 60% [85]. The authors of that study found that adherence
was more likely when the treatment commenced in the year after diagnosis and when the
patient was motivated, and mood was stable. Clearly, there will be people with svPPA
who may prefer not to engage in lexical therapy for various reasons. In these cases, there
is still a wide range of therapeutic options that can be offered (e.g., use of compensatory
techniques, environmental adaptations, partner training and psychological support).

4.6. Are People with svPPA Aware of Their Deficits?

People with svPPA typically recognise that their language performance has weakened.
However, some individuals appear to have difficulties evaluating their past knowledge
of words (even in realising that certain words ever existed) and the extent of the impov-
erishment of their language content. For instance, Savage et al. [86] reported that people
with svPPA who have mild to moderate semantic impairments showed no awareness of
obvious mislabelling errors when naming components of objects. The authors of the study
warn about the implications that this may have regarding patients’ role and input into
rehabilitation planning and recommend that rehabilitation programmes should not be
based on patients’ judgment alone and instead also involve family members and friends.

4.7. How Long Does the Effect of Therapy Last?

Many studies have demonstrated that the significant improvements in naming are
often very well maintained over the first month after ceasing practice [40,52,54,56,59,63,81].
Outcomes beyond this, however, are variable. For some people with svPPA, a high propor-
tion (73–82%) of the words named at the end of treatment can still be successfully named
3 to 6 months later [54,60,63,82]. In others, levels of retention in that time window are
modest (e.g., around 65% of trained words) [53,62,65] or low (e.g., only 10–40% of words
are maintained) [58,68]. Encouragingly, the majority of studies report performance that
continues to be above baseline levels for up to 6 months after completing treatment [87].
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These benefits have also been observed 12 months post-treatment in a small number of
studies [82].

The extent of retention may be influenced by the degree of semantic knowledge still
retained for an item (i.e., meaningful items persist longer [58]) and the opportunity to con-
tinue rehearsing items in everyday life [54,60,68]. This is consistent with observations that
autobiographical experience and subsequent conversations regarding such experiences,
may enhance semantic knowledge and preserve these words over time [81,82,84]. While
this integration of the use of words in everyday life plays an important role in retaining
vocabulary, many words (e.g., stove, plate) may not be used often enough in everyday
conversation to allow regular practice, requiring alternative strategies for ongoing rein-
forcement. One feasible alternative is maintaining regular revision of the re-learned words.
While daily practice may be needed in the early phases of an intervention, successful
maintenance revisions (to maintain at least 80% of therapy items) require less practice [54].
For instance, when monitored over a 6 month period, people with svPPA with a moderate
level of impairment needed less than 10 revision sessions over 6 months to maintain their
naming. For those with more severe semantic impairment, Savage et al. [51,54] found that
regular, weekly practice was needed to restore the benefits of the initial intense training.
In particular, performance at around 2 months post-intervention appears to be a useful
indicator of the frequency of revision that could be required for sustained maintenance—
implying that this is a useful time point for clinicians to monitor and then formulate the
revision programme for those people with mild to moderate svPPA.

A practical consideration for people with svPPA and their families then becomes how
long to continue with interventions. In some cases [54,68], the practice simply becomes
part of the usual routine or there may be enjoyment gained from it. Consistent with this,
some studies have reported ongoing practice persisting for 1–2 years [55,88]. For some
individuals, however, where declines in performance may become upsetting or practice
becomes stressful, it may not be desirable to continue. In these circumstances, individuals
with PPA and their families should be prepared for declines to emerge over the months
that follow.

4.8. Does This Learning Generalise?

An important aspect of any rehabilitation programme is the degree to which im-
provements extend from the intervention to assist the person in their daily living. The
generalisation of benefits in svPPA has been usually evaluated in two ways: (1) whether
naming improvements extend from trained to untrained words and (2) whether words
can be used by the person with svPPA in contexts that differ from the training format.
Generalisation of naming improvements, extending from trained to untrained words, have
been observed in some individuals with non-progressive aphasia, but usually only when
the impairment is one of phonological encoding, in the absence of significant semantic
or lexical deficits [89]. A consistent finding across most svPPA treatment studies is that
untrained words do not improve [21,25] with very few exceptions showing the opposite
result [81,82].

An alternative way of considering the generalisation of naming therapies is to evaluate
the extent to which trained words can be used by the person with svPPA in contexts
that differ from the training format. Broadly, this may be divided into “near transfer”—
wherein the demonstration of knowledge is highly similar to the original training context
(e.g., asking the person to produce the word in response to a different exemplar of the
stimulus—see Figure 2 in Heredia et al. [60]) or “far transfer”—where knowledge must
be applied more flexibly (e.g., by completing a different kind of language task such as
verbal comprehension) [90]. Successful naming has been observed when people with
svPPA are tested on alternative versions of trained items [52,63] or photographs of target
items taken from different views [60,66] but much less when they are required to name
visually dissimilar versions of the trained item [40,60,72,91]. Encouragingly, evidence of
producing trained words in other contexts after word training, such as fluency tasks (in one

27



Brain Sci. 2021, 11, 1552

individual [63], naming to description [66], describing short videos of everyday scenes [51]
or in production of a simple sentence construction, have also been observed [91].

To increase the chances of people with svPPA being able to correctly use the trained
words in their everyday lives, it is helpful to tailor training stimuli to visually match the
objects found within a person’s home (likewise in actual object use, which was found to
depend on personal familiarity with object exemplars [92]).

4.9. What Evidence Do We Have about Prophylactic Treatment in svPPA?

Prophylactic/preventative treatment aims to help retain current abilities by practising
intact skills or items. There is some evidence suggesting that such preventative interven-
tions may hold value in svPPA [73,78]. Several studies have found that treatment of items
that could already be successfully named may slow the progression of semantic loss and
anomia for those items [52–54,56].

4.10. Can We Deliver These Therapies Remotely? What Evidence Do We Have?

Digital technologies in treatment programmes provide opportunities to increase access
for those with svPPA and their families who struggle to access expert care because of
geographic location. Delivery of treatment via telehealth is highly relevant given the limited
access to services for many individuals with PPA [78,83,93,94]. Significant improvements
in word retrieval have been achieved after completing home-based programmes using
either hardcopy or computer-mediated materials [18,40,53,54,58,60,65,66,68,95]. Rogalski
and colleagues examined the feasibility of teletherapy for 28 individuals with PPA [96]
showing that treatment delivered via video conferencing has the potential to improve
access to care for people with PPA. Two studies conducted on people with svPPA show
that lexical retrieval therapy can be delivered in-person or by teletherapy with similar
results [78,83].

4.11. What Are the Barriers and Facilitators of Online Therapy?

Recognition of the barriers to, and facilitators of, successful implementation of remote
digital therapy, however, is extremely important in both the research and clinical setting.
Disease severity has been noted by several studies to be a contraindication for remote
therapy and there is a recommendation that individuals participating in remote therapy
should preferably be in the early to mid-stages of disease progression [83,91,96]. The
inherent requirements of a technology can also be a barrier with the quality of audio and
the stability of the internet connection being a prerequisite to successful participation
online. In addition, the individual must possess adequate computer skills or a suitable
support person to facilitate participation, particularly when carrying out intervention
independently at home rather than supervised over the internet.

An example of these barriers, acting in concert, is provided by Taylor-Rubin et al. [91],
reporting a series of single-case design treatment studies where lexical retrieval treatment
was delivered via a computer-mediated home programme. Two of three svPPA participants
had significant improvement in verb and noun production, following lexical retrieval
treatment. However, a third participant, Nsv, showed only marginal gains over two blocks
of lexical retrieval treatment. The authors hypothesised that as Nsv was five years post-
onset, the severity of impairment may have contributed to less positive treatment results.
Practice logs indicated poor adherence with computer operating difficulties preventing
completion of all treatment schedule sessions in the second block of treatment [91].

A further barrier can be the lack of contact with the therapist. Caregivers in Rogalski’s
study reported that less than optimum opportunities for face-to-face support for the person
with PPA, in times of distress, was a limitation of participation in the web-based treatment
programme [96]. Similarly, caregivers of people with PPA, including svPPA, reported, in a
study of treatment adherence, that home treatment programmes can be lonely and socially
isolating and this would be anticipated to reduce adherence, “It is easier to fall off the
wagon with a programme at home” [85]. Finally, the barrier of social isolation could be
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minimised by innovative networking; pairing peers with svPPA in small online groups,
thus incorporating support, increased social participation and positive experiences [30].

5. Compensatory Approaches to Support Communication in svPPA

Aside from the direct treatment of language, a number of single-case studies have
explored the benefit of using a compensatory approach to support language difficulties,
particularly naming, in svPPA [26,97–99]. Compensatory approaches include the use of
external devices to support communication, such as compensatory augmentative and
alternative communication (AAC) systems [100]. These can be based on low (e.g., paper
communication board or notebooks) or high technology (e.g., smartphones or tablets and
computers); people with svPPA may use them in conjunction with verbal communication
in a multi-modal way, multiplying the communication options available to them [100].

In two case studies, Bier and collaborators [26,97] explored the potential of using
smartphone applications to help two people with svPPA learn how to search for information
related to lost concepts through Internet search engines or a visual dictionary application
named ARCUS©. This application aimed to support the retrieval of people’s names from
a virtual name directory using clues or information chosen by the person with svPPA.
ARCUS© was successfully used by ND, a recreation therapist in a senior living facility with
early svPPA [97]. In his work, ND had to identify a large number of people by name each
day. At the start of the study, he used a paper notebook to do this, organised into several
columns, each linked to a different piece of information (e.g., resident’s room number or
employee’s job type). The authors converted ND’s notebook into a smartphone application
to ease its use and reduce the stigma associated with it. ND phased out his paper-based
compensatory system in favour of this new, more flexible name retrieval system. Four
years later, ND had extended the use of ARCUS© by adapting it to record information
about grocery stores and food items to buy before he went shopping.

Another recent study has combined the classical use of mobile technology to develop
CoChat, an app constructed on natural language processing (NLP) features, social media
use, and just-in-time principles that was tested in two people with svPPA [98]. In this
app the user takes a photograph with the tablet’s built-in camera, shares the pictures with
the person’s simulated social network (e.g., family and friends) and sees comments to the
images in real time. Results suggest that CoChat may improve word retrieval in a natural
conversational context making conversations easier when using the app. As AAC devices
and systems are becoming common practice in aphasia, further studies will have to deepen
our understanding of how these types of tools can be optimised in svPPA.

Semantic deficits may sometimes prevent people with svPPA from understanding
task requirements and limit their ability to learn certain functions of assistive technological
devices [26,97] (e.g., being able to remember the series of actions required to obtain an
Internet connection, but not understanding why). Nevertheless, taken together, these
case studies suggest that it is possible to teach the use of practical, portable solutions to
compensate for semantic memory deficits. Considering the degenerative nature of svPPA,
it is important to integrate AAC with other treatment approaches as early as possible
in the disease process so that they are well practised before the skills to acquire their
use are lost [98,100]. Finally, although strategies of functional communication have been
explored in individuals with PPA in general, there is a lack of studies examining non-AAC
compensatory strategies targeting svPPA in particular.

6. Interventions to Support Activities of Daily Living

Complementary approaches that support engagement or re-engagement in mean-
ingful activities of daily living are also important. Participation in meaningful activity
is the primary focus of these kinds of interventions, without special consideration for
language skills—although these may also benefit. They are oriented toward two objectives:
(1) capitalising upon preserved episodic (e.g., what you had for lunch) and procedural
memory functions (e.g., how to perform different skills, such as tying your shoes); (2)

29



Brain Sci. 2021, 11, 1552

focusing on significant and meaningful everyday activities that will have immediate results
and a potential impact on well-being.

To our knowledge, only two studies have explored the engagement, or re-engagement,
in meaningful daily living activities in svPPA [27,101]. In the first study, Bier et al. [27] did
so by combining the repeated practice of an activity that the person had stopped doing
(e.g., meal preparation) with a step-by-step cognitive assistive technology (SemAssist©).
The objective was to support EC, a woman with left svPPA, to relearn how to prepare
a specific recipe of her choice. This study showed that EC mainly used SemAssist© to
follow the current steps during the activity. While she made many mistakes before the
therapy sessions began, she was able to complete the recipe without error by the end
of the process. Interestingly, EC also resumed spontaneous preparation of other recipes,
showing that she had acquired new “knowledge” about the ingredients from the recipes
she practised (e.g., “goes in the shrimp recipe”) and did not overgeneralise. In the second
study, O’Connor et al. [101] applied the Tailored Activity Program (TAP) with a person
with svPPA who had highly repetitive routine behaviours. The TAP intervention resulted
in this person engaging well in prescribed activities, with scores reflecting reduced carer
distress regarding challenging behaviours and improved caregiver vigilance.

It therefore seems appropriate and promising to combine traditional language-based
approaches with an interdisciplinary intervention that also incorporates a participatory
approach such as occupational therapy or other meaningful activity interventions in svPPA.

7. Support Groups and Educational Programmes

One of the most recent developments in therapy for primary progressive aphasia is in
group-based programmes offering education and support. While none of the published
reports are specific to a particular PPA variant, they do include individuals with svPPA. In
2017, Jokel and colleagues published the first report of a group intervention programme
that included both individuals with PPA and their caregivers [102]. The group members
not only shared the intervention focus but, importantly, actively participated in defining it.
Half of each session was spent on education, counselling and/or training communication
strategies in dyads. The other half was separated into language activities for people with
PPA and networking activities for caregivers. All participants reported valuing learning
about the nature, progression and types of PPA, becoming familiar with current research in
PPA, and several other aspects of the intervention. Components that were reported to be
beneficial included receiving information on nutrition and lifestyle to support brain health,
learning strategies for managing stress and depression, feeling understood by others in the
group when experiencing difficulties during verbal communication, and getting support
from multiple disciplines.

Although not specific to svPPA, to date, three more group interventions for PPA
have also been reported [29,30,98]. Mooney and colleagues [98] developed a PPA group
treatment model that incorporated elements of three methodologies used in language reha-
bilitation: communication strategies from augmentative and alternative communication,
communication partner training from aphasia rehabilitation, and systematic instruction
from dementia management. Morhardt et al. [29] describe the development of a programme
that offered education, communication strategies, strategies to “live well” with PPA and
non-language-based activities (e.g., watercolour painting and horticultural therapy). Fi-
nally, Taylor-Rubin et al. [30] delivered PPA education and support for a group of people
with PPA and their caregivers in the early post-diagnostic period. In the post-intervention
interview, participants highlighted the reduced feelings of isolation, increased feelings of
support, increased knowledge of coping strategies and improved understanding of PPA as
a result of participating in the programme soon after the receipt of the PPA diagnosis.

Based on the outcomes of these group interventions in PPA, several factors have
emerged that may be critical to PPA care. First and foremost, the needs of both patients
and caregivers should be addressed, preferably simultaneously [28,30]. A successful
intervention programme for PPA should provide not just language activities and education
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but also a safe forum for discussing important and difficult issues, for sharing successes
and failures, and for peer education. Such a programme is likely to ultimately result
in improvements in confidence and well-being for both individuals with PPA and their
caregivers. Published studies underline that PPA-specific education and ecologically valid
context (i.e., group format) are positive elements highlighted by all participants. In addition,
having consistent peer support helps to “normalise” daily challenges. It has been suggested
that self-help groups may be beneficial in maintaining the group intervention benefits and
they are recommended even in the absence of professional input [103].

As more and more services are being offered online, the support for individuals deal-
ing with svPPA may also migrate to virtual space. A review of virtual support groups
for dementia caregivers [104] suggests that weekly or monthly sessions can provide par-
ticipants with knowledge about dementia, caregiving skills, coping strategies and access
to resources. While occasional barriers, such as technology and access, were identified,
there are also numerous economic and geographical advantages to online group sessions.
Extrapolating from the broad dementia field, we may predict that the trend towards virtual
care in svPPA will continue.

8. Future Directions in Behavioural Therapies in svPPA

We have shown in this synthesis of evidence that there has been relatively little
research on intervention for words and concepts that the person with svPPA can no longer
understand, and that therapy gains for such words show limited generalisation. Far
from indicating that conceptual restoration or generalisation is not possible, we argue
that optimal treatments may not yet have been found, and that this should motivate
future research. On the other hand, the use of compensatory approaches to supporting
communication and activities of daily living (e.g., assistive technologies) is promising
and has the potential to make a difference to the lives of people with svPPA. The next
steps should therefore be directed towards: (1) the development of more precise naming
therapies, tailored to the level of semantic degradation of the words and concepts treated;
(2) finding ways to guarantee transfer and generalisation of therapy gains to daily life;
(3) expanding research into the use of assistive technologies, compensatory strategies,
programmes to support daily living and how and when to combine these components.

9. Conclusions

The last two decades have witnessed rapid advances in the understanding and treat-
ment of svPPA. The current body of research suggests that people with svPPA who have
access to non-pharmacological therapies show favourable outcomes and long-lasting ef-
fects that can have benefits for health outcomes. Moreover, these treatments are generally
well accepted. Although there is a lack of empirical research examining what the optimal
combination and timing for treatments are, there are general guidelines for delivering
language therapy at different stages of PPA that offer pragmatic advice about how to com-
bine different therapy approaches in a meaningful way [105]. Current ongoing research
around the staging of PPA (including svPPA) will make it easier to match therapies to
impairments in the future. We therefore advocate for the svPPA care pathway to include a
wide range of therapeutic options including both restorative and compensatory strategies
and educational and support groups for people with svPPA as well as their care partners.
These therapeutic options have the potential to become more accessible due to the advent
of telemedicine, which has overcome geographical barriers and can provide care of similar
efficacy to face-to-face therapy. Finally, to facilitate dissemination beyond an academic
audience we have included a lay summary in English, Spanish and French (Supplementary
Materials S1–S3).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/brainsci11121552/s1. Supplementary 1 (English). Semantic Variant Primary Progressive
Aphasia (svPPA): evidence-based recommendations for therapy and management; Supplementary 2
(French). Variante sémantique de l’aphasie progressive primaire (vsAPP): indications fondées sur
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les données probantes pour le traitement et la prise en charge; Supplementary 3 (Spanish). Variante
semántica de la afasia progresiva primaria (APP-s): recomendaciones basadas en evidencia para el
manejo terapéutico.
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Abstract: Anomia is an early and prominent feature of primary progressive aphasia (PPA) and other
neurodegenerative disorders. Research investigating treatment for lexical retrieval impairment in
individuals with progressive anomia has focused primarily on monolingual speakers, and treatment
in bilingual speakers is relatively unexplored. In this series of single-case experiments, 10 bilingual
speakers with progressive anomia received lexical retrieval treatment designed to engage relatively
spared cognitive-linguistic abilities and promote word retrieval. Treatment was administered in
two phases, with one language targeted per phase. Cross-linguistic cognates (e.g., rose and rosa)
were included as treatment targets to investigate their potential to facilitate cross-linguistic transfer.
Performance on trained and untrained stimuli was evaluated before, during, and after each phase
of treatment, and at 3, 6, and 12 months post-treatment. Participants demonstrated a significant
treatment effect in each of their treated languages, with maintenance up to one year post-treatment
for the majority of participants. Most participants showed a significant cross-linguistic transfer
effect for trained cognates in both the dominant and nondominant language, with fewer than half
of participants showing a significant translation effect for noncognates. A gradual diminution of
translation and generalization effects was observed during the follow-up period. Findings support
the implementation of dual-language intervention approaches for bilingual speakers with progressive
anomia, irrespective of language dominance.

Keywords: bilingualism; primary progressive aphasia; treatment; intervention

1. Introduction

The majority of individuals worldwide speak two or more languages (e.g., [1,2]);
nonetheless, most studies that have evaluated the benefits of speech-language intervention
for individuals with aphasia have focused on monolingual speakers (e.g., [3–8]). This dis-
parity is even more striking in aphasia caused by neurodegenerative disease (e.g., [9,10]).
In the United States, bilingual speakers are more likely to belong to historically minoritized
populations (e.g., [10]). Therefore, the lack of evidence regarding treatment for bilingual
speakers with aphasia disproportionately impacts individuals from historically marginal-
ized populations, which, in turn, contributes to health disparities in these groups. In an
era of globalization, speech-language pathologists are increasingly called upon to provide
services for individuals who speak more than one language [11,12]. This necessitates
careful consideration of therapeutic manipulations that may be used to support multiple
languages for bilingual speakers, especially given the shortage of bilingual speech-language
pathologists in the United States [13].
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In this study, we sought to investigate whether a lexical retrieval intervention that has
largely been evaluated in monolingual speakers [14–16] would be efficacious for bilingual
speakers with progressive anomia. The treatment was adapted to include distinct targets
treated in each of the participants’ languages. We also examined whether inclusion of
targets with shared phonology (i.e., cross-linguistic cognates, such as dentist and its Spanish
translation equivalent dentista) may promote naming accuracy across languages. In the
following sections, we briefly review neurodegenerative syndromes that may present
with progressive anomia, summarize the literature examining restitutive interventions in
monolingual and bilingual speakers with progressive anomia, and present evidence for
treatment-induced cross-linguistic transfer in bilingual aphasia.

1.1. Progressive Anomia

Anomia is a ubiquitous feature of aphasia syndromes and distinct etiologies can result
in word-retrieval difficulty. This study includes patients with anomia in the context of
a number of neurodegenerative disorders. Primary progressive aphasia (PPA) is a neu-
rodegenerative syndrome characterized by gradual worsening of speech and language
ability, with relative sparing of other cognitive domains [17]. International consensus
criteria delineate three clinical variants of PPA [18]: the nonfluent/agrammatic variant, the
semantic variant, and the logopenic variant. Each subtype presents with a distinct profile
of speech and/or language impairments and pattern of brain atrophy (e.g., [19]). Anomia is
a core feature of both the logopenic and semantic PPA variants but for different underlying
reasons. The logopenic variant of PPA (lvPPA) presents with a core deficit in phonolog-
ical processing, which manifests as impaired word retrieval in spontaneous speech and
naming, and impaired repetition of phrases and sentences [20]. In this syndrome, cortical
atrophy is typically observed in left temporoparietal regions implicated in phonological
processing and phonological working memory [20,21]. LvPPA is most often associated
with Alzheimer’s pathology [22].

The semantic variant of PPA (svPPA) presents with left greater than right atrophy in
the anterior temporal lobes [23,24]. Individuals with svPPA have impaired confrontation
naming and single-word comprehension due to a gradual degradation of conceptual
knowledge [18]. In cases where right anterior temporal atrophy is greater than that in the
left hemisphere, individuals are characterized using different diagnostic terminology, either
behavioral variant frontotemporal dementia or right temporal variant of FTD (e.g., [25,26]).
These individuals are also anomic; however, their anomia is typically less pronounced
than deficits in affect processing, and person and social semantic knowledge [25–28]. Both
left and right temporal variants of FTD that present with primary deficits in semantic
processing are associated with TDP-43 proteinopathy [22].

1.2. Treatment for Progressive Anomia in Primary Progressive Aphasia

At present, there are no pharmacological interventions proven to successfully treat the
speech and language symptoms that accompany PPA or FTD. There is, however, a growing
body of evidence documenting the utility of behavioral speech-language interventions to
improve targeted communication skills in PPA. Most of this work has centered on treating
anomia in the context of PPA, with the overwhelming majority of studies focusing on
monolingual speakers (for reviews, see [29–36]).

Treatment for anomia has been shown to result in improved naming in all three PPA
variants; however, given the scope of the current paper, we will focus on outcomes reported
in sv and lvPPA. The treatment approaches used to treat anomia in sv and lvPPA range
from rehearsal of spoken and/or written word forms [31,37–49] to more varied training
tasks, some of which are designed to encourage self-cueing through the recruitment of
residual semantic and word form knowledge [14,15,40,50–52]. Maintenance of treatment
gains has been more frequently observed in lv versus svPPA, with gains observed up to
12 [15,53] and 15 months post-treatment [54], respectively. In both variants, generalization
to untrained items has been reported. Generalization is more often reported in studies
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that have utilized approaches that incorporate more elaborated training tasks and/or that
encourage self-cueing, e.g., [14–16,40,50–52,55].

Only one study [10] has examined the effects of naming intervention administered to a
bilingual speaker (Norwegian-English) with PPA (i.e., lvPPA). The treatment, administered
only in English, began with eight in-person sessions, which were then followed by 11
months of home practice. In general, the participant showed a decline in both languages
from pre- to post-treatment, with the exception of written naming accuracy. More specif-
ically, the participant demonstrated better written naming for trained versus untrained
items in English. Despite the fact that treatment was only offered in English, evidence for
cross-language transfer was observed in oral naming and naming-to-definition in Norwe-
gian. The results of this study suggest that cross-language transfer is possible in bilingual
PPA, despite progressive worsening.

In sum, research addressing speech-language treatment for monolingual speakers
with PPA documents that intervention is efficacious and may have long-term benefits
for some individuals. In bilingual speakers, additional research is needed in order to
evaluate the effects of intervention within and between languages, and to investigate
optimal treatment designs to promote cross-linguistic transfer.

1.3. Cross-Linguistic Transfer in Treatment for Anomia in Bilingual Aphasia and the Role
of Cognates

Studies of linguistic processing in healthy bilingual speakers can inform predictions
regarding treatment-induced cross-linguistic transfer in bilingual aphasia. Perhaps the
closest analogue to cross-linguistic transfer in neurotypical bilingual speakers is that of
translation. Evidence from studies of healthy bilingual speakers has shown asymmetry
in translation directionality, such that backward translation (L2 to L1) is faster and more
accurate than forward translation (L1 to L2, e.g., [56–59]), particularly for those who learn
their L2 subsequent to their L1. This pattern is thought to reflect weakened links between
the L2 lexicon and conceptual representations relative to the L1. This is in addition to
stronger lexical links from the L2 to the L1 (bilingual speakers may access conceptual
information via the L1, particularly at lower levels of L2 proficiency, as is described in the
revised hierarchical model [58]). Interestingly, bilingual speakers who speak languages
that share cross-linguistic cognates (i.e., words that share meaning and form across lan-
guages, such as telephone and teléfono) tend to demonstrate a cognate facilitation effect,
wherein cognates are named faster and are translated more quickly and reliably relative to
noncognates (e.g., [56,57,60–67]). This may be possible due to shared conceptual represen-
tations activating lexical items in both languages, with cognates benefiting from increased
activation from shared phonological segments.

Studies examining cross-linguistic transfer effects following treatment for anomia in
stroke-induced aphasia have reported different patterns of transfer (e.g., [3–5,68]). The
majority of naming intervention studies report transfer or generalization from participants’
trained L2 to their untrained L1 (e.g., [69–73]). Other studies have found transfer to the
untrained L2 following L1 treatment (e.g., [74–76]). Taken together, these studies illustrate
that bidirectional transfer is possible, but not uniform, in the context of aphasia treatment.
In addition, a series of studies (e.g., [72,75,77]) has shown that the effects of an intervention
targeting semantic bases of naming can result in within- and between-language transfer
(to translation equivalents of trained items and to untrained items). Other work has
investigated whether the inclusion of cognates in treatment may result in greater cross-
linguistic transfer effects.

The effect of including cognates as treatment targets for bilingual speakers with
aphasia has been examined primarily in the context of naming intervention. A handful
of studies has reported positive transfer effects for cognate items [78,79] in individuals
with nonfluent aphasia. Other studies have not observed such an effect [69,80,81]. The
variability of cognate transfer effects reported from single cases in the literature may be
attributed to a number of factors, including participant characteristics and differences
in methodology (e.g., treatment approaches/tasks). Given that the majority of studies
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examining treatment for bilingual aphasia have focused on stroke-induced aphasia, a study
examining the effect of treatment and potential for cross-language transfer in progressive
aphasia is warranted.

1.4. The Present Study

The aim of this study was to investigate the effects of an established lexical retrieval
training approach in a series of bilingual speakers with progressive anomia. Each individual
underwent treatment using a single-subject multiple baseline design, with treatment
administered in each of their languages in distinct phases. We assessed performance on
items trained in each language, as well as cross-linguistic transfer effects (performance
of untrained translation equivalents in one language that were trained items in the other
language). Performance on trained and untrained items as well as standardized tests was
assessed before, during, and after treatment, with follow-up testing at 3, 6, and 12 months
post-treatment. Consistent with previous research [15], we predicted that treatment would
result in improved naming for trained items, with maintenance of gains in the follow-up
period, and with some participants demonstrating evidence of generalization to untrained
items. We also hypothesized that treated cognates would show significant cross-linguistic
transfer and that the magnitude of transfer would be significantly greater than that for
noncognates.

2. Materials and Methods
2.1. Participants

Ten bilingual speakers with progressive anomia were recruited for this study. Partici-
pants included one individual with the right temporal variant of frontotemporal dementia,
four participants with the semantic variant of PPA, and five participants with the logopenic
variant PPA. With the exception of the participant with right temporal variant FTD, partici-
pants with PPA met current diagnostic criteria for PPA and subtype [17,18]. Inclusionary
criteria required that individuals presented with progressive anomia, and attained a con-
ceptual or composite score ([82–84]; where an appropriate response in either language is
counted as correct) of 15 or higher on the Mini-Mental State Exam [85] at pre-treatment. In
addition, we recruited only bilingual individuals who reported speaking both languages
at the time of enrollment and who were in favor of undergoing treatment in both of their
languages. Bilingual individuals who reported no longer using one of their languages
were not enrolled in the current study but were enrolled in a separate study evaluating the
effects of intervention provided in English only.

Six individuals were male and nine were right-handed, with one participant reporting
ambidexterity. The mean age of participants was 67 years (±7) and, on average, individu-
als were 3.5 years (±2) post symptom onset. All participants spoke English and another
language (n = 5 Spanish, n = 2 Farsi, n = 1 Portuguese, and n = 1 French; see Table 1).
Participants gave written informed consent, and all procedures were approved by the
institutional review board at The University of Texas at Austin. Structural magnetic reso-
nance imaging was acquired for five participants prior to the commencement of treatment
and voxel-based morphometry analysis was conducted, comparing each participant to
30 healthy age-matched controls (see Figure 1). The results from these analyses revealed the
expected pattern of atrophy for each individual (left > right anterior temporal lobe atrophy
in svPPA (right > left for right temporal variant) and left > right temporoparietal atrophy in
lvPPA). All participants lived at a distance from the research site; therefore, assessment and
treatment were conducted via HIPAA-compliant videoconferencing software (Fuze, Adobe
Connect or Zoom). Previous work from our group has shown that treatment delivery
modality (face-to-face versus telerehabilitation) does not impact treatment outcomes (i.e.,
performance on the primary outcome measure and maintenance and generalization effects)
for the intervention used in this study [86].
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Table 1. Individual Demographic and Language History Profiles.

Participant rtFTD1 SV1 SV2 SV3 SV4 LV1 LV2 LV3 LV4 LV5

Demographics

Sex M M M F F F M F M M
Age (years) 67 72 64 60 63 78 80 59 64 62
Education (years) 16 12 18 20 20 16 20 18 18 13
Years Post Onset 3 5 3 3 9 2 4 2 2.5 1.5
Handedness Right Right Right Ambidextrous Right Right Right Right Right Right

Language History Variables

Language Span Eng Span Eng Farsi Eng Span Eng Span Eng French Eng Port Eng Span Eng Farsi Eng Span Eng

Age of acquisition (years) Birth 6 Birth 5 Birth 18 11 Birth 9 Birth 17 Birth Birth Birth Birth 16 Birth 14 Birth 17
Premorbid proficiency (5-point
scale; with 5 indicating
native-like proficiency)

3 5 4 5 4 5 3 5 5 5 5 5 4 5 5 5 5 4 5 5

Premorbid daily usage (out of
100%)

7% 93% 16% 85% 60% 40% 8% 93% 12% 88% 13% 88% 10% 90% 20% 80% 37% 63% 48% 52%

Weekday 13% 87% 18% 82% 38% 62% 15% 85% 12% 88% 13% 88% 13% 87% 20% 80% 53% 47% 46% 54%
Weekend 1% 99% 13% 87% 82% 18% 0% 100% 12% 88% 13% 88% 6% 94% 20% 80% 21% 79% 50% 50%

Postmorbid proficiency (5-point
scale; with 5 indicating
native-like proficiency)

3 5 3 5 4 5 2 4 2 3 5 5 2 4 2 2 5 4 3 4

Postmorbid daily usage (out of
100%)

5% 94% 7% 93% 60% 40% 8% 93% 97% 3% 13% 88% 6% 94% 10% 90% 80% 20% 85% 15%

Weekday 6% 91% 7% 93% 38% 62% 15% 85% 100% 0% 13% 88% 6% 94% 10% 90% 80% 20% 87% 13%
Weekend 3% 97% 7% 93% 82% 18% 0% 100% 94% 6% 13% 88% 6% 94% 10% 90% 80% 20% 83% 17%

Self-reported dominance English English Farsi English English English English English Farsi Spanish
Dominance index (lower BNT
score/ higher BNT score)

0.39 0.15 0.50 0.33 0.82 0.50 0.14 0.22 0.47 0.97

Note: rtFTD1 = participant with right temporal variant frontotemporal dementia; sv = semantic variant PPA; lv = logopenic variant PPA. See Gollan et al., 2010; 2012 for details regarding dominance index. Span
= Spanish, Eng = English, Fre = French, Port = Portuguese.
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Figure 1. Results of whole brain voxel-based morphometry analysis showing atrophy patterns for
each participant relative to controls (n = 30, FWE < 0.05, k = 100, total intracranial volume and age
included as covariates). Note that scans were available for only five participants. rtFTD = right
temporal variant of frontotemporal dementia; SV = semantic variant; LV = logopenic variant.

A language use history questionnaire (subset of items from Kiran et al. [87]) was used
to gain information regarding individuals’ use and exposure to each of their languages. A
summary of each individual’s language history is provided in Table 1. There was a range
in age of second language acquisition (birth-18 years) and seven participants reported
dominance in English. All participants received a comprehensive cognitive-linguistic
evaluation prior to the initiation of treatment in order to confirm diagnosis and clinical
subtype. Aphasia with prominent anomia and a history of progressive decline were
confirmed in all participants. In general, participants demonstrated better performance in
their dominant language. Pre-treatment assessment scores are presented in Table 2.

2.2. Treatment Design and Procedures

Treatment was administered following a single subject multiple-baseline design, with
two intervention phases (one language per phase; see Figure 2 for the training schedule). An
adapted form of Lexical Retrieval Cascade Treatment [14,15] was used to target individually
tailored word sets for all participants. The treatment cascade targets naming via guided
retrieval of residual semantic, phonological, and orthographic information, with the goal
of retraining specific vocabulary as well as instilling strategies for word retrieval more
broadly (see Table 3 for the sequence of training tasks). Treatment sessions occurred twice
weekly. Daily homework consisted of Copy and Recall Treatment [88], involving repeated
rehearsal and delayed recall of spoken and written target words.

 

调整了上面图片大小Figure 2. Schematic depicting chronology and duration of participation. rtFTD = right temporal
variant of frontotemporal dementia; SV = semantic variant; LV = logopenic variant.
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Table 2. Pre-Treatment Assessment Battery.

Participant ID rtFTD1 SV1 SV2 SV3 SV4 LV1 LV2 LV3 LV4 LV5

Language Span Eng Span Eng Farsi Eng Span Eng Span Eng Fre Eng Port Eng Spa Eng Farsi Eng Span Eng

Mini-Mental State Examination 1

(30)
23 22 15 25 30 27 17 23 14 17 23 26 6 29 9 14 29 27 26 27

CVLT Total (36) 2 15 16 13 18 - 15 0 13 - 13 - 19 - 17 - 11 - 24 9 11

CVLT 10-min Recall 2 1 3 0 0 - 0 0 0 - 1 - 5 - 2 - 3 - 3 0 0

Stroop Color naming 2 26 38 12 45 - 38 - 35 11 48 - 42 - 52 - 7 - 69 38 38

Stroop interference 2 14 24 7 30 - 12 - 21 9 31 - 31 - 20 - 4 - 49 23 22

Complex Figure Copy (17) 2 - 14 - 14 - 15 - 17 - 17 - 13 - 15 - 7 - 16 16 -

Complex Figure Recall (17) 2 - 6 - 3 - 13 - 15 - 11 - 10 - 6 - 4 - 17 5 -

Calculations (5) 2 - 5 - 4 - 5 - - - - - 3 - - - 0 - 5 - -

Digit Span Forward 2 4 5 5 6 - 6 5 7 4 6 - 6 - 5 - 3 - 6 3 3

Digit Span Backward 2 3 4 3 5 - 5 4 5 5 5 - 4 - 4 - 2 - 4 4 3

PPVT Short (16) 2 - 14 - 10 - 8 - 1 - 4 - - - 12 - 9 - 8 - 13

Western Aphasia Battery (AQ; 100) 3 78.2 92.6 69.2 87.5 90.2 81.3 42.9 75.9 51 74.4 77.3 88.7 38.4 86.8 39.3 61.3 92 82.1 84.4 82.8

Motor Speech Eval: AOS (0–7) 4 0 0 0 0 - 0 N/A N/A - 0 - 0 - 0 - 0 - 0 0 0

Motor Speech Eval: Dysarthria
(0–7) 4 0 0 0 0 - 0 N/A N/A - 0 - 0 - 0 - 0 - 0 0 0

Pyramids and Palm Trees Test 5

(short; 14 6; * = /25, ˆ = /20 7)
- 14 - 14 12 14 - 7 14 ˆ 14 * - 13 - 14 - 13 - 14 - 13

Boston Naming Test (60; * = /18) 8 11 28 4 27 8 4 1 3 2 * 2 17 34 4 29 2 9 43 20 33 34

UCSF Syntax Comprehension Test
(%) 9 - 97 - 100 - 97 - - - - - 97 - 100 - 75 - 92 - -

BAT Syntax Comprehension Subtest
(%) 10 92 100 79 98 93 92 69 95 84 84 74 91 76 91 51 53 94 92 8 85

Arizona Phonological Battery (%) 11 - 50 - 80 - 53 - 97 - 94 - 58 - 56 - 8 - 69 - 50

Note: rtFTD1 = participant with right temporal variant frontotemporal dementia; sv = semantic variant PPA; lv = logopenic variant PPA, BAT = Bilingual Aphasia Test, Span = Spanish, Eng = English, Fre =
French, Port = Portuguese. 1 Folstein, Folstein & McHugh, 1975; 2 Kramer et al., 2003; 3 Kertesz, 1982; 4 Wertz, LaPointe & Rosenbek, 1984; 5 Howard & Patterson, 1982; 6 Breining et al., 2015; 7 Martínez-Cuitiño &
Barreyro, 2010; 8 Kaplan, Goodglass & Weintraub, 2001; 9 Wilson, Dronkers, et al., 2010; 10 Paradis & Libben, 1987; 11 Beeson et al., 2010.
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Table 3. Lexical Retrieval Cascade Used During Treatment Sessions (Henry et al., 2013; 2019).

1. (Picture is presented) Semantic self-cue

Clinician prompts semantic description with, “Tell me about it.” Additional
prompting follows, as needed: “Where would you find this? What is it used for? Do
you have any memories about this?” (If the item is named in this step, the clinician
proceeds to step 5.)

2. Orthographic self-cue

Clinician requests written form of the word: “Can you write the word?” If unable to,
the participant is encouraged to think of the first letter and/or sound of the word and
any other characteristics about the word (i.e., “Is it a long or a short word?”). If the
participant cannot come up with the first letter, the clinician writes the first grapheme.

3. Phonemic self-cue
Clinician asks the participant to make the sound associated with the letter. (If the item
is named in this step, the clinician proceeds to step 5.)

4. Oral reading
If the item is not yet named, the clinician writes out the remainder of the word and the
participant reads it aloud.

5. Written and Spoken Repetition The participant writes and says the word three times.

6. Semantic Plausibility Judgments
Clinician asks three yes/no questions regarding semantic features of the item (e.g.,
“would you find this in a toolbox?”)

7. Recall
Clinician asks the participant to provide the most salient semantic features and write
and say the word one time.

Treatment targets consisted of six sets of words, each containing 4 or 8 nouns (partici-
pants had different numbers of words per set for pragmatic reasons related to severity of
anomia and the number of viable cognates that existed across different language pairs);
therefore, the total treatment set contained either 24 or 48 nouns. Untrained items for each
participant comprised a minimum of two sets (again containing 4 or 8 nouns); therefore, the
total untrained set contained 8 to 24 items. Participants and their care partners provided
images of items for inclusion in treatment; when possible, these items were prioritized for
inclusion and were distributed across trained and untrained sets. When an insufficient
number of items from the personal set were provided, functional items were supplemented
by the clinician. In general, items were eligible for inclusion in treatment if participants did
not name the item on two out of three occasions in both languages. However, for the first
two participants, we required that they not name the item on two out of three occasions in
the target language only (i.e., the language the item was assigned to for training; rtFTD1
and SV1). This means that some items treated in Spanish were accurately named in English
on two out of three attempts and vice versa. For these two individuals, only the consistently
unnamed subset was included when examining cross-language translation effects. As a
result, for SV1, an insufficient number of items was present to assess translation effects for
noncognates from Spanish to English.

For each language of treatment, half of the treated and untreated items were cross-
linguistic cognates. Sets were trained for three sessions each in their assigned language.
All word sets (trained and untrained) were balanced for frequency, length in letters (En-
glish, French, Spanish, and Portuguese), or phonemes (English and Farsi) within and
across languages. When possible (i.e., when corpora contained these variables), sets were
also balanced within and across languages for familiarity, imageability, and concreteness
(English, Spanish, and French). Psycholinguistic parameters were attained from the fol-
lowing sources in each language: English = Medical Research Council Psycholinguistic
Database [89], Corpus of Contemporary American English [90], and the CLEARPOND
database [91]; Spanish= Corpus del Español [92], the CLEARPOND database, and Es-
Pal [93]; French= Lexique [94], and the CLEARPOND database; Portuguese = Corpus do
Portugues [95], and Farsi= TalkBank Persian [96,97].

The lead author (S.G.) administered treatment in both phases for individuals who
spoke English and Spanish, and in the English phase for individuals who spoke English
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and a different language. For those participants who spoke English and a different lan-
guage (French, Portuguese, and Farsi), clinicians were recruited and trained to administer
treatment in the non-English treatment phase; in one case, a doctoral student in French
linguistics assisted with assessment and treatment after extensive training and observation.

After the formal treatment period ended, participants were allowed to retain their
homework materials and to practice their trained items. Allowing practice to take place
after the immediate treatment period likely mirrors what occurs in typical clinical care
with speech-language pathologists, wherein individuals are allowed and encouraged to
practice with their treatment materials. This was consistent with procedures from the
original studies demonstrating efficacy for this treatment approach [14,15].

2.3. Treatment Fidelity

Undergraduate and graduate students in speech-language pathology or linguistics,
who spoke the language of treatment administration, were trained to conduct treatment
fidelity ratings. Raters were provided with a template that included each treatment step
(in the prescribed order). While reviewing each video, the rater indicated whether the
clinician performed each step. If the same clinician provided treatment to a participant in
both phases of treatment, then 25% (5/18) of the total number of sessions (sampled across
phases) were independently reviewed by one student. If different clinicians administered
each phase of treatment, 33% (3/9) of the total number of sessions were reviewed from each
phase of treatment, except for two participants. For these two participants, videos were only
available for 11% (1/9) or 22% (2/9) of sessions from one phase of treatment; however, a
full set of videos was available for the other phase of treatment. The percentage of correctly
administered treatment steps was calculated for each reviewed session. Fidelity ratings,
averaged across participants, revealed that clinicians adhered to the treatment steps with
99.21% accuracy.

2.4. Self- and Communication Partner-Assessment of Change Following Treatment

Participants and their primary communication partners were asked to complete a
post-treatment survey [14,15] documenting their perceptions regarding changes in commu-
nication from pre- to post-treatment. The survey consisted of 20 questions and a qualitative
rating scale was used to capture respondents’ perceptions (7 point scale: 3 = “A lot bet-
ter,” 2 = “Better,” 1 = “Somewhat better,” 0 = “Unchanged,” −1 = “Somewhat worse,”
−2 = “Worse,” and −3 = “A lot worse”).

2.5. Follow-Up Assessment

Follow-up assessments were conducted at 3, 6, and 12 months post-treatment. Only
one participant (lv1) was unavailable for follow-up assessment at 3 and 6 months post-
treatment, due to health-related issues. Additionally, one individual had yet to complete the
follow-up period (sv5) at the time that this paper was written. All remaining participants
were available at one year post-treatment. Performance on standardized assessments at
each time point is reported in Appendix A.

2.6. Outcome Measures and Statistical Analysis

Data were analyzed at the single-subject level. The primary outcome measure was
the proportion of items named correctly during probing for trained and untrained stimuli
in the target language. Cross-linguistic transfer was assessed by examining participants’
responses to treatment probes for trained stimuli in the non-targeted language (i.e., transla-
tion effects). Probes were collected in each language three times at pre-treatment, once or
twice at mid-treatment, twice at post-treatment, and once at each follow-up visit (3, 6, and
12 months post-treatment). Additionally, approximately half of items were probed at the
beginning of each treatment session in a given language, so that all sets were probed once
per week in each language.
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Significance testing was conducted using a simulation technique [98]. An individual’s
percent accuracy was attained from each condition and probabilities of correct responses
were used to create simulated datasets with parameters that mirror the observed data.
This procedure was completed 10,000 times to create 10,000 simulated distributions of
accuracy scores from each condition, at each time point. The resulting simulated datasets
from two conditions were then directly compared to one another to calculate a p-value
(i.e., the likelihood that post-treatment performance was greater than pre-treatment perfor-
mance). In addition, using the simulated data, difference scores were calculated between
conditions to determine the 95% confidence intervals of the observed differences. For
comparing differences in the magnitude of effects (e.g., translation effects between cognate
and noncognate items), the same process was followed with one additional step. Specif-
ically, simulations were conducted for each condition and time point, but p-values were
calculated by comparing difference scores between time points and conditions (e.g., the
difference scores for trained and untrained stimuli for simulated post-treatment minus
simulated pre-treatment performance).

We predicted that each participant would demonstrate a significant treatment effect,
with maintenance in the follow-up period. We also predicted that some participants would
demonstrate evidence of generalization to untrained items. It was hypothesized that each
participant would show a significant cross-language translation effect for cognate items
and that the magnitude of this effect would be greater for cognates relative to noncognates.

In addition, we assessed performance over time (pre-treatment versus subsequent
time points) on a subset of assessments administered in the dominant and nondominant
language using paired permutation tests at the group level in order to identify overall
trends with respect to stability and/or progression. Specifically, the stability of general
cognitive and linguistic function (MMSE and WAB-R; [85,99]) and overall naming ability
(Boston Naming Test; BNT [100]) were evaluated. We predicted that performance on the
BNT would improve at post-treatment, consistent with previous literature demonstrating
generalization on this measure in monolingual speakers with PPA [15]. Analyses comparing
subsequent timepoints on the BNT and for all timepoints for the other assessments (MMSE
and WAB-R) were assessed using two-tailed tests, as performance on these measures was
less predictable over time.

3. Results

In the following sections, outcomes that are directly related to the aforementioned
hypotheses will be reported. In order to contextualize our reporting of the number of
participants demonstrating significant improvement at the individual level, we also provide
the average change and range of performance for the entire group. For additional treatment
outcomes (including outcomes following the first treatment phase and cross-linguistic
generalization effects to untrained items), please see the Supplementary Materials.

3.1. Treatment and Maintenance Effects

Simulation analyses revealed that each participant demonstrated a significant treat-
ment response in both their dominant (M change = 70.37%; range = 31–92%) and non-
dominant language (M change = 65.03%; range = 30–97%, see Figure 3) from pre- to
post-treatment (after training in both languages was completed). Of the eight participants
for whom follow-up data were collected at 3 and 6 months post-treatment, all participants
had significantly better performance at the 3-month follow-up, and all but one individual
had significantly better performance at the 6-month follow-up relative to pre-treatment.
At 12 months post-treatment, seven of nine participants demonstrated significantly bet-
ter performance relative to pre-treatment in their dominant language, with six of eight
participants showing this pattern in their nondominant language.
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Figure 3. Within-language treatment and generalization effects at each time point relative to pre-
treatment. (a). Depicts the percentage of cases demonstrating a significant effect at each time
point relative to pre-treatment. (b). Depicts the average percent change at each time point relative
to pre-treatment. At mid-treatment, seven of nine participants had received treatment in their
dominant language and three had received treatment in their nondominant language; the figure
shows performance for these subsets at mid-tx for trained items. See Supplemental Materials for data
at the single-subject level. Mid = mid-treatment; mo = month.

3.2. Within-Language Generalization to Untrained Items

Seven of 10 individuals showed improvement on matched, untrained items in their
dominant language (M change = 27.18%, range = −3–75%; see Figure 3), with four indi-
viduals showing this pattern in their nondominant language (M change = 13.50%, range
= −4–38%), from pre- to post-treatment. A direct comparison of the magnitude of im-
provement on trained versus untrained items revealed a significant difference (with greater
improvement for trained items) for six individuals from pre- to post-treatment in the
dominant language (an additional three participants demonstrated a marginal or trending
difference between trained and untrained items; M difference = 43.19%, range = –0.1–89%),
and eight participants showing this pattern in the nondominant language (the remaining
two participants demonstrated a marginal difference between trained and untrained items;
M difference = 51.53%, range = 27–87%). Performance on untrained items showed gradual
decline in the follow-up period.

3.3. Cross-Linguistic Translation Effects

Following both treatment phases, eight of 10 participants demonstrated a signif-
icant cross-linguistic translation effect relative to pre-treatment for cognates from the
nondominant to the dominant language (M change = 54.70%, range = 0–83%) and seven
of 10 participants showed this pattern from the dominant to the nondominant language
(M change = 39.60%, range = 0–83%; see Figure 4). Of the eight participants who were
available for the 3- and 6-month follow-up, six and five individuals demonstrated a sig-
nificant translation effect for cognates in both the dominant and nondominant languages,
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respectively. At 12 months post-treatment, four of the original seven individuals demon-
strated maintenance of a cognate translation effect to the dominant language, with three of
the original seven maintaining this pattern of transfer to the nondominant language.
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Figure 4. Cross-linguistic transfer effects by cognate status at each time point relative to pre-treatment.
(a). Depicts the percentage of cases demonstrating a significant effect at each time point relative to
pre-treatment. (b). Depicts the average percent change at each time point relative to pre-treatment.
Performance on trained items across languages represents translation effects. At mid-treatment,
seven of nine participants had received treatment in their dominant language and three had received
treatment in their nondominant language; the figure shows performance for these subsets at mid-tx
for trained and untrained items. See Supplementary Materials for data at the single-subject level.
Mid = mid-treatment; mo = month.

With regard to cross-linguistic translation of noncognates, four of nine individuals
showed a significant translation effect from their nondominant to their dominant language
(M change = 28.22%, range = 0–83%) and two of 10 showed this pattern from the domi-
nant to the nondominant language (M change = 8.10%, range = −3–47%), following both
phases of treatment. A similar pattern of performance was observed at 3 and 6 months
post-treatment. At 12 months post-treatment, one of the original four individuals demon-
strated maintenance of a noncognate translation effect in the dominant language, with no
individuals maintaining this pattern in their nondominant language.

A direct comparison of the magnitude of translation effects for cognate and noncog-
nate items revealed a significant difference (with better translation of cognates) for four
individuals from pre- to post-treatment from the nondominant to the dominant language
(M difference = 25.11%, range = −17–83%; see Figure 5), and five participants showing
this pattern from their dominant to nondominant language (M difference = 31.50%, range
= 0–77%). At subsequent follow-ups, a gradual decline was observed in the number of
participants who showed a significant difference in the magnitude of the translation effect
observed between cognates and noncognates (see Figure 5).
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Figure 5. Cross-linguistic transfer for cognates versus noncognates at each time point relative to
pre-treatment. (a). Depicts the percentage of cases demonstrating a significant difference in the
magnitude of transfer between cognates and noncognates at each time point relative to pre-treatment.
(b). Depicts the average difference in the magnitude of change between cognates and noncognates at
each time point relative to pre-treatment. Performance on trained items represents translation effects.
Performance on untrained items represents generalization effects. At mid-treatment, seven of nine
participants had received treatment in their dominant language and two of three who had received
treatment in their nondominant language had sufficient data for these contrasts; the figure shows
performance for these subsets at mid-tx for trained and untrained items. See Supplemental Materials
for data at the single-subject level. Mid = mid-treatment; mo = month.

3.4. Performance on Additional Outcome Measures

Paired permutation tests revealed that participants demonstrated significant improve-
ment on the BNT at post-treatment relative to pre-treatment in the nondominant language
(t = −1.59, p = 0.047; see Appendix A). Performance on this measure at other time points
was not significantly different from pre-treatment, nor was performance in the dominant
language at any time point relative to pre-treatment. Performance on the MMSE showed a
relatively steady decline over time, with significant decline emerging at 12 months post-
treatment relative to pre-treatment in the dominant language only (t = 2.76, p = 0.012).
Lastly, performance on the WAB-R also showed a gradual decline over time, with significant
decline noted at three months post-treatment (t = 2.15, p = 0.020) and at each subsequent
follow-up (6 months post-treatment (t = 1.75, p = 0.023); one-year post-treatment (t = 2.78,
p = 0.006)) in the dominant language. A similar pattern was observed in the nondomi-
nant language, but with significant decline emerging at 6 months post-treatment (t = 2.55,
p = 0.023); one-year post-treatment (t = 2.37; p = 0.016).

3.5. Self and Communication Partner Assessment of Change

The mean improvement reported by all respondents (caregivers and participants
combined) on the post-treatment survey was 1.17 (just above “somewhat better”). The
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mean rating for participants with lvPPA was 1.68 (between “somewhat better” and better”),
and for participants with svPPA, the mean rating was 0.65 (between “unchanged” and
“somewhat better”). The average caregiver rating was consistent with the overall mean
(1.17). The items and results from the post-treatment survey are reported in Appendix B.

4. Discussion

To our knowledge, this is the first study to systematically investigate the utility of
speech-language intervention in a group of bilingual speakers with progressive aphasia.
Consistent with previous studies examining treatment primarily in monolingual speakers
with PPA [14,15], we hypothesized that bilingual speakers would show a robust treatment
effect in both of their treated languages, with maintenance at follow-ups. We also hypoth-
esized that generalization to untrained targets would be observed for some participants,
due to the strategic nature of the intervention [14,15]. In addition, we sought to investigate
whether the inclusion of cross-linguistic cognates would promote accurate translation of
treated items.

4.1. Within-Language Gains and Generalization Effects

Our results indicate that bilingual speakers with mild-moderate PPA showed a signifi-
cant and robust treatment effect in both of their treated languages following dual-language
naming intervention. With regard to performance on matched, untrained stimuli, a greater
number of participants demonstrated generalization in their dominant language at post-
treatment; however, generalization was observed in the nondominant language for a
smaller subset of participants. This suggests that the strategic nature of the intervention
resulted in generalization to untrained items for a subset of participants, with the greatest
benefit observed in the dominant language. In sum, our findings constitute further ev-
idence that this treatment approach is beneficial for word retrieval impairments in PPA
and FTD. Moreover, our results indicate that this approach is suitable for treating bilingual
speakers with progressive anomia, and highlight that significant gains can be observed in
both an individual’s dominant and nondominant language.

4.2. Maintenance of Treatment Gains

There is pessimism in the clinical and research communities regarding not only
the efficacy of treatment in individuals with progressive communication disorders but
particularly the potential for maintenance of gains [101]. As such, it is crucial to document
not only the immediate benefits of treatment, but also to evaluate stability of treatment
effects in the face of disease progression. Many studies that report the effects of intervention
in PPA have not explored performance beyond the immediate post-treatment period;
however, those that have reported maintenance effects have documented stability in the
follow-up period (e.g., [15,38,47,54]). Similarly, stability of treatment effects up to 12 months
post-treatment was observed for the majority of our participants. As in Henry et al. (2019),
participants were allowed to keep practice materials and encouraged to continue with
self- guided practice following the completion of structured intervention with the clinician.
In the prior study, post-treatment practice was monitored via self-report for a subset of
participants and, surprisingly, a relation was not observed between amount of ongoing
practice and maintenance of treatment gains. Future studies should employ methods for
systematic and objective tracking of individual practice to better understand maintenance
effects and the role of continued practice for individuals with PPA [15].

The maintenance effects in this study can be interpreted within the broader context
of cognitive-linguistic decline observed in this cohort of bilingual speakers. Specifically,
participants demonstrated gradual decline on general measures of linguistic and cognitive
functioning (see Appendix A). In the context of this general progression, our findings
confirm that a tailored approach to bilingual intervention results in significant improvement
for trained items as well as improvement or stability in confrontation naming more broadly
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(as noted on the BNT, see Supplementary Materials). These findings indicate a possible
protective benefit for the targeted behavior following treatment.

4.3. Cross-Linguistic Translation Effects

We observed that the majority of individuals showed a significant cognate translation
effect (i.e., ability to name cognate items in the untrained language) following both phases of
treatment, with fewer individuals showing an effect following the initial phase of treatment
(see the Supplementary Materials for results following the initial treatment phase). For
approximately half of participants, the translation effect at post-treatment was significantly
greater in magnitude for cognates relative to noncognates. Cognate translation effects were
generally maintained up to six months post-treatment (consistent with within-language
generalization observed in our prior study [15]), with fewer individuals demonstrating a
sustained benefit one year post-treatment. We note a couple of interesting patterns that
emerged from our data. First, the two individuals who did not show a cognate translation
effect (in at least one linguistic direction) obtained the lowest cognitive screening score
(MMSE; lv3) or naming score (BNT; sv3) at pre-treatment. This observation suggests that
an individual’s potential to benefit from inclusion of cognates may be mediated by severity
of cognitive and/or language deficits. This is also consistent with the finding that the most
notable decrease in cognate translation ability (for individuals who originally showed a
cognate translation effect) occurred between the 6 and 12-month follow-up visits (i.e., with
increasing severity of cognitive-linguistic deficits).

Pre- and postmorbid language history variables, such as order of acquisition and
frequency of use, may also influence translation effects (e.g., [3–5,68]). In PPA and other
neurodegenerative disorders, nonparallel patterns of language decline [6,99–101] have
been reported, which may influence frequency of language use and moderate treatment
outcomes across languages. In the future, larger samples will allow us to better understand
the relation between overall severity and translation effects, and to explore the possible
interaction of severity indices and language history variables.

Given that the distribution of participants who received treatment in the dominant
vs. nondominant language during the initial phase is unbalanced in this study (n = 3
received treatment in nondominant language in the initial phase), the following preliminary
observations should be interpreted with caution and require replication in a larger sample
utilizing a balanced design. Following the first treatment phase, a greater proportion
of participants showed a cognate translation effect from the nondominant to dominant
language (i.e., three of three participants who were treated in the nondominant language
in the initial phase and three of seven who were treated in the dominant language in the
initial phase). Findings following the initial phase of treatment are consistent with (1)
patterns observed in healthy bilingual speakers (e.g., [62,66]) and with (2) transfer and
translation patterns observed in stroke-induced aphasia (e.g., [65,82]), wherein ease of
translation may be facilitated from the weaker to stronger language. Following both phases
of treatment, the cross-linguistic translation effects for cognate items were bidirectional in
our cohort, (i.e., eight of 10 from the nondominant to the dominant language and seven of
10 participants from the dominant to the nondominant language). This may indicate that the
treatment approach, which targets both semantic and phonological bases of word retrieval,
strengthened cross-linguistic activation between translation equivalents with phonological
similarities. Together, results indicate that treatment in the nondominant language (or
treatment in the dominant language followed by treatment in the nondominant language)
resulted in robust translation effects for cognate items. We reiterate that this observation
should be interpreted with caution due to the small number of participants, heterogeneity
in clinical profile, and crucially, the fact that fewer participants received treatment in their
nondominant language in the initial phase of this study (n = 3).

It is important to note that noncognates also have the potential to benefit cross-
linguistically from this intervention, due to the targeted analysis of semantic features,
which are shared across languages [58,102,103]. Nonetheless, far fewer individuals showed
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a significant noncognate translation effect after the initial phase of treatment (i.e., three of
three from the nondominant to the dominant language and zero of seven from the dominant
to the nondominant language) or following both phases of treatment (i.e., four of nine from
their nondominant to their dominant language and two of 10 from their dominant to their
nondominant language). The diminished translation effects for noncognates relative to
cognates may be driven by a lack of phonological similarity. This is corroborated by findings
from healthy bilingual speakers, which suggest that the combination of shared conceptual
representations and phonology leads to the well-documented cognate facilitation effect
(e.g., [56,57,60–67,104]).

4.4. Treatment and Translation Effects by PPA Variant

Following both phases of treatment, we observed that individuals with either sv or
lvPPA showed a significant treatment effect irrespective of language dominance. With
regard to generalization to untrained items, a slightly greater number of individuals within
each variant showed generalization in the dominant language (sv = 3 vs. 1; lv = 4 vs. 3).

Although we did not have specific hypotheses regarding treatment and translation
effects on the basis of the PPA variant, in this section, we note patterns that emerged
in this study. With respect to cross-linguistic translation effects, individuals with svPPA
and those with lvPPA demonstrated evidence of cognate translation effects. By contrast,
a subset (four of nine from their nondominant to their dominant language and two of
10 from their dominant to their nondominant language) of individuals with lvPPA and
no individuals with svPPA demonstrated significant translation effects for noncognates.
This pattern may be explained by the different underlying deficits contributing to naming
impairment in each variant. In lvPPA, semantic processing is relatively spared, and cognate
facilitation is likely a result of improved access to or assembly of phonology resulting from
repeated practice of target items. In the case of noncognates, the translation effects in some
lvPPA cases may be attributed to the strategic nature of the intervention, which requires
individuals to use residual semantic and word form knowledge in attempts to self-cue. In
lvPPA, translation of noncognates was greatest from the nondominant to the dominant
language. As has been reported in bilingual AD (e.g., [105,106]), it may be the case that
the dominant language is more resistant to decline in bilingual speakers with lvPPA [107],
and perhaps more likely to benefit from translation effects. This pattern might also reflect
reliance upon the dominant language to access semantic knowledge [58].

In svPPA, learning has been characterized as rigid, with generalization reported less
frequently (e.g., [37–39,43,108,109]). In addition, phonological processing is relatively
spared [107] and cognate translation effects may be facilitated by strengthening of seman-
tic representations for trained items, with similarities in phonology boosting activation
for these word forms across languages. Given that learning tends to be more rigid in
svPPA, it is not surprising that significant translation effects for noncognates (where spared
phonological processing would not confer the same benefit) were not observed.

4.5. Additional Considerations

This study provides evidence that lexical retrieval treatment is an efficacious inter-
vention for bilingual speakers with PPA in the mild-to-moderate range of severity. All
individuals in this study were seen via a telehealth platform, which allowed for the
inclusion of individuals living throughout the United States, as well as internationally.
Telehealth holds promise as an assessment and treatment modality, enabling clinicians
to reach individuals who may face barriers to accessing treatment, including ethnically
and racially diverse groups who experience barriers to service provision more generally
(e.g., [110–112]). In the future, advocacy for broad reimbursement of these services will be
crucial to exploiting this treatment modality. In addition, future research should continue
to broaden the evidence base for telehealth interventions intended for individuals with
PPA beyond the mild-to-moderate range in order to maximize communication across the
continuum of disease severity.
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This study had several limitations. First, although this is, to our knowledge, the largest
intervention study of bilingual speakers with PPA and FTD to date, the sample size is
a limiting factor. Future studies will benefit from larger samples in order to investigate
patterns of response to treatment, including cross-linguistic effects. This will also allow
for the investigation of different patterns on the basis of language distance (i.e., how
similar language pairs are to one another), as well as the consideration of language history
variables (e.g., age of acquisition, frequency of use). It is also important to note that our
results represent findings from language pairs that share cross-linguistic cognates. For
individuals who speak language pairs that do not share cognates, our results suggest that
the strategic component of this intervention may encourage generalization to untrained
items and that cross-linguistic transfer is possible for noncognate items (particularly for
individuals with lvPPA).

The treatment approach used in this study was selected due to its established benefit in
monolingual speakers with PPA and due to its emphasis on training procedures that draw
upon both semantic and phonological mechanisms supporting naming. From this study, it is
not possible to discern whether semantic versus phonological stimulation is more crucial for
within-language outcomes and transfer effects in this population. Future research may employ
facilitation studies to investigate whether particular components of intervention are especially
supportive of translation and generalization effects in bilingual speakers with progressive
anomia. In addition, there is a need to investigate the potential for generalized improvement
from naming intervention to connected speech, as such effects would further characterize the
ecological validity of naming interventions administered to individuals with PPA.

5. Conclusions

There is a growing literature base addressing the treatment of progressive disorders
of language. This work is crucial, as the global community anticipates a rapidly growing
aging population, and consequently, an increase in the number of individuals presenting
with neurodegenerative disorders (e.g., [113,114]). Simultaneously, we anticipate a growing
bilingual population [115,116]. Although previous work has established a strong foundation
for speech-language treatment research in monolingual speakers with neurodegenerative
disorders, much work is needed to address the optimization of these approaches for bilingual
speakers. At the same time, careful consideration of assessment and treatment methods
is needed to ensure the use of culturally tailored approaches, as bilingual speakers often
comprise culturally and ethnically diverse groups [12,117].

Our results indicate that bilingual speakers with PPA and FTD significantly improved
their word retrieval for trained items assigned to each of their languages, with maintenance
observed up to 6 or 12 months post-treatment. In addition, our findings indicate that mono-
lingual clinicians may be able to select cross-linguistic cognates as a means to support gains
across languages for words trained in a single language (i.e., “two for the price of one”).
This has ramifications for service delivery in the U.S., where a majority of clinicians are
monolingual English speakers. In the context of results from previous studies investigating
treatment outcomes for PPA, our results offer complementary support and confirm that tai-
lored behavioral intervention should be the standard of clinical care for linguistically diverse
individuals with progressive aphasia.
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Appendix A

 

调了图片和Figure A1. Performance from pre-treatment to each subsequent timepoint on a subset of cogni-
tive and linguistic measures by language dominance. * Note. Standard error bars included for
descriptive purposes. Significance determined via paired permutation tests. One-tailed tests used for
BNT from pre to post-treatment; two-tailed tests used for all other timepoints/measures (p < 0.05).
Dom. = dominant language, Nondom. = nondominant language, BNT = Boston Naming Test; MMSE
= Mini-Mental State Exam, WAB-R = Western Aphasia Battery- Revised.
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调了图片Figure A2. Survey Responses: “Compared to pre-treatment how would you rate your ability to . . . ”.
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Abstract: Background: Practice-based evidence can inform and support clinical decision making.
Case-report series about the implementation of programs in real-world clinical settings may con-
tribute to verifying the effectiveness of interventions for treating PPA in specific contexts, as well as
illustrating challenges that need to be overcome. Objective: To describe and provide practice-based
evidence on the effectiveness of four cognitive rehabilitation programs designed for individuals with
PPA and directed to speech and language impairments, which were implemented in a specialized
outpatient clinic. Methods: Multiple single-case study. Eighteen individuals with different subtypes
of PPA were each assigned to one out of four training programs based on comprehensive speech
and language assessments. The treatments targeted naming deficits, sentence production, speech
apraxia, and phonological deficits. Pre- and post-treatment assessments were undertaken to compare
trained and untrained items. Gains were generalized to a different task in the first two types of
intervention (naming and sentence production). A follow-up assessment was conducted 1–8 months
after treatment among 7 participants. Results: All individuals presented better performance in the
trained items at the post-test for each rehabilitation program accomplished, demonstrating that
learning of the trained strategies was achieved during the active phase of treatment. For 13 individu-
als, statistical significance was reached; while for five, the results were maintained. Results about
untrained items, generalization to other tasks, and follow-up assessments are presented. Conclusions:
The positive results found in our sample bring some practice-based evidence for the benefits of
speech and language treatment strategies for clinical management of individuals with PPA.

Keywords: primary progressive aphasia; treatment; speech and language therapy; intervention;
cognitive rehabilitation

1. Introduction

Primary progressive aphasia (PPA) is characterized by gradual deterioration of lan-
guage with relative preservation of other cognitive functions and functional independence,
except for situations in which language is critical [1,2].
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The international consensus for diagnosing PPA [2] defined three clinical variants
(agrammatic/nonfluent, semantic, and logopenic). Around 20 to 35% of individuals with
PPA do not fit into these three main variants and are named non-classified or mixed PPA
(mxPPA) cases [3,4].

Symptom onset may occur before the age of 65, with a devastating effect on func-
tionality. In the absence of effective pharmacological treatments [5], there is increasing
interest in other approaches, particularly behavioral interventions, focusing on communi-
cation aspects or specific speech/language deficits. Relative preservation of other cognitive
functions, including episodic memory [2,6], enables implementation of SLT, given that indi-
viduals with PPA are usually aware of their difficulties and can engage more independently
in the activities proposed, with lower demand for support from caregivers, compared with
subjects with predominantly episodic memory impairment, who have greater difficulty in
learning new content.

Non-pharmacological interventions in PPA can be classified into those directed to the
deficits (e.g., anomia, agrammatism, phonological working memory or speech apraxia)
and functional interventions (environmental modifications and compensatory strategies).
Positive results were reported in most studies but, to be recommended, treatments require
further investigation regarding their effectiveness [7]. Most evidence derives from case
studies or series [7,8] and randomized-controlled studies with larger samples are needed
in order to increase the level of evidence, as there is no consensus regarding types and
duration of interventions. However, compared with dementia syndromes (e.g., Alzheimer’s
disease), PPA is a rare condition with heterogeneous clinical profiles. Implementation
of randomized controlled studies requires a multicenter effort to unify assessment and
treatment protocols in order to gather evidence from larger samples. On the other hand,
SLT practice requires individualized intervention plans that are adjusted to the context,
resources and individuals’ and families’ preferences. Reporting the results from treatments
that were implemented can also contribute to the level of practice-based evidence. Practice-
based evidence can inform and support clinical decision making and is obtained from
several sources, including case reports or case series in “real-life” clinical settings [9].

1.1. Research-Based Evidence on Non-Pharmacological Treatments for PPA

1.1.1. Interventions Directed to Lexical Retrieval/Semantic Deficits

Lexical retrieval and/or semantic deficits are common features of PPA syndromes
and may predominate over other language or cognitive impairments for long periods.
Subsequently, communication becomes markedly affected by word production and com-
prehension deficits, difficulties in sentence production (agrammatism or paragrammatism)
and/or in syntactic comprehension. Speech may also be affected by apraxia of speech and
dysarthria [1].

Lexical retrieval treatment is the most widely applied approach [7,10], independently
of the clinical variant, given that individuals with PPA usually manifest anomia or word
misuse (i.e., lexical retrieval and semantic deficits) with greater or lesser severity. The goal
of this treatment is to restore and maintain retrieval of core vocabulary items for as long as
possible.

Subjects with PPA are able to relearn target vocabulary during the active phase of
treatment and to maintain gains for varying periods after the intervention [11–17]. Learning
may be generalized to untrained stimuli [13,15,16,18–20]; however, these findings are
still inconsistent. Rising [21] and Croot [8] reported immediate treatment gains in most
individuals, and maintenance of gains (months to years) in some individuals with ongoing
treatment.

Beales et al. [22] showed that relearning was the most prominent mechanism of change
in PPA, followed by stimulation. Reorganization and cognitive relay were less observed.
Given the progressive nature of PPA and the urgency of maintaining the preserved vocab-
ulary, perhaps only items that are relevant to daily life should be included in treatment
sets [10,18].
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Meyer et al. [23] used the term prophylaxis for stimuli that were consistently named
correctly (prophylaxis items) and the term remediation for those that were consistently
named incorrectly (remediation items) at baseline. Studies on treatment for anomia in PPA
have typically focused on remediation of words that could not be named at baseline, rather
than on prophylaxis of words that could be named. However, prophylactic treatment
may also have positive effects. Reilly [24] defended maintenance of known words over
reacquisition of forgotten knowledge regarding semantic treatment paradigms. Studies
investigating maintenance of treatment gains have suggested that retrieval accuracy can be
maintained (prophylaxis items) or improved (remediation items) with long-term treatment
(six months or more) [17,23–27].

Volkmer et al. [28] explained that PPA requires a “staging approach”, in which
“impairment-based interventions” (focusing on remediation and rehabilitation) should
be implemented at early stages, while compensatory strategies (with the goal of develop-
ing strategies to facilitate completion of a particular task) should be implemented after
restoration has failed and language skills are lost.

1.1.2. Interventions Targeting Speech and Sentence Production

These interventions are offered to nonfluent subjects and are aimed at syntax training
with different approaches, as shown below. Schneider et al. [29] examined the effectiveness
of verbal plus gestural treatment on acquisition and generalization of verb tenses in
sentence production in one individual and showed that improvement in the production of
sentences was achieved through using trained verb tenses.

Andrade-Calderón et al. [30] analyzed the effects of intensive speech therapy in a
nfPPA case. The subject received weekly speech therapy with combined stimulation
strategies relating to different components for language processing. Syntactic tasks were
applied, comprising construction of sentences based on combinations of worked stimuli
and on changing the gender/number/tense of structural elements. The subject showed
slight improvements in prosody, fluency and spontaneous speech content, and significant
improvements in repetition, reading aloud, and oral-phonatory praxis. This therapy also
had a positive impact on other cognitive processes.

A constraint-induced treatment approach implemented with two nfvPPA subjects
resulted in improved production of grammatical structures, with maintenance of gains
observed at two months post-treatment [31].

Studies on nfvPPA subjects were also directed to speech apraxia [32] and have shown
reduction in speech errors through training on text reading.

1.1.3. Interventions Directed to Phonological Deficits

Phonological deterioration starting from a phonological short-term memory deficit
characterizes lvPPA. While most individuals with lvPPA mention lexical retrieval problems
as their main deficit, some of them are concerned with spelling and short-term memory
deficits.

With the premise that the phonological loop is a working memory component, spelling
and repetition activities are positive resources used in phonological interventions. Two
studies on spelling showed positive results, with learning of phoneme-to-grapheme and
phoneme-to-word correspondences [33,34]. In addition, to improve fluency in nfPPA,
Louis et al. [35] trained three subjects using a remediation protocol that included auditory
exercises that were specifically designed to tackle phonological processing. All participants
improved their performance in trained and untrained tasks (generalization to the cookie
theft picture and functional communication).

The objective of the present study was to explore intervention techniques for specific
language and speech deficits in PPA in a specialized outpatient clinic. Four intervention
programs were implemented based on strategies that had shown positive effects in previous
studies ([5,7] for reviews), and these were directed to anomia, agrammatism, speech
apraxia, and phonological deficits. We investigated the effectiveness of programs in order
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to generate practice-based evidence and describe the challenges for implementation of
these programs in a real-world clinical setting.

2. Materials and Methods
2.1. Subjects

Over a three-year period, we recruited a convenience sample of individuals with
newly diagnosed PPA who were referred to this study by physicians or members of the
interdisciplinary team of the Behavioral and Cognitive Neurology Outpatient Clinic of
Hospital das Clínicas, Federal University of Minas Gerais, in Belo Horizonte, Brazil. This
research was conducted in accordance with the Helsinki Declaration, and participants and
their families signed an informed consent statement that was approved by the university’s
Ethics Committee.

All subjects included in the study presented diagnosis of probable PPA according
to current diagnostic guidelines [2] and had undergone neurological examination and
cognitive, speech, and language assessments. These participants were classified into
one of three PPA variants (3 nfvPPA, 5 svPPA, and 5 lvPPA), or as mxPPA (5 subjects)
presentations. The mean age was 66.3 years, 9 subjects were women, and mean educational
length was 14.5 years. The duration of symptoms was 2.1 years.

These individuals with PPA were in mild-to-moderate stages of the syndrome. Their
severity of impairment was determined qualitatively. Those who were able to establish
functional communication with no need of cues from the therapist were considered to be
mild cases. Those who needed support from the therapist, either by simplifying speech
to facilitate comprehension or by providing cues to facilitate oral production were consid-
ered to be at the moderate stage. Participants with significant functional communication
difficulties, such as those unable to give an oral response, or who displayed unintelligible
speech were considered to be severe cases.

The inclusion criteria involved a minimum literacy level (at least two years of formal
education) and agreement to complete the treatment cycle, be evaluated and undergo
post-evaluation. The exclusion criteria involved severe hearing and/or visual deficits, and
severe motor or language deficits that would impact the implementation of the programs.

2.2. Methods

The subjects were seen at the Behavioral and Cognitive Neurology Outpatient Clinic.
The first stage consisted of a medical evaluation (the team included neurologists, geria-
tricians and psychiatrists), followed by evaluation by a speech therapist and a neuropsy-
chologist. An overall cognitive assessment and a neuropsychological evaluation were
used to assist in making the clinical diagnosis and to identify the degree of preservation of
non-linguistic cognitive abilities. With these assessments and neuroimaging examinations,
the study team assessed the clinical diagnoses and invited participants.

The cognitive and language evaluation for PPA diagnosis and characterization varied
among the cases and included some of the tests listed below.

A. Overall cognitive assessment and neuropsychological evaluation:

(1). Mini-mental state examination (MMSE) [36,37];
(2). Dementia rating scale (DRS) [38–40].

B. Language assessment:

(1). Auditory comprehension tests: word and sentence comprehension tests from
the Montreal-Toulouse battery (MTL) [41,42] and/or the Boston diagnostic
aphasia examination (BDAE) [43,44] and/or the Cambridge semantic memory
research battery (CSMRB) [45–47] and/or the token test [48,49] and/or the
Trog-2 test [50–53];

(2). Visual confrontation naming tests: Boston naming test (BDAE) and/or CSMRB;
(3). Repetition—words, non-words, and phrases of MTL or BDAE;
(4). Reading words and non-words—HFSP reading aloud test [54];
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(5). Writing words and non-words—HFSP writing to dictation test [54–56];
(6). Reading comprehension: subtests from MTL and BDAE;
(7). Verbal fluency tasks:

- Semantic category (animals) [57,58];
- Phonemic fluency (FAS) [59];

(8). Recognition and naming of famous faces [60];
(9). Oral discourse—description of the cookie theft picture [43,61] and correction

criteria suggested by Croisile et al. [62];
(10). Word definition—CSMRB;
(11). Camels and cactus test of semantic association [63,64];
(12). Speech praxis protocol [65]; oral agility and oral discourse (BDAE).

Reading, writing, object knowledge and motor speech were assessed qualitatively.
For reading and writing assessments, we used the list of words and pseudowords that
was developed as part of the HFSP research project. This list was devised in order to
study acquired dyslexia and dysgraphia across different written systems and contains
words and pseudowords. We analyzed error types in two ways: (a) regularizations
(irregular words or commonly used foreign words (e.g., “pizza”) were read or written by
applying grapheme-to-phoneme or phoneme-grapheme conversion rules, supported by the
auditory representation of the stimuli instead of orthographic memory); (b) phonological or
graphemic paralexias and paragraphias (additions, omissions and substitutions, indicative
of the dysfunction of grapheme–phoneme conversion mechanisms or working memory
deficits).

A different selection of tests for language assessment was applied to each subject.
The results from these tests supported classification of the type of aphasia according to
the semantic or syntactic losses that were identified, for example. Through this, the most
evident difficulties could be identified in order to decide which type of program each
individual should be referred to. Some of the tools used for language assessment were not
validated for use in Portuguese but were translated, adapted, and applied to a group of
cognitively healthy controls. The studies conducted on the versions of the language tests
used in the current study are referenced above.

2.3. Study Design

This was a multiple single-case study consisting of four stages: (1) complete language
assessment and pre-test (trained/untrained items); (2) speech and language intervention
(four different types); (3) post-test (trained and untrained items) and, for the naming and
sentence production interventions, subjects were also assessed in another task in order to
address generalization; (4) follow up, which was conducted 1–8 months after completion
of the program.

After the language assessment, each participant was allocated to a cognitive interven-
tion program directed towards a specific language-speech impairment. This program was
individualized and was chosen considering: (1) speech and language deficits (the most
severe or apparent impairment); and (2) complaints and communication needs, in order to
achieve functional adaptation. The functional deficits were identified during the clinical
interview with the patients and their families. The best approach was then defined as a
consensus with at least two speech therapists.

For the intervention phase, three speech and language therapists adapted four semi-
structured programs that was designed for PPA deficits. Rehabilitation materials were
personalized, and intervention programs were adjusted to the severity of deficits. The
subjects were invited to participate in a 24-session program, but this length of program was
not always possible, and the number of sessions was adjusted (see general procedures) to
account for any particular mobility issues (for example, whether the individual was living
in the city where the clinic was located, could afford transportation to the clinic, or needed
a caregiver to accompany him/her, etc.).
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The post-test stage consisted of reevaluation on the trained and untrained items (one
week after the last rehabilitation session) to assess the effects of the treatment. In addition,
for the interventions that focused on naming and on sentence production, generalization
was also assessed in a different language task.

The degree of maintenance of the gains (follow up) was assessed in a subgroup of the
subjects, at the time when they returned for a clinical consultation. The participants were
retested on trained and untrained items. Due to time constraints, in two cases only the
trained items were tested.

General Procedures

The clinical evaluations and intervention programs were performed by licensed speech
and language therapists at the Behavioral and Cognitive Neurology Outpatient Clinic of
Hospital das Clínicas, Federal University of Minas Gerais, in Belo Horizonte, Brazil.

The participants were offered 24 sessions of 50 min each, implemented over four
months (twice a week). The programs were adjusted according to each individual’s or
family’s time constraints in this context of a real clinical setting. In some cases, the subjects
were just temporarily visiting the region, to look for a diagnosis in a specialized clinic,
and treatment had to be implemented within a period of only two weeks. In other cases,
the families committed to a three-month period, while in yet other cases we were able to
extend the intervention and see the subjects for 12 months. Because of the heterogeneity
of the duration of the treatments provided, as well as the decision to use a tailor-made
approach in designing the therapy, we applied a multiple single-case study design in order
to report on the effectiveness of the therapies.

Regardless of the type of intervention, the participants were encouraged to practice at
home, and we offered training to the caregivers to support this practice (they were trained
to assist when the subjects required help), but not all individuals and caregivers were able
to follow this procedure. The stimuli sent to their homes were the same as those trained in
the sessions. Practice at home was encouraged throughout the treatment; however, it was
not formally monitored.

2.4. Interventions

2.4.1. Intervention Focusing on Naming

This treatment was based on Senaha et al. [66] and was aimed at naming deficits
(either due to semantic memory deterioration or to lexical retrieval deficits). Its main goal
was to improve or maintain individuals’ performance in a set of core vocabulary items that
could support their communication needs, with a remediation or prophylaxis approach,
respectively. The items to be trained were selected for each subject considering: (1) specific
needs and relevance to daily life; and (2) relative preservation of semantic knowledge
of that item. Items were selected after interviewing the participant, spouse or frequent
communication partner before the first week of the study. Before starting the rehabilitation
program, the participants’ families were involved in the selection of relevant words for
the training. The criterion was their relevance to daily communication. The trained and
untrained sets included both correctly named and incorrectly named stimuli that were
presented in the pre-test. The only requirement was that the patient was seen to retain
some semantic knowledge about the item in the pre-test (i.e., the ability to describe the
context within which that item is usually seen, or its function, etc.). The sets included
items from different semantic categories. The items consisted predominantly of picturable
nouns, proper nouns, adjectives and verbs, as required, depending on the participants’
communication needs. The number of items to be trained varied among the participants
and was adjusted to their motivation for intervention (i.e., the amount of time that they
could dedicate to daily practices). The training consisted of looking at meaningful pictures
or photos of objects or people and trying to name them. The subjects were discouraged
from guessing (i.e., following the principles of errorless learning) and were encouraged to
check the written corresponding names at the back of each card in case they were not sure.
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Then, they were asked to read the names aloud and build a meaningful sentence to use that
word in context. When the subject was unable to produce this sentence on his own, the
therapist elaborated it and asked for repetition. This last step was included in the training
routine and differed from the procedure used by Senaha et al. [52]. As the participants’
naming performance improved, the last letters/syllables were gradually erased from the
back of the card until only the first letter remained as a written graphic cue that induced
correct naming of each stimulus.

After selecting the training set, another set of items was prepared by two or three
speech and language therapists for each subject (control set). These included items of the
same grammatical category, of similar familiarity and picture complexity as in the training
set. The subjects’ performance regarding the trained and untrained items was assessed
twice in all cases (one week before and after the intervention). Some participants had a
third evaluation (follow-up). The trained items were individualized, but the untrained
items were selected from a set of stimuli that the speech and language therapists used for
their interventions, which were matched as much as possible to the trained set, according
to psycholinguistic parameters (grammatical class, familiarity and visual complexity). The
subjects’ comprehension and preservation of some semantic knowledge of the stimuli in
the sets was assessed indirectly through qualitative analysis on the responses to naming
in the pre-test and the consensual decisions of the speech and language therapists, based
on clinical judgment. Retention of basic semantic knowledge of the items in the lists was
demonstrated through the ability to provide at least a basic description or show with
gestures how to use the item or the context in which it is usually found.

The effectiveness of the intervention was evaluated by comparing the numbers of
correct responses before and after the treatment from the trained and untrained (control)
items. The generalization was evaluated by comparing the individuals’ performances in
another task (semantic verbal fluency), before and after the treatment.

2.4.2. Intervention Focusing on Sentence Production

This intervention was based on Bock and Levelt’s model of sentence production. In our
study, the two participants assigned to this treatment received an intervention targeting the
positional level. We aimed at verb inflections for production of accurate simple sentences
with the structure “subject-verb-object”. We targeted the verb due to its central role in the
sentence.

Twenty regular, familiar and high-frequency verbs were selected for the set of training
and control stimuli, based on daily routines (examples: to get up, to eat, to cook, to shop,
to work, and to go to sleep). We used a set of 40 written sentences with a gap to be filled by
a verb in the present or in the past tense (an adverb at the beginning of the sentence cued
the verb tense, i.e., “every day” or “yesterday”). Each verb was practiced in both tenses
with a model provided by the therapist (repetition). The therapist provided the model
aloud (adverb + subject + inflected verb) and the subject was asked to read the sentence
and reproduce the verb form in the correct position and inflection (where there was a
blank). Then, the therapist asked the subject to produce the full sentence again without
reading support. A second drill consisted in providing a written prompt (adverb + subject
+ verb in the infinitive form) and ask the subject to produce the full sentence. Errors were
discouraged; if necessary, the subject could use the written material (i.e., errorless learning).
This procedure was repeated until the subject was able to produce the complete sentence
accurately from the adverb, subject and verb prompt (e.g., from the prompt “Yesterday +
to eat”, the subject should produce “Yesterday I ate a sandwich”). Models and cues were
gradually removed until the subjects were able to produce and speak the sentence aloud
accurately.

Another 40 sentences with 20 different regular, familiar, and high frequency verbs
were used as control set.

The effectiveness of the intervention was evaluated by comparing sentence production
before and after the treatment, comparing gains in trained and untrained items. Discourse
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production from the cookie theft picture was used to look at the transference of the training
to discourse.

2.4.3. Intervention Focusing on Speech Production

Based on Henry et al. [32], we implemented a treatment method using structured
oral reading as a tool for improving the production of multisyllabic words (two or more
syllables). This was directed towards individuals presenting apraxia of speech. During
the treatment sessions, the subjects were trained in self-detection and correction of speech
errors while reading one text aloud (the training involved rereading of the same text over
the sessions). The treatment approach involved the following steps:

- The subject was required to read aloud a selected text. When he/she produced a word
incorrectly (with one or more speech sound errors), he/she was asked to stop reading
and practice that word (target).

- The subject produced the word syllable-by-syllable many times until he/she reached
the correct articulation (appropriate prosody and speed of speech). If the target was a
multisyllabic word, it was underlined in the text and lines were drawn dividing the
word into constituent syllables. Single-syllable words were repeated until correctly
produced in isolation.

After success in producing the word in isolation, the subjects were asked to read the
sentence again in order to achieve correct word production in sentence context. If the word
was again produced erroneously, the subjects were asked to repeat the previous steps, until
the entire sentence was produced correctly.

Two different texts were applied for training (one for each participant), considering
that their educational levels were different. The simplest had 120 multisyllabic words
and the most complex had 319. The untrained texts had 95 and 179 multisyllabic words,
respectively.

For homework, the subjects were encouraged to train on the text used in the session.
The effectiveness of the intervention was evaluated by comparing accuracy in the

production of trained and untrained multisyllabic words (pre- and post-intervention). The
pre-test intervention measurements considered the number of errors that the subjects made
in the first reading of the text. We compared their performance in the trained text with
their performance in an untrained text.

2.4.4. Intervention Focusing on Phonological Awareness and Verbal Working Memory

Spelling of words requires temporary storage of the sequence of letters in working
memory (graphemic buffer) while the individual letters are being written or spelled out
aloud. Moreover, spelling of familiar words in dictation involves recognition of the spoken
word (access to the stored phonological representation of the word) and access to the correct
spelling of the word (the stored orthographic lexical representation) [56]. Therefore, spelling
is used as a strategy for phonological treatment focusing on phonological awareness and
verbal working memory, in cases of aphasia [33,67,68].

Phonological deterioration, starting from a phonological short-term memory deficit,
characterizes lvPPA. Whereas most individuals with this syndrome mention lexical retrieval
problems as their main deficit, some are more concerned with spelling deterioration and
short-term memory deficit. Given that there were few studies on lvPPA and, to our
knowledge, none reported any treatment addressing phonological deficits and spelling, we
developed a protocol based on the study of Louis et al. [35], while also combining some
strategies used in individuals with post-stroke aphasia.

The training consisted of activities at the syllable and phonemic levels, along with oral
and written spelling. Twenty regular words were selected for the training/control stimuli
set. In every session, the subjects practiced the spelling of each word through dictation.
If there was an error in the spelling, the therapist guided the subject to read his/her
production aloud, so that the subject could try to identify the error and write and/or spell
the word aloud again. If the word was misspelled again, visual support was provided
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(written word) and the subject was asked to copy the word. Other activities were also
practiced in the sessions: forming words from a group of syllables or phonemes (synthesis),
identifying the number of syllables and phonemes in words (analysis), identifying rhymes
and alliterations and manipulating syllables and phonemes to form new words.

Another set of 36 regular words were used as controls.
The effectiveness of the intervention was evaluated by comparing accuracy in spelling

pre- and post-intervention. We compared the performance in trained and untrained words.

3. Data Analysis and Statistics

The treatment effects were analyzed for each subject using the Wilcoxon signed rank
test to determine whether there were any differences in the numbers of correct responses
from the trained and untrained stimuli sets from before and to after treatment. We used
JAMOVI version 1.6, [69] for the statistical analyses. Since nonparametric tests do not
include confidence interval values or effect sizes, we reported estimates generated through
paired t tests and Cohen’s d effect sizes in order to estimate the internal validity of the study.
However, those measurements should not be considered for generalization purposes. The
statistical significance level was set at 0.05 and we reported 95% confidence intervals.

4. Results

Thirty-two subjects were referred to the study within the three-year recruitment
period. Six subjects with severe language deficits were excluded and eight subjects did
not complete the intervention program. In relation to these non-adherent cases, five were
svPPA, two nfvPPA, and one mxPPA. The reasons for dropping out from the treatment
program included: frustration; anxiety and discouragement due to their own difficulties;
illness in the family; unwillingness to do activities at home; distance between the home
and the outpatient unit; and feeling that the treatment was not solving the problem.

Eighteen individuals with different PPA variants participated in the study. Table 1
shows the demographic and clinical characterization of the participants and Table 2 shows
their performance in formal language tests. For all of them, Portuguese was their first
language. None of them had any visual or hearing impairments. All of them were at
the mild or moderate stages of the syndrome, and all of them were allocated to one
out of the four types of intervention, as mentioned previously. Seven undertook the
follow-up assessment. All subjects had at least one cognitive screening and none of them
manifested impairment in other major cognitive domains that could significantly interfere
with language.

Out of the 18 individuals with PPA who were included in the study, 3 met the criteria
for nfvPPA (participants C15, C16, and C17), 5 for lvPPA (participants C6, C7, C8, C11, and
C12), 5 for svPPA (participants C1, C2, C3, C4 and C5) and 5 for mxPPA (participants C9,
C10, C13, C14 and C18).

Ten participants received an intervention focused on naming (C1, C2, C3, C4, C5, C6,
C7, C8, C9 and C10); two received therapy for sentence production (C15 and C16); two for
speech production (C17 and C18) and four for phonological awareness and verbal working
memory (C11, C12, C13 and C14) (Table 3).
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Table 1. Sociodemographic and clinical characterization of the patients.

Sex Age (Years)
Schooling

(Years)
Disease Duration at

Treatment Onset (Years) PPA Variant Handedness Brain Atrophy Pattern MMSE—DRS Mattis

C1 F 60 22 2 Sv right-handed Bilateral T 26/30–116/144

C2 M 62 16 2 Sv right-handed Bilateral T (more prominent on the left) 24/30–117/144

C3 M 57 21 1.25 Sv right-handed Bilateral T 26/30

C4 M 65 20 2 Sv right-handed Left FTP 25/30

C5 F 68 16 2 Sv right-handed Bilateral T (more prominent on the left) 28/30

C6 F 56 15 1 Lv left-handed Bilateral PO 25/30–127/144

C7 M 62 16 2.5 Lv right-handed Left posterior P 24/30

C8 F 80 4 2.5 Lv right-handed Left posterior TP 10/30

C9 F 67 11 1 Mx right-handed Left FTP 27/30–134/144

C10 M 57 11 1 Mx right-handed Left FTP 29/30–131/144

C11 F 76 8 1 Lv right-handed Left posterior TPO 19/30

C12 F 60 15 4 Lv right-handed Right posterior TP 21/30–126/144

C13 M 69 16 2 Mx right-handed Bilateral FT (more prominent on the left) 25/30–113/144

C14 F 65 19 3 Mx right-handed Bilateral P (more prominent on the left) 29/30

C15 M 66 15 3 Nf right-handed Left FT 28/30

C16 M 70 4 1 Nf right-handed Left FTP 17/30–115/144

C17 M 75 7 2 Nf right-handed Bilateral T 25/30–131/144

C18 F 78 25 4 Mx left-handed Volume reduction expected for age 30/30

Note: Legend: F = female; M = male; sv = semantic variant; lv = logopenic variant; nf = nonfluent variant; mx = non-classified/mixed; T = temporal lobe; P = parietal lobe; PO = parietal occipital lobe;
TP = temporal parietal lobe; FT = frontal temporal lobe; FTP = frontal temporal parietal lobe; TPO = temporal parietal occipital lobe; MMSE = mini-mental state examination; DRS Mattis = dementia rating scale.
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Table 2. Performance of the subjects in formal language tests.

Naming Verbal Fluency Repetition Boston Test
Sentence

Comprehension
Reading Writing

Object
Knowledge

Motor
Aspects of

Speech

Boston
Naming
(n = 60)

Semantic—
Animals

Phonemic—
F.A.S.

Words
(n = 10)

Sentences with
High-Frequency

Words
(n = 8)

Sentences with
Low-Frequency

Words
(n = 8)

TROG
(n = 80)

Token
Test

(n = 57)

C1 30 14 27 10 8 8 75 53 Preserved Preserved Preserved Preserved

C2 30 10 26 9 8 8 NA 51
Isolated

phonemic
paralexias

Graphic paragraphia-
substitutions and
regularization of

foreign words

Preserved Speech
apraxia

C3 10 10 30 10 8 7 NA NA Surface dyslexia Surface dysgraphia
Moderate-

severe
impairment

Preserved

C4 28 10 13 10 5 3 68 39

Dyslexia with
regularization
and semantic

paralexias

Surface dysgraphia Mild Preserved

C5 4 3 29 10 7 8 74 49 Dyslexia with
regularization

Surface dysgraphia and
phonological
paragraphia

Severe Preserved

C6 41 13 33 10 7 5 68 NA

Isolated
phonemic
paralexias-
inversion

Isolated paragraphia,
spelling changes and

graphic omission
Severe Speech

apraxia

C7 19 9 9 10 4 4 NA NA Phonological
dyslexia

Phonological
dysgraphia Preserved Preserved

C8 15 5 6 10 1 0 NA NA

Phonological and
regularization

errors (low
education)

Phonological and
regularization errors

(low education)

Mild
impairment Preserved

C9 36 18 26 10 8 6 67 47 Preserved

Dysgraphia,
phonological and

graphemic
paragraphias,

regularizations of
foreign words

Mild Preserved

71



Brain Sci. 2021, 11, 1268

Table 2. Cont.

Naming Verbal Fluency Repetition Boston Test
Sentence

Comprehension
Reading Writing

Object
Knowledge

Motor
Aspects of

Speech

Boston
Naming
(n = 60)

Semantic—
Animals

Phonemic—
F.A.S.

Words
(n = 10)

Sentences with
High-Frequency

Words
(n = 8)

Sentences with
Low-Frequency

Words
(n = 8)

TROG
(n = 80)

Token
Test

(n = 57)

C10 48 8 16 10 8 7 79 57 Preserved Regularizations of
foreign words Preserved Preserved

C11 40 10 13 10 6 5 52 39

Phonemic
paralexias-
inversion,

omission and
substitution

Dysgraphia with
phonological

paragraphia, spelling
changes, graphemic

and syllabic omission

Mild Speech
apraxia

C12 33 14 21 9 6 6 62 51 Phonological
dyslexia

Phonological
dysgraphia

(phonological
paragraphias and

graphemic omission)

Preserved Speech
apraxia

C13 24 10 5 8 6 4 NA 30

Morphological
and phonological

paralexias
(mainly) and
lexicalization

Graphemic
paragraphia-omission

and phonological
paragraphia

Mild Preserved

C14 4 13 15 9 4 4 54 41
Phonemic
paralexias-
omission

Regularization of
foreign words

graphemic paragraphia-
omission and addition

and phonological
paragraphia

Preserved Speech
apraxia

C15 35 5 2 9 6 4 51 22

Phonemic
paralexias-
inversion,

omission and
substitutions and
regularization of

foreign words

Regularization of
foreign words spelling

changes
Mild Speech

apraxia
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Table 2. Cont.

Naming Verbal Fluency Repetition Boston Test
Sentence

Comprehension
Reading Writing

Object
Knowledge

Motor
Aspects of

Speech

Boston
Naming
(n = 60)

Semantic—
Animals

Phonemic—
F.A.S.

Words
(n = 10)

Sentences with
High-Frequency

Words
(n = 8)

Sentences with
Low-Frequency

Words
(n = 8)

TROG
(n = 80)

Token
Test

(n = 57)

C16 21 3 3 7 0 1 38 12

Phonemic
paralexias-

omission and
substitutions and
regularization of

foreign words

Graphemic and
phonological

paragraphias and
lexicalization

Severe Speech
apraxia

C17 35 11 16 9 6 1 76 49 Preserved
Regularization of
foreign words and
spelling changes

Mild Speech
apraxia

C18 40 11 35 10 8 5 76 48 Preserved Preserved Preserved Speech
apraxia

Note: Legend: reading and writing (Boston test and HFSP protocol); motor aspects of speech (speech praxis protocol and Boston test); object knowledge (Cambridge semantic memory research battery). NA =
not available.

Table 3. Results from the intervention programs.

Trained/Treated Items Untrained Items

Type of
Treatment

Subjects
Number

of
Sessions

Number
of Items

Baseline
Accuracy

Post-
Intervention
Accuracy

p
Confidence
Interval—
Compared

Effect Size
(Estimate)

(Cohen’s d)

Number
of Items

Baseline
Accuracy

Post-
Intervention
Accuracy

p
Confidence
Interval—
Compared

Effect Size
(Estimate)

(Cohen’s d)

N
am

in
g

C1 20 177 88 166 <0.01 −0.51/−0.366′ 0.885 60 30 35 <0.05 −0.155/−0.011′ 0.299
C2 8 60 18 36 <0.01 −0.419/−0.180′ 0.649 60 34 32 0.346 −0.0134/0.080′ 0.184
C3 5 43 0 38 <0.01 −0.983/−0.784′ 2.725 60 10 6 0.072 0.0016/0.132 0.265
C4 16 86 63 77 <0.01 −0.2424/−0.083′ 0.438 60 28 30 0.346 −0.080/0.013′ 0.184
C5 8 139 89 139 <0.01 −0.44/−0.27′ 0.747 60 4 9 0.037 −0.15/−0.011′ 0.299
C6 14 92 37 46 <0.01 −0.160/−0.360′ 0.327 60 45 41 <0.01 −0.542/−0.224′ 0.625
C7 12 80 48 64 <0.01 −0.290/−0.110 0.497 20 11 11 NS NS NS
C8 16 30 0 27 <0.01 −1.014/−0.786′ 2.95 30 0 21 <0.01 −0.874/−0.526′ 1.50
C9 7 140 108 140 <0.01 −0.29/−0.158′ 0.542 60 36 43 <0.01 −0.20/−0.033′ 0.360

C10 11 147 137 147 <0.01 −0.10/−0.02′ 0.269 60 48 50 0.34 −0.08/0.0013′ 0.184
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Table 3. Cont.

Trained/Treated Items Untrained Items

Type of
Treatment

Subjects
Number

of
Sessions

Number
of Items

Baseline
Accuracy

Post-
Intervention
Accuracy

p
Confidence
Interval—
Compared

Effect Size
(Estimate)

(Cohen’s d)

Number
of Items

Baseline
Accuracy

Post-
Intervention
Accuracy

p
Confidence
Interval—
Compared

Effect Size
(Estimate)

(Cohen’s d)

P
ho

no
lo

gi
ca

l
aw

ar
en

es
s

an
d

ve
rb

al
w

or
ki

ng
m

em
or

y C11 12 20 6 7 1 −0.154/0.054’ 0.224 36 17 14 0.149 −0.011/0.178’ 0.297
C12 19 20 15 16 1 −0.154/0.054′ 0.224 36 31 30 1 −0.028/0.084′ 0.167
C13 19 20 6 7 1 −0.155/0.054′ 0.224 36 27 18 <0,01 0.101/0.398′ 0.569
C14 23 20 14 16 0.34 −0.244/0.044′ 0.325 36 21 23 0.346 −0.134/0.023′ 0.239

Se
nt

en
ce

p
ro

d
u

ct
io

n

C15 6 20 17 20 0.149 −0.321/0.0215′ 0.409 20 14 20 0.020 −0.520/−0.800′ 0.638
C16 10 20 2 14 <0.01 0.835/−0.364′ 1.194 20 1 7 0.020 −0.520/−0.800′ 0.638

Sp
ee

ch
p

ro
d

u
ct

io
n

C17 10 120 108 117 <0.01 −0.123/−0.027′ 0.284 95 12 47 <0.01 −0.467/−0.269′ 0.760
C18 24 319 277 319 <0.01 −0.169/−0.094′ 0.389 179 120 140 <0.01 −0.158/−0.065′ 0.354

Note: Legend: NS = not significant.

Table 4. Results from the generalization across subjects.

Generalization to Others Tasks

Type of
Treatment

Subjects Verbal Fluency—Animals
Discourse Production from the Cookie

Theft Picture
p

Confidence
Interval—Compared

Effect Size (Estimate)
(Cohen’s d)

Pre Post Pre Post

N
am

in
g

C1 14 18 NU NU 0.072 −0.435/−0.009′ 0.519
C2 14 10 NU NU 0.073 0.0150/0.0556′ 0.609
C3 12 12 NU NU NS NS NS
C4 10 5 NU NU 0.037 0.0786/0.691′ 0.760
C5 3 9 NU NU 0.02 −0.775/−0.148′ 0.889
C6 13 14 NU NU 1 −0.226/0.829′ 0.267
C7 8 9 NU NU 1 −0.245/0.0907′ 0.277
C8 5 4 NU NU 1 −0.0907/0.245′ 0.277
C9 18 14 NU NU 0.072 0.009/0.435′ 0.519
C10 8 8 NU NU NS NS NS
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Table 4. Cont.

Generalization to Others Tasks

Type of
Treatment

Subjects Verbal Fluency—Animals
Discourse Production from the Cookie

Theft Picture
p

Confidence
Interval—Compared

Effect Size (Estimate)
(Cohen’s d)

Pre Post Pre Post

Se
nt

en
ce

p
ro

d
u

ct
io

n

C15 NU NU 8 10 0.346 −0.194/0.0343′ 0.289
C16 NU NU 4 1 0.149 −0.0169/0.257′ 0.362

Note: Legend: NU = not undertaken; NS = not significant; Pre = Pre-intervention; Post = Post-intervention.

Table 5. Results from the follow-up assessments.

Follow Up—Trained Items Follow Up—Untrained Items

Subjects
Time

Interval
(Months)

Number
of Items

Post-
Intervention
Accuracy

Follow-Up
Accuracy

p
Confidence
Interval—
Compared

Effect Size
(Cohen’s d)

Number
of Items

Post-
Intervention
Accuracy

Follow-Up
Accuracy

p
Confidence
Interval—
Compared

Effect Size
(Cohen’s d)

N
am

in
g C1 6 177 166 163 0.149 −0.017/0.279 0.131 60 35 35 NS NS NS

C7 8 80 64 48 <0.001 0.263–0.728 0.497 20 11 9 0.163 −0.044/0.244 0.325
C9 6 140 140 125 <0.001 0.174/0.515 0.345 60 43 42 1 −0.170/0.050 0.129
C10 6 147 147 144 0.149 −0.018/0.306 0.144 60 50 50 NS NS NS

P
ho

no
lo

gi
ca

l
aw

ar
en

es
s

an
d

ve
rb

al
w

or
ki

ng
m

em
or

y

C11 2 20 7 6 0.330 −0.223/0.665 0.224 36 14 NU NU NU NU
C13 4 20 7 5 0.346 −0.129/0.771 0.325 36 18 NU NU NU NU

Se
nt

en
ce

p
ro

d
u

ct
io

n

1 20 20 20 NS NS NS 20 20 20 NS NS NS

Note: Legend: NU = not undertaken; NS = not significant.
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4.1. Intervention Focusing on Naming

As shown in Table 3, all the subjects improved significantly with regard to trained
items. However, the estimated effect sizes varied from large (C1, C3, and C8) to medium
(C2, C5, C9) and small (C4, C6, C7, and C10). The set of trained stimuli varied among the
participants: for C3 and C8, an intervention of remediation was implemented in which only
items that participants failed to name at the baseline were trained. For the other subjects,
prophylaxis items were also included. The number of pictures selected for the training
varied among the subjects, depending on the severity of the deficit and the acceptance and
motivation to engage in the treatment.

Four participants presented significantly improved performance regarding untrained
stimuli: C1 and C5 (svPPA); C8 (lvPPA); and C9 (mxPPA) (Table 4). C1 and C8 received
a remediation program in which their pre-test performance was very different between
trained and untrained stimuli. The implications of this design for the interpretation of
therapy gains are addressed in the discussion.

Generalization to a different task was observed only in C1 and C5 (both svPPA), with
marginal significance in C1. Five subjects kept the same level of performance and three
declined, but not significantly.

Follow up was conducted in four cases (C1, C7, C9, and C10). Two participants
maintained the treatment results and two worsened significantly with regard to trained
items. For the untrained items, all subjects maintained the results (Table 5).

4.2. Intervention Focusing on Sentence Production

As shown in Table 3, two subjects received this treatment. C15 received prophylaxis
treatment and presented no significant change in the trained items (but there was an
increase in the correctness of the trained items). There was a significant improvement in the
untrained items. This strategy was also implemented in another task, with improvement
in the cookie theft picture, but without statistical significance (Table 4).

In contrast, subject C16 received remediation treatment and improved significantly
in trained and untrained items with large and medium effects, respectively. However,
the strategy was not transferred to discourse, such that there was a significant decline in
relation to the cookie theft picture.

A follow-up assessment was undertaken in relation to one participant (C15), one
month after the end of the intervention, with maintenance of treatment results, both for
trained and for untrained items (Table 5).

4.3. Intervention Focusing on Speech Production

As shown in Table 3, both subjects who participated in this intervention improved
significantly in relation to the trained and untrained texts. Thus, they presented significant
reductions in articulatory errors in multisyllabic words. These participants did not perform
tests to assess generalization for other tasks and neither of them returned for the follow-up
evaluation.

4.4. Intervention Focusing on Phonological Awareness and Verbal Working Memory

The four subjects who took part in this training did not present any significant im-
provement in spelling after the intervention, either for trained or untrained items. However,
correct responses to trained items numerically increased among all the subjects, whereas the
number of correct responses to untrained items decreased for three of them and increased
for C14.

Follow-up of trained items was possible for C11 and C13. Both participants demon-
strated maintenance of the treatment results (Table 5).

5. Discussion

This study investigated the implementation and effectiveness of four different inter-
ventions for PPA. We used a client-centered approach in which treatments were offered
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considering the subjects’ main difficulties and concerns, and with individualized relevant
stimuli for training. To our knowledge, this is one of the largest case series reporting
language intervention results in PPA, and it has strong ecological validity in that it reports
on work conducted in a public specialized outpatient clinic. We adjusted the programs
to several individual variables involving patients and their caregivers, which is expected
to happen in real clinical contexts. Motivation and engagement with treatment were also
considered. Thus, some subjects received a more prophylactic form of treatment, whereas
others received treatments with more items that involved “relearning” or “reacquiring”.

We acknowledge that the high variability of treatments compromises the generaliza-
tion and replicability of our results. In addition, as the list of trained and untrained stimuli
were not strictly matched according to psycholinguistic parameters or to pre-treatment
performance, there are important limitations on interpreting the results from generalization.
Therefore, our conclusions and discussions should be considered at the level of “practice-
based evidence” [9], in which we observed benefits from SLT in a large sample of PPA
subjects. We proposed different interventions addressing not only naming and lexical
retrieval, but also other language and speech impairments.

Practice-based evidence can also be demonstrated through case studies of individ-
uals with PPA with gains after intervention [9]. Moreover, the ASHA report of the Joint
Coordinating Committee on Evidence-Based Practice [70] argues for the importance of
the initial investigation evidence, even when it does not meet rigorous quality standards.
That report also mentioned principles of evidence-based practice followed by speech and
language therapists that were considered in the present study: client-focused care approach,
clear communication to aid the client’s weight clinical alternatives, pursuit of consensus
decisions, and top-notch clinical care.

5.1. Intervention Focusing on Naming

In our study, all ten subjects (5 svPPA, 3 lvPPA and 2 mxPPA) who underwent this
type of intervention improved significantly in relation to the treated items and four also
significantly improved in relation to untreated items. Other studies have had similar results
and have demonstrated that individuals with PPA are able to relearn target vocabulary
during the active phase of treatment [11–17] and that learning can be generalized to
untrained stimuli [13,15,16,18–20]. However, the latter result is not consistent across
studies. Among our subjects, two svPPA subjects presented generalizations for other
language activities (semantic verbal fluency). Our results corroborate the results in the
literature [10,71], in that they show that generalization is particularly difficult to achieve in
the semantic variant, given that in situations of degraded semantic knowledge, learning
is rigid and context dependent. Patients with more evident therapy gains received a
remediation program in which pre-test performance was very different for trained and
untrained stimuli. In a repeated-measurement design, extreme results tend to regress to
the mean. In our study, this statistical phenomenon may have inflated the improvement
in treated items, compared with untreated items. Despite this limitation, the gains were
clinically significant and confirm the results from previous studies, thus supporting practice-
based evidence of a benefit from behavioral interventions addressing naming deficits in
PPA.

Four participants underwent a follow-up evaluation, on average six months after
the end of the intervention. Two maintained the treatment results and two worsened
significantly in relation to trained items. In the untrained items, all subjects maintained their
results. Our findings differ partly from those of the systematic review of Cadório et al. [71],
which included 25 papers on semantic therapy in different PPA subtypes, encompassing 51
subjects in total. Those authors stated that generalization was more difficult to achieve in
the semantic variant (as seen in most of these subjects), compared with the nonfluent and
logopenic variants. However, the lack of strict control of psycholinguistic variables, as well
as the differences in programs (remediation vs. prophylaxis), limits the interpretation of
generalization and maintenance findings from the present study. On the other hand, the
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personal relevance of the stimuli selected and involvement of the individual with PPA in
this selection are factors that may have contributed to the success of the language therapy
in the present study, in the same way as in other reports [10,12,14,72].

Similarly to the present study, Croot [8] also studied lexical retrieval treatment among
individuals with heterogeneous clinical presentations of PPA. The heterogeneous nature of
the sample allowed to observe a range of treatment outcomes and adherence patterns under
the same treatment protocol and to describe disease and participant factors associated with
these outcomes.

5.2. Intervention Focusing on Sentence Production

NfPPA usually presents with mixed symptoms of motor and cognitive-linguistic
deficits. Studies on treatments for this variable are less common than on treatments
for svPPA. The results show that approaches that focus on the deficit (agrammatism,
phonological skills, and speech apraxia, for example) are beneficial to individuals with PPA.

Our two participants who underwent this type of intervention (both nfPPA) im-
proved in relation to both treated and untreated items, thus corroborating previous stud-
ies [29–31,35,73]. Regarding untrained items, both of them improved significantly.

Only one subject presented generalization for other language activities (cookie theft
picture description), with better sentence construction in relation to the pre-test. Schneider
et al. [29] and Louis et al. [35] also showed generalization of results for items and untrained
material. Cadório et al. [71] show that generalization is easier to achieve in this group of
subjects than in relation to the semantic subtype.

One participant underwent a follow-up evaluation one month after the end of the interven-
tion, with maintenance of the results. Among the follow-up studies, only Hameister et al. [31]
reported that learning was maintained after the end of therapy.

5.3. Intervention Focusing on Speech Production

Few studies have implemented interventions to improve fluency in nfPPA.
Structured oral reading proved to be an efficient and effective means of addressing

multisyllabic word production in speech apraxia associated with nfPPA. In the study
by Henry et al. [32], one participant showed a reduction in speech errors during the
reading of novel text. Similarly, the two subjects in our sample who underwent this
intervention (one nfPPA and one mxPPA) improved significantly in relation to both treated
and untreated items.

5.4. Intervention Focusing on Phonological Awareness and Verbal Working Memory

Among the four subjects (two lvPPA and two mxPPA) treated with this type of inter-
vention, none presented any significant improvement in spelling after the intervention, in
relation either to trained or to untrained items. However, all four of them showed numerical
increases in the correct responses relating to trained items, whereas three showed decreases
relating to untrained items and only subject C14 showed an increase in this regard.

It is noteworthy that maintenance signs of the same level of function in progressive
disorders should be seen as a success. Moreover, in these cases it is important to slow down
the progression and maintain the communication abilities of subjects [74].

Regarding follow up, two participants were reassessed, with maintenance of treat-
ment results, but without statistical significance. This was comparable with the results of
Beeson et al. [75] and Henry et al. [16], but different from Rapp and Glucroft [34], who
demonstrated worsened results in the follow-up reassessment.

5.5. General Remarks about Treatments and Concluding Comments

We have reported on treatment results for a case series of individuals with PPA. We
now discuss some challenges and limitations of our study and other factors of relevance to
interventions directed towards speech and language deficits in PPA.
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There are few studies on PPA treatment in low and middle-income countries. Like
in other studies on this topic, our sample was not large (although larger than in other
studies that recruited individuals in the same clinic) and the participants’ characteristics
varied considerably even within the same variant of PPA. However, given the relatively low
prevalence of PPA, treatment studies on this population usually involve a small number of
participants [10].

Another related matter is adherence to treatment. In our sample, eight subjects
dropped out of the study before the post-test: five svPPA, two nfvPPA, and one mxPPA.
The average number of sessions that they attended was 17.5. Their reasons for dropping
out from the treatment comprised frustration, anxiety, and discouragement with their own
difficulties, illness in the family, unwillingness to do activities at home, distance between
the consultation office and their home and a perception that their speech and language
difficulties were not being “solved”.

Jokel et al. [74] stated that many individuals who participate in a group intervention
program find it rewarding and positive. Nonetheless, our results show that this finding
is not consistent across different samples. Furthermore, there may be a publication bias
such that patients who do not adhere to treatments are not included in publications. In our
experience, individual treatment was not always motivating and generated frustration and
anxiety among some subjects who were aware of their progressing condition, deficits and
prognosis from treatment.

Information about participant adherence to treatment requirements is rarely reported
in research studies. Taylor-Rubin et al. [76] studied adherence to treatment in the clinical
setting in PPA and mentioned that treatment generally requires the person with PPA
and their caregiver to play an active role in initiating and continuing the daily home
practice. We believe that personalization of therapeutic material and identification with
it favors adherence to the rehabilitation program. Thus, the individuals’ involvement in
the selection of stimuli may have been a factor contributing to the success of language
therapy in the present study and in other reports [12,72]. In our case series, all the stimuli
were personalized, with the aim of improving adherence and achieving better functional
results. The use of meaningful materials would favor the stronger use of these materials
to support functional communication and indirectly increase participation levels. The
goal of rehabilitation is to empower people with cognitive impairment and dementia such
that they can participate in everyday life in their families and communities in meaningful
ways [77].

Taylor-Rubin et al. [76] discussed personal intrinsic factors (such as depression and
mood) and treatment-related extrinsic factors (such as time required and duration), along
with social factors, which are a combination of intrinsic and extrinsic factors, and how
these relate to adherence to treatment. Their results suggested that commencement of
treatment while the person with PPA is in the early stages of disease progression may
improve adherence and increase the possibility of positive treatment outcomes. However,
according to our experience in the public healthcare system, patients take too long to have
their first consultation (for reasons discussed below), which limits the chances of always
beginning the treatment in the initial stage of the disease.

The initial severity of deficits and the length of time since the onset of symptoms
affects the response to treatment, although it is difficult to establish how this occurs.
It is coherent to think that the longer the disease duration is, the greater the linguistic
impairment will be and hence the greater the treatment limitations. There is considerable
inconsistency in reporting the time that has elapsed post-onset and severity levels in the
literature on treatments, since the onset of symptoms is not easily defined. Another effort
towards treating individuals with PPA consists of interpreting the response to treatment
in the context of disease progression, given that a situation of little or no change in the
language skills treated may represent a positive outcome, in comparison with the expected
decline [21,74].
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A significant number of potential participants could not be included in our study
because they were severely impaired. One good alternative for these individuals and their
families would be orientation and interaction groups, for the exchanging of experiences
and counseling, as proposed by Jokel et al. [74] and by Mooney, Beale and Fried-Oken [78].
It is noteworthy that only seven participants returned for the follow-up assessment. In
addition to the difficulty in carrying out follow-up treatment studies on individuals with
neurodegenerative diseases, due to their cognitive decline [33], the structure of the public
care system in Brazil with specialized clinics usually located in large cities, operating within
universities, gives rise to further difficulty. Given that several subjects were not residents
of the city where the study was conducted and, instead, were there only for diagnosis and
intervention therapy cycles, it became more difficult to have them return for follow-up on
a regular basis. The initial schedule envisaged carrying out all reassessments three months
after the end of treatment. However, this interval varied between one and six months, due
to personal, social, and family issues. This factor was referenced in other contexts. Volkmer
et al. [28] mentioned barriers to the provision of speech and language therapy services.
They argued that many people with PPA are never referred to speech and language therapy
services in the first place, due to the lack of evidence that these interventions give clinically
meaningful benefit in PPA, and due to the limited specific speech and language therapy
services available.

That is also the reason for some of the very short-term cycles of interventions reported
in this study. We believe that interventions need to be patient-centered and tailored. Ideally,
cognitive rehabilitation programs should be long-term, in line with the progression of the
disease and the changing needs of the subjects. However, many individuals do not have
access to cognitive intervention clinics or cannot afford treatments. In contrast, some public
services need to deal with high demand from patients and cannot provide long-term follow
up. For these contexts, brief cycles of intervention and follow up can be an alternative.

We believe that one important contribution of this paper was that it allowed us to share
our clinical experience in implementing interventions among PPA subjects. We reported the
results from programs and strategies that could be implemented by speech and language
therapists as part of a more comprehensive rehabilitation program. Short cycles can be
implemented in contexts where patients lack access to full care and to interventions that
can be implemented by caregivers. Conversely, in more complete care settings, therapists
may combine different strategies according to the needs of the individual.

Other options for interventions with promising preliminary results are being studied.
These include neuromodulation, computer-based approaches, the use of social media and
electronic devices, and home-based interventions [23,79–81]. They may offer more treat-
ment options, even for the most serious cases. For this study, we considered only behavioral
approaches that were already reported in the literature, with the aims of increasing the
number of published cases and making the level of evidence stronger.

Behavioral interventions in PPA showed improvement of the targeted language func-
tion. However, not all of them showed generalizable and long-lasting effects. Tippett
et al. [82] pointed out some reasons that would account for these findings: heterogeneity of
symptoms and pathological processes, reflected by the different PPA variants, different
stages of disease progression at baseline, and variable rates of decline among participants
and studies. Moreover, the trained items were individualized in this study, but untrained
items were selected from the speech and language therapist’s materials. Thus, the trained
and untrained items were not well matched according to the psycholinguistic criteria.
Hence, generalization must be considered with caution. It is important to consider the
use of more balanced sets (trained and untrained) in future studies. Similarly, the direct
treatment gains in the pre- and post-design (for treated items) need to be interpreted with
caution for each individual, since we do not know how stable the pre- and post-scores
were. Multiple-baseline assessments would provide a better design for the study and must
be implemented in future research.
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Generalization of treatment gains for untrained tasks may be related to the nature
of the intervention and to the use of episodic/autobiographical information [83]. The
maintenance of the results achieved in the training does not seem to be influenced by the
PPA subtype, but by other factors, such as continuous practice, duration of treatment, and
frequency of sessions [71]. All the item sets exhibited a decline in accuracy from the end of
treatment to the follow-up evaluation, which was consistent with the degenerative nature
of PPA.

Some participants reported having a subjective perception of improvement in func-
tionality regarding communication at the end of treatment. However, as we did not have
any means of objective assessment for analyzing this information, we did not include this
observation as part of our results. In future studies, we intend to objectively quantify this
information.

Another limitation related to the lack of control over practice at home. Differences
between participants may have contributed to different treatment results. The absence of
supervision of the control stimuli in the patients’ daily life should also be considered as a
limitation of the work, since this could potentially interfere with the results.

We recognize that the absence of a control group is a limitation, but we point out that
it is a small sample and heterogeneous as to the types of deficits, which makes it difficult to
compare patients with and without rehabilitation.

Lastly, we can highlight that this study addressed some important matters: 1. Our
study reported on a range of interventions targeted to the individuals’ communication
needs; 2. Different treatments were selected for different individuals, determined by the
participants’ language symptoms, and not by their PPA variant; 3. Our study had stronger
ecological validity because it was implemented in a clinical context and because the number
of subjects who did not adhere to therapy and the reasons for this were also reported.

Although PPA is a progressive disorder, both the immediate effects of treatment
and, in some cases, the maintenance results, were positive. The results from our study
show the effectiveness of specific behavioral interventions even at “low dose” (short-term
intervention cycles).
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Abstract: Background. Primary progressive aphasia (PPA) is a neurodegenerative syndrome in
which diagnosis is usually challenging. Biomarkers are needed for diagnosis and monitoring. In
this study, we aimed to evaluate Electroencephalography (EEG) as a biomarker for the diagnosis of
PPA. Methods. We conducted a cross-sectional study with 40 PPA patients categorized as non-fluent,
semantic, and logopenic variants, and 20 controls. Resting-state EEG with 32 channels was acquired
and preprocessed using several procedures (quantitative EEG, wavelet transformation, autoencoders,
and graph theory analysis). Seven machine learning algorithms were evaluated (Decision Tree, Elastic
Net, Support Vector Machines, Random Forest, K-Nearest Neighbors, Gaussian Naive Bayes, and
Multinomial Naive Bayes). Results. Diagnostic capacity to distinguish between PPA and controls
was high (accuracy 75%, F1-score 83% for kNN algorithm). The most important features in the
classification were derived from network analysis based on graph theory. Conversely, discrimination
between PPA variants was lower (Accuracy 58% and F1-score 60% for kNN). Conclusions. The
application of ML to resting-state EEG may have a role in the diagnosis of PPA, especially in the
differentiation from controls. Future studies with high-density EEG should explore the capacity to
distinguish between PPA variants.

Keywords: electroencephalography; resting-state; primary progressive aphasia; biomarkers machine
learning; K-Nearest Neighbors; frontotemporal dementia; Alzheimer’s disease; graph theory

1. Introduction

Primary progressive aphasia (PPA) is a clinical syndrome secondary to the neurode-
generation of language brain regions and networks [1]. There are currently three main
variants of PPA recognized in the literature: non-fluent (nfvPPA), semantic (svPPA), and
logopenic variants (lvPPA) [2]. Diagnosis of PPA in the early stages is usually challenging.
On the one hand, very mild word-finding difficulties may be present in aging, and the
insidious onset of PPA symptoms limit an early identification [3]. On the other hand, there
is a certain overlap between the PPA variants, especially between nfvPPA and lvPPA [4,5].
Neuropsychological batteries and language assessments are usually time consuming, and
a high level of expertise is necessary for an adequate interpretation of the clinical findings.
Although some novel and brief cognitive tests are being developed [6,7], neuroimaging
and cerebrospinal fluid biomarkers are usually performed to confirm PPA diagnosis and
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the specific variant in each case. Structural magnetic resonance imaging (MRI) have shown
adequate values of sensitivity and specificity for the diagnosis of svPPA, but diagnostic
properties for the other variants are poorer [8,9]. Other more advanced MRI sequences
show different patterns between PPA variants, but are not generally applicable routinely.
Regarding positron emission tomography imaging, the 18F-FDG tracer has shown ade-
quate values for diagnosis of the three variants of PPA, especially svPPA and lvPPA [10].
Amyloid tracers may distinguish between patients with amyloid deposition (generally
associated with lvPPA) or not, but it does not have enough sensitivity to discriminate
between subtypes of non-Alzheimer’s disease variants. Novel tracers, such as tau tracers,
are still under investigation and are not usually available beyond research settings [11].
Consequently, the combination of several tools is often necessary to conduct an adequate
diagnosis. However, some of these techniques are not available in all clinical settings, which
jeopardizes the equality of opportunities. In recent years, there is an increasing interest in
an accurate diagnosis of neurodegenerative disorders. Furthermore, early diagnosis may
imply early access to language therapies, which have shown positive effects in PPA [12,13].
In addition, the classification of PPA into three clinical variants improves the prediction of
the underlying pathology [14]. Thus, novel and cost-effective biomarkers are necessary for
early detection and differential diagnosis between PPA variants.

One of the key processes in neurodegenerative disorders comprises the alterations in
brain activity and network disruptions [15]. There are several methods for measuring brain
activity, with differences in the spatiotemporal resolution and applicability. Some methods,
such as single-unit recordings, have high spatial and temporal precision, but are invasive
and are not applicable to large networks and clinical practice. Among the non-invasive
methods, functional MRI, magnetoencephalography and electroencephalography (EEG)
permit the assessment of brain activity across the entire brain [16]. These methods are
generally well tolerated and applicable in clinical practice, and evaluate brain activity with
a resolution on the scale of millimeters and centimeters. This means that each voxel of
a conventional MRI or a channel of an EEG reflect the activity of thousands of neurons
and billions of synapses [17]. In comparison to functional MRI, EEG shows lower spatial
but higher temporal resolution. However, both techniques are regarded as useful for the
assessment of brain activity and connectivity. As advanced computational algorithms
promise to improve signal processing and filtering, noninvasive recording devices are
increasingly being investigated and applied. Some approaches record neural potentials
from the scalp, and depending on the intensity of recording, they can capture the activity of
thousands of neurons. Multiple layers obstruct information transmission from the cerebral
cortex to the scalp, resulting in signal amplitudes and spatial resolution that are reduced.
The electrodes are also sensitive to external interferences such as eye movements, face
movements, chewing, or swallowing, among others [18].

EEG is a widely available technique very useful for the diagnosis of epileptic disease.
In the last years, quantitative EEG has also been confirmed as a helpful biomarker in the
assessment of several neurodegenerative disorders [19]. These studies suggest a potential
clinical application of EEG in the assessment of neurodegenerative disorders, either in
the differential diagnosis between them or with other non-neurodegenerative causes,
including psychiatric conditions [20]. Data regarding the application of EEG signal in
PPA are scarce. In a recent study [21], three patients with nfvPPA and five with primary
progressive apraxia of speech (two of them also showing aphasia) underwent EEG. A theta
slowing was detected in almost all patients with nfvPPA, suggesting a potential clinical
application. Another recent study has detected some particular findings in the analysis of
EEG microstates in 8 patients with svPPA in comparison with controls and Alzheimer’s
dementia [22].

Machine learning (ML) techniques may be helpful in improving the diagnostic per-
formance of EEG, as has been shown in predicting epileptic seizures [23–26], Alzheimer’s
disease [27], or depression [28,29]. The rationale for the application of ML to EEG is based
on the following factors. First, the visual analysis of EEG is time-consuming and requires

88



Brain Sci. 2021, 11, 1262

high levels of expertise. Second, changes in neurodegenerative disorders may be less visu-
ally evident than epileptiform activity, which also limits the inter-rater reliability. Third,
filter settings, frequency bands and criteria for thresholds are not clearly defined in the
setting of neurodegenerative disorders [30].

ML for EEG analysis may be divided into two approaches: feature-based and end-
to-end. On the one hand, feature-based decoding algorithms have a long track record of
effectiveness in various EEG decoding challenges [20,31]. The data are often represented
by handcrafted and previously selected features in this approach. End-to-end decoding
algorithms, on the other hand, allow raw or minimally pre-processed data as inputs [32,33].
To date, end-to-end deep learning has gotten much interest due to its success in other
disciplines of research. At least for the extraction of the features, this technique might
lead to better solutions or the discovery of unexpectedly informative characteristics, and it
does not involve handcrafting. In terms of learning features, end-to-end models have a
reputation for being “black boxes”.

In this study, we aimed to evaluate the potential of EEG as a biomarker for the
diagnosis of PPA. For that purpose, the EEG raw signal was pre-processed in terms of
feature transformations to enlarge the representation domain. We evaluated the diagnostic
performance of EEG for the diagnosis of PPA, and the differential diagnosis between the
three PPA Variants, applying ML models.

2. Materials and Methods
2.1. Participants

Forty patients with PPA were enrolled in this study. All patients met the current
diagnostic criteria for PPA [1]. Patients were evaluated with a comprehensive language
and neuropsychological protocol, which has been described elsewhere [34]. Structural MRI
and FDG-PET were performed in all cases supporting the clinical diagnosis. Accordingly,
patients were categorized as nfvPPA (n = 18), svPPA (n = 10), and lvPPA (n = 12). Twenty
controls (control group, CG) were also included for comparison. Table 1 shows the details
of the groups participating in the study.

The CG was obtained from patients that underwent EEG because of a previous history
of syncope, but visual analysis of EEG, neuroimaging, and clinical follow-up were normal,
excluding potential neurological disorders.

Table 1. Main clinical and demographic characteristics.

PPA nfvPPA svPPA lvPPA

Number of participants 40 18 (45%) 10 (25%) 12 (30%)
Age 68.7 ± 6.94 68.55 ± 7.29 66.80 ± 6.35 70.50 ± 6.97

Women 26 (65%)
Years of education 13.90 ± 4.26 13.33 ± 4.41 14.20 ± 4.15 14.50 ± 4.35

Years since symptom onset 4.00 ± 2.25 4.83 ± 1.94 4.00 ± 2.98 2.75 ± 1.42
ACE-III 55.78 ± 26.59 71.76 ± 22.07 53.89 ± 15.72 48.00 ± 23.37

CDR-FTLD (Sum of boxes) 2.6 ± 1.81 2.22 ± 1.54 2.60 ± 1.67 3.16 ± 2.26

2.2. EEG Acquisition

EEGs were recorded in a resting state condition with the eyes closed and under
the supervision of trained personnel. EEGs were acquired on a NicoletOne device of
32 channels, using the standard 10/20 system and referenced to A1. Time of acquisition
was 20 min.

2.3. Preprocessing

Different signal transformations were applied, aiming to expand the amount of infor-
mation. Signal preprocessing was performed following the pipeline implemented by [35]
in EEGLAB Software (Matlab). These procedures try to minimize the external noise and
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artefacts that are usually present in a raw EEG signal. The following steps were conducted,
which are also summarized in Figure 1:

1. Time ranges selection. Original signals are too long to be analyzed and can contain
some additional noise, so we manually selected those time ranges with higher quality
in the signal representation to get the most accurate and clean signal. This process also
considered the labels recorded during the EEG acquisition and clinical assessment,
which notify about the state of the patient, unexpected events, or activities that could
impact on the signal.

2. High-pass filtering at 1 Hz. This filter was applied to remove baseline noise, remove
noise introduced by sweating, and prepare the signal for ICA analysis.

3. Apply CleanLine process with the following configuration: 10 Hz of bandwidth
at 50 Hz line frequency. This preprocessing step removes line noise and related
harmonics from each one of the scalp channels using a novel approach, as described
in [36]. For that purpose, and for each sliding window over the original data, a
multi-taper FFT is applied to transform the signal to the frequency domain; after that,
the complex amplitude of the desired frequency is extracted. With that information,
a noise signal in the frequency domain is generated and, finally, the time-domain
associated noise signal that needs to be extracted from the original one is also created.

4. Re-reference data to average. This is the most effective and easiest way to re-reference
EEG data because it establishes that the summed up power across the scalp topogra-
phy should sum zero. In other words, we removed the mean over all scalp channels to
every single channel to make sure that all channels contribute with the same weight.

5. Low pass filter at 40 Hz. This step was applied in order to remove any possible
undesired high-frequency signal that was not removed by CleanLine. Although
other investigations are looking for biomarkers in higher frequency ranges of EEG
signal, most recent research works are focusing in lower frequency ranges [37]. For
simplicity of our analysis and control of error sources, we have limited our work to
the lower frequency bands.

6. To apply ICA (Independent Component Analysis) to the signal. This method is a
linear decomposition technique which aims to find the source signals from a set of
mixed signals, as it occurs with EEG. Unlike PCA (Principal Component Analysis),
ICA tries to retrieve those original signals that are maximally statistical independent
in just one domain [38].

7. To epoch data into windows of duration equal to one second without overlapping.
8. Visual artifact rejection of epochs. As a final step, we reviewed manually all signals

and all their epochs looking for artefacts or undesired signal events.

2.4. Quantitative EEG

QEEG, quantitative EEG, is the frequency domain transformation of the original EEG
signal [39]. To obtain this transformed signal, the Discrete Fourier Transform method was
applied over our sampled (at 500 Hz) EEG signal. Given a x(n) discrete EEG signal, the
definition of Fourier Transform (FT) is as follows:

Xk =

N

∑
n=0

xne−2πikn/N , (1)

for 0 ≤ k ≤ N − 1.
This transformation gave a transformed domain that increases the representation

domains of the original signal and, hence, the information provided. We divided the total
frequency range into non-overlapping frequency bands:

• Delta from 1–4 Hz.
• Ipsilon from 4–8 Hz.
• Alpha from 8–14 Hz.
• Beta from 14–30 Hz.
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• Gamma from 30–45 Hz.
• OoB (out of bag) for frequencies higher than 45 Hz.

2.5. Wavelet Transformation

Wavelet Transform (WT) is the decomposition of the original signal into a set of basis
functions consisting of contractions, expansions, and translations [40]. This is a similar
approach to FT but using wavelet functions to achieve the transformed domain.

WT of the EEG signal was obtained by filtering repeatedly until reaching the desired
level of decomposition. In each repetition, we applied a low-pass filter to obtain the
approximation coefficient (CA) and a high-pass filter to obtain the detailed coefficient (CD).
After every filtering stage, the signal was down-sampled by half the sampling frequency of
the previous level.

A total of seven sequential subdivisions were applied until a sufficient number of
transformations, all correctly subdivided in frequency, was achieved. This process provided
eight signals, each one assigned to a different frequency range:

• Subband 1 from 125 to 250 Hz.
• Subband 2 from 62.5 to 125 Hz.
• Subband 3 from 31.2 62.5 Hz.
• Subband 4 from 15.6 to 31.2 Hz.
• Subband 5 from 7.8 to 15.6 Hz.
• Subband 6 from 3.9 to 7.8 Hz.
• Subband 7 from 1.9 to 3.9 Hz.
• Subband 8 from 0 to 1.9 Hz.

From all the extracted signals, sub-bands 1 and 2 were removed from the pipeline
because neither of them offered any information after the application of step 5 in the
preprocessing pipeline section (low-pass filter at 40 Hz).

Figure 1. Preprocessing pipeline.

2.6. AutoEncoders

Autoencoders are a specific type of neural networks architecture where the input is
the same as the output. They compress the input into a lower-dimensional code and then
reconstruct the output from this representation. The code is a compact “summary” or
“compression” of the input, also called the latent-space representation. This novel modeling
technique is also exploited in dimensionality reduction problems.

This architecture was created by using an Encoder-Decoder system (Figure 2). The
first part, the Encoder, used fully-connected layers in which the number of input neurons
is higher than the number of output neurons, to achieve that reduction of dimensionality.
The second part, the Decoder, used fully-connected layers in which the number of input
neurons is lower than the number of output neurons to achieve the reconstruction of the
original signal.

In addition to this vanilla configuration, there are other complex configurations with
multiple hidden layers for the encoding and decoding part, some of them even add noise
to the input or to the intermediate part to force the neural network as a regularization
technique to a better generalization.

As stated, this type of neural networks are usually applied as a technique for dimen-
sionality reduction, but we decided to use them as a mechanism to transform the time
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domain (similarly to the FT and WT). We applied the Encoder to the EEG values along
time, creating a new domain of features and information representation.

Figure 2. Encoder-Decoder architecture of AutoEncoder.

2.7. Graph Theory Analysis

Graph Theory Analysis (GTA) is a mathematical formalism used to model pairwise
relations between objects. Here, we used the EEG sources from the different electrodes to
generate the network that merges such data [41].

For that purpose, we generated a graph matrix, also called adjacency matrix, by
calculating all pairs of partial correlations between all available channels or electrodes [42].
The absolute value operator was also applied to this matrix to achieve our final result,
which in this case was an undirected weighted adjacency matrix.

Once the network was created, it was analyzed using different metrics:

• Node degree. This metric represents the number of links detected for every node.
• Path length. Mean of the shortest links present in the network.
• Clustering coefficient. Number of triangular connections in the network, divided by

the theoretical maximum number of triangular connections. This variable represents
the clustering capacity of the generated network.

In addition to these metrics, we also created a brain representation that shows each
electrode as a node in a graph structure, and the connections that we obtained between
those electrodes. An example of this representation ca be found in the Figures 3 and 4
where the connections of the CG and PPA groups, filtered by alpha frequency range (from
8 to 14 Hz), are shown, respectively.

Figure 3. Network representation for CG group, including nodes, connections and their strength in
alpha frequency band.

Figure 4. Network representation for PPA group, including nodes, connections and their strength in
alpha frequency band.
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2.8. Data Analysis

2.8.1. Binary Classification Model between PPA and CG

A classification model was generated to differentiate between CG and PPA patients
based only on the extracted EEG features. Seven classification algorithms were evaluated:
Decision Tree, Elastic Net (EN), Support Vector Machine (SVM), Random Forest (RF),
k-Nearest Neighbors (kNN), Gaussian Naive Bayes (Gaussian NB) and Multinomial Naive
Bayes (Multinomial NB).

The following pre-processing pipeline was applied to prepare the data for modelling:

• Train-test split. In this step we randomly generated train and test samples from the
original dataset by applying 80% for training sample and 20% for test. This split was
stratified, namely, the proportion of examples in each class is preserved into train and
test samples.

• Scaling. We applied a MinMaxScaler method to each column in order to transform
their range of values into the range [0, 1].

• Univariate Feature Selection. A feature selection step was applied to reduce the
number of features to only 50 features from the original set (309). ANOVA F-value
was computed for each column-target model and only the best 50 scores were selected.

In the training process, the selection of the best hyperparameters for each model
was accomplished by a Bayes-search optimization algorithm (this optimization algorithm
created a full space with all possible hyperparameter values and applied Bayes Theorem in
order to find those exact values that minimized the error function). All models performed
a binary classification using a 10-fold cross-validation using F1-Score metric (2) as the
main metric. This metric was selected to optimize the classification problem, which
was imbalanced. Precision (3), Sensitivity (4), Specificity (5) and Youden Index (6) are
also displayed.

F1 − Score =
2 ∗ Precision ∗ Sensitivity

Precision + Sensitivity
(2)

Precision =
TruePositives

TruePositives + FalsePositives
(3)

Sensitivity =
TruePositives

TruePositives + FalseNegatives
, (4)

Speci f icity =
TrueNegatives

TrueNegatives + FalsePositives
, (5)

YoudenIndex = Sensitivity + Speci f icity − 1, (6)

2.8.2. Classification Model for All Groups

Following the same pipeline described in the binary classification model, a multiclass
classification model was applied in order to distinguish between nfvPPA, svPPA, lvPPA
and CG. The same pre-processing steps, hyperparameter tuning techniques and cross-
validation options were applied here. All models performed a multiclass classification
with 4 different classes (one per each group of patients) and using F1-Score metric as their
main aim.

2.8.3. Network Analysis

We transformed each EEG signal into a Network; this allowed to extract additional
network metrics and enlarge the set of features per patient, but it also allowed to evaluate
the differences between two brains in terms of activity according to these network metrics.

We also visualized the generated connections between EEG channels in each group of
patients. This provided meaningful information about interactions of brain regions across
the different groups of patients.
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2.8.4. Principal Components Analysis

In order to explain the complexity of our working dataset, we applied Principal
Component Analysis (PCA) to reduce the dimensionality. PCA aims to find the directions
of maximum variance in high-dimensional data and projects them onto a new subspace
with equal or fewer dimensions than the original one. Hence, it reduces the number of
features by combining them linearly. We performed a dimensionality reduction to only
two principal components. Accordingly, the visualization of all subjects as data points is
allowed by looking for the linear combination of all the extracted features into these two
principal components. In this way, it is possible to visualize the multi-dimensional data
distribution and evaluate how mixed are the data instances in the representation space.

3. Results
3.1. Classification Model between CG and PPA

Main metrics are summarized in Table 2.

Table 2. Metrics from classification models for PPA vs. CG.

Model F1-Score Precision Sensitivity Accuracy

Decision Tree 0.38 0.39 0.38 0.42
kNN 0.83 0.78 0.88 0.75
SVM 0.58 0.72 0.86 0.58

Random Forest 0.37 0.32 0.43 0.58
Elastic Net 0.4 0.33 0.5 0.66

Gaussian NB 0.78 0.9 0.75 0.83
Multinomial NB 0.73 0.73 0.75 0.75

Seven different models were evaluated for the binary classification: Decision Tree, EN,
SVM, RF, kNN, Gaussian NB and Multinomial NB (Table 2). kNN model, a non-parametric
supervised classification method, achieved the best performance, showing a Sensitivity of
0.88, an F1-Score value of 0.83 and a Specificity of 0.5. The confusion matrix from the best
model (kNN) is shown in Figure 5, as well as its ROC curve in Figure 6.

Figure 5. Confusion matrix from kNN binary classification (PPA vs. CG) model for the test set.
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Figure 6. ROC curve from kNN binary classification (PPA vs. CG) model.

The 20 most important variables used for training are depicted in Figure 7. A Decision
Tree model is included in Figure 8. Regarding the most relevant variables, all variables
except one were generated by the network transformations. Specifically, 40% from Node
Degree, 50% from Clustering Coefficient, 5% Path Length, and 5% qEEG. Similarly, most
features used in the Decision Tree algorithm are associated with network analysis.

Figure 7. Representation of the 20 most important features.
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Figure 8. Representation of decisions in Decision Tree binary model. Scores represent the ANOVA
F-value. Five most relevant variables are shown in red.

3.2. Classification Model between All Groups

A multiclass model (4 classes) was developed to evaluate the possibility of automatic
detection among all the PPA variants and CG. The same aforementioned models were eval-
uated (Table 3). Again, kNN model achieved the best performance. However, Sensitivity
was 0.58 and F1-Score was 0.6. Confusion matrix for this model is shown in Figure 9.
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Table 3. Metrics from classification models for 4 groups (nfvPPA, svPPA, lvPPA, and CG).

Model F1-Score Precision Sensitivity Accuracy

Decision Tree 0.32 0.32 0.4 0.42
kNN 0.6 0.68 0.58 0.58
SVM 0.39 0.40 0.46 0.5

Random Forest 0.39 0.38 0.48 0.5
Elastic Net 0.34 0.31 0.33 0.38

Gaussian NB 0.27 0.25 0.31 0.33
Multinomial NB 0.2 0.2 0.25 0.25

Figure 9. Confusion matrix from kNN multiclass classification model.

As in the previous analysis, Figure 10 shows the graphical representation of the
Decision Tree Model. In this case, decisions are mainly based on features obtained from
network analysis and Autoencoder transformations.
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Figure 10. Representation of decisions in Decision Tree multiclass model.
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4. Discussion

In this pilot study, we evaluated the diagnostic performance of a resting-state EEG
obtained in clinical practice conditions for the diagnosis of PPA. We applied ML models,
as they may be helpful to maximize the diagnostic capacity from many variables with
no a priori hypotheses. In this regard, diagnostic performance was relatively high for
the detection of patients with PPA in comparison with the control group. This suggests
that there are certain EEG abnormalities that may be detected in patients with PPA. The
most important features ranked by the algorithms for the classification and included
in the decision trees algorithms involve mainly temporal and frontal channels in both
hemispheres. Interestingly, features derived from network analysis obtained the best
classification, emphasizing the role of graph theory in the analysis of EEG data [32]. These
findings are consistent with recent investigations that are exploiting this new area of
analysis [43,44].

Conversely, the application of EEG to the diagnosis of the specific variant of PPA did
not achieve a satisfactory classification. Previous studies using quantitative data from
EEG for the differential diagnosis of neurodegenerative disorders have obtained generally
better results [31]. For instance, applying support vector machines, a 91% of accuracy was
found to distinguish Alzheimer’s disease and dementia with Lewy bodies, and 88% for
Alzheimer’s disease and Frontotemporal dementia [45]. Another study achieved a 93.3%
of accuracy to classify between Alzheimer’s disease and Frontotemporal dementia [46].
However, these studies were performed with small samples, and were not replicated in
larger studies [47]. The application of EEG to PPA is probably more challenging, due to the
regional overlap between PPA variants in contrast to other disorders such as Alzheimer’s
disease and Frontotemporal Dementia. In this regard, high-density EEG with a larger
number of channels might obtain better results in the classification between PPA variants.

Our key insight is that machine learning itself can deal well with errors, qualitative
and corrupted data and, more importantly for our purposes, integrate heterogeneous
data from multiple domains. With this aim, our research work has enlarged the dataset
to increase the information representation. The applied machine learning algorithms
can jointly manage transformations from time to frequency domain, wavelet or network
representation provided the setup parameters are carefully selected. In [48], a total of
49 experimental studies published from 2009 until 2020, which apply machine learning
algorithms on resting-state EEG recordings from AD patients, were reviewed. These
works did not evaluate the benefits of increased information representation in classification
accuracy. Most of the studies focused on AD detection incorporating Support Vector
Machines (SVM). Conversely, we found that classification algorithms based on distance
(similar to kNN, where the function is only approximated locally and all computation is
deferred until function evaluation) can improve performance.

The visualization of the multi-dimensional data used in our study, and the complexity
of such dataset, has been performed with a PCA. Using this method, we found that patients
are not clearly separated (Figure 11). This aspect is important for optimal performance
in SVM models in the classification [49]). In contrast, kNN model, which is based on
local distances, could lead to better predictions. This explains why we observed better
performance of kNN model with respect to SVM model. Additionally, kNN model works
better with a small number of features [50], which is our case after the application of the
feature selection method. To follow this line, we replicated the same pipeline in the CG vs.
PPA classification, skipping the feature selection phase. Thus, we compared the results of
all models using only the best 50 features against using all generated features. As shown in
Table 4, SVM model obtained better performance than kNN. However, the absolute values
of the quality metrics (F1-score, precision, sensitivity and accuracy) explain the need for
the feature selection process followed in our study.
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Figure 11. PPA vs. CG in PCA two dimensions.

Table 4. Metrics from classification models for PPA vs. CG using all columns (with no
feature selection).

Model F1-Score Precision Sensitivity Accuracy

Decision Tree 0.49 0.50 0.50 0.50
kNN 0.46 0.6 0.38 0.42
SVM 0.50 0.56 0.56 0.50

Random Forest 0.40 0.33 0.50 0.67
Elastic Net 0.40 0.33 0.50 0.67

Gaussian NB 0.37 0.32 0.44 0.58
Multinomial NB 0.56 0.56 0.56 0.58

The trend of increased information representation may be seen in recent works like [51]
(still SVM in AD), or [52] (where, apart from EEG, a wide range of diagnostic tests were
included). Our approach has focused exclusively in the classification possibilities of the
EEG signal for the PPA, but we expect that our results could be improved by the addition
of other tests such as neuroimaging, cognitive assessment, or genetics.

Patients included in this study fulfilled the current diagnostic criteria, with both MRI
and FDG-PET supporting the diagnosis. As they were generally in early stages and EEG in
comparison with controls was discriminative, these findings raise the possibility to explore
in future studies the role of EEG in the clinical follow-up of patients with PPA, especially
in the setting of clinical trials, in which reliable, reproducible and non-invasive endpoints
are necessary [53].

Our study has some limitations. First, we included 40 patients, generally in early
stages but not in the first consultation. Future studies should enroll a larger sample size
and specifically focusing on patients in the early stages to confirm a potential role of EEG
in the detection of PPA. Second, in this study, we only applied ML to EEG data. One of
the main strengths of ML is the combination of multiple sources of information. Thus,
the application of ML to studies including multimodality assessments (cognitive testing,
MRI, PET) may be of interest to disentangle the best tools (isolated or in combination) for
diagnosis of PPA [54].
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5. Conclusions and Future Work

Our study shows that the application of ML to resting-state EEG may have a role in
the diagnosis of PPA, especially in the differentiation from controls. EEG may have some
advantages compared with other biomarkers.

ML techniques were applied to evaluate the possibility to automatically classify
EEG data from PPA patients with respect to a control group. Our work showed that a
feature expansion process can increase the information representation and achieve good
classification accuracy, using mainly features from the graph-network representation of
the EEG signal. The capability to classify PPA variants was also evaluated. Although
lower, the classification capacity is still promising and advises further development of
these automatic techniques for phenotype classification from EEG signals.

We are currently increasing the sample size to improve the classification accuracy
of the models. In addition, we aim to enlarge the frequency range in the input dataset
(over 45 Hz) to evaluate whether higher-frequency components may help the biomarker
discovery with machine learning and deep learning methods.
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Abstract: Primary progressive aphasias (PPAs) are a group of neurodegenerative diseases presenting
with insidious and relentless language impairment. Three main PPA variants have been described:
the non-fluent/agrammatic variant (nfvPPA), the semantic variant (svPPA), and the logopenic variant
(lvPPA). At the time of diagnosis, patients and their families’ main question pertains to prognosis
and evolution, but very few data exist to support clinicians’ claims. The objective of this study was to
review the current literature on the longitudinal changes in cognition, behaviours, and functional
abilities in the three main PPA variants. A comprehensive review was undertaken via a search on
PUBMED and EMBASE. Two authors independently reviewed a total of 65 full-text records for
eligibility. A total of 14 group studies and one meta-analysis were included. Among these, eight
studies included all three PPA variants. Eight studies were prospective, and the follow-up duration
was between one and five years. Overall, svPPA patients showed more behavioural disturbances
both at baseline and over the course of the disease. Patients with lvPPA showed a worse cognitive
decline, especially in episodic memory, and faster progression to dementia. Finally, patients with
nfvPPA showed the most significant losses in language production and functional abilities. Data
regarding the prodromal and last stages of PPA are still missing and studies with a longer follow-up
observation period are needed.

Keywords: primary progressive aphasia; natural history; longitudinal assessment; cognitive changes;
behavioural and psychological symptoms of dementia; level of functioning

1. Introduction

Primary progressive aphasias (PPA) are a group of neurodegenerative diseases that
present with an insidious, progressive, and isolated impairment in language. Other cogni-
tive functions are typically preserved for at least two years after the onset of the disease [1].
Mesulam (1982) was the first to describe six cases of progressive aphasia without accom-
panying signs of dementia and associated with focal perisylvian left atrophy [2]. A few
years later, Snowden et al. (1989) introduced the term “semantic dementia” referring to
dementia with profound loss of conceptual knowledge [3]. Afterward, Neary et al. (1998)
published diagnostic criteria for progressive non-fluent aphasia and semantic dementia [4],
and in 2004, a third type of PPA was described—the logopenic variant primary progressive
aphasia [5]. More recently, diagnostic criteria for three main variants of PPA have been
identified by Gorno-Tempini et al. (2011) [6]. The classification is based on language
features and can be supported by the pattern of atrophy found on neuroimaging and
pathological examination. We used the classification from Gorno-Tempini et al. (2011) as a
framework for this study, but it is noteworthy that other clinical diagnoses and mixed cases
exist even if not in the scope of this review (e.g., primary progressive apraxia of speech [7]).

According to the criteria of Gorno-Tempini et al. (2011), the non-fluent/agrammatic
variant (nfvPPA) is characterized by the presence of agrammatism and/or apraxia of speech.
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Patients can also present with impaired comprehension of syntactically complex sentences
but typically have spared single-word comprehension and object knowledge. Structural
neuroimaging shows prominent cerebral atrophy in the left posterior frontoinsular region.
This variant is most often associated with tau pathology [8] and classified as frontotemporal
lobar degeneration (FTLD). The semantic variant (svPPA) features impaired single-word
comprehension and confrontation naming. Patients can also show surface dyslexia or
dysgraphia (i.e., reading or writing from sounds) and impaired object knowledge, especially
for items that are less frequent or familiar to them (e.g., apple vs. mango). Brain imaging
shows atrophy in the anterior temporal regions bilaterally but predominantly in the left
hemisphere. Its underlying pathology is predominantly TDP-43 [8], and this variant is
also considered as part of the FTLD spectrum. Finally, the logopenic variant (lvPPA)
is associated with altered repetition of long sentences, single-word retrieval difficulties,
and phonologic errors (e.g., apple–papple). Atrophy is predominant in the left posterior
perisylvian or parietal regions. Neuropathology is predominantly amyloid-β [8] and
consequently, lvPPA is classified as a variant of Alzheimer’s disease.

Following the criteria by Gorno-Tempini et al. (2011), several authors sought to
improve the characterization of the PPA variants to improve diagnostic accuracy [9].
Indeed, Perry et al. (2019) reported svPPA and nfvPPA diagnosis to be highly stable,
with only rare diagnosis changes through follow-up [10]. Regarding intervention, the
therapeutic arsenal of the clinician consists mostly of speech–language therapy [11,12], and
pharmacotherapy such as neuroleptics for the management of BPSD. In lvPPA, a recent
study suggested that the use of cholinesterase inhibitors was justified for patients with an
underlying Alzheimer’s pathology [13].

At the time of diagnosis, patients and their families often inquire about what to expect
in terms of the progression of symptoms and nature of upcoming deficits, which will have
a significant impact on their daily life and functional communication. Few studies have
explored the challenges faced by patients and caregivers [14–16]. Greater knowledge of the
evolution of the three PPA variants would allow better counseling and help orient better
clinical approaches for this population as the disease progresses. For example, it would
help identify specific targets for intervention approaches that have been found to carry
significant changes for PPA patients and their caregivers such as functional communication
intervention [17–20], as well as education and support groups [21,22]. Although there is a
growing interest in these pathologies, as proven by the increasing number of publications
in the literature, there remains few available data on the longitudinal changes of PPAs.
Studies on the evolution of language, cognition, level of functioning, and behavioural
changes are scarce and have been hindered by small sample sizes. To our knowledge,
no review on PPA evolution has been published yet. Therefore, results from the various
studies published have not been put together to highlight tendencies for PPA in general but
also for each variant specifically. The aim of this work was, therefore, to review the current
literature on longitudinal changes occurring in patients with PPA. More specifically, the
objective was to draw conclusions from the existing literature for each variant regarding
cognition, language, BPSD, and functional abilities. Our hypothesis was that the type and
magnitude of longitudinal changes across these elements would differ in each PPA variant,
therefore displaying tendencies and profiles and allowing better counselling for patients
and their families.

2. Materials and Methods

A comprehensive review of the literature was undertaken in PubMed and Embase
databases to identify previous studies on the evolution of PPAs. The initial search was con-
ducted from October 2020 to May 2021. The search terms used were “primary progressive
aphasia”, “aphasias, primary progressive”, “primary progressive aphasias”, “progressive
aphasia, primary”, “progressive aphasias, primary”, “epidemiology”, and “natural his-
tory”. An updated search was conducted in August 2021 with the same procedure. In
addition to all of the terms mentioned above, the following search terms were also in-
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cluded: “non-fluent variant PPA”, “nfvPPA”, “logopenic variant PPA”, “lvPPA”, “semantic
variant PPA”, “svPPA”, “frontotemporal dementia”, “progression”, “decline”, “history”,
and “mortality”.

No restrictions were made regarding the language in which the articles were written.
Studies included met the following criteria:

Study design: meta-analysis, prospective or retrospective studies, comparative or not
with other groups (healthy control or other neurodegenerative diseases);

Participants: all patients with a clinical diagnosis of PPA according to the Gorno-
Tempini et al. (2011) criteria;

Outcomes measures: all clinical data on which assessment was based validated scales
or consensus clinical criteria.

Case reports, studies focusing only on paraclinical measurement (neuroimaging or
biomarkers), and studies with no follow-up available were excluded from the review, as
were studies published in journals with impact factors of less than two.

One author read all the titles and abstracts of database records and selected articles
that corresponded to the selection criteria mentioned above. Subsequently, two authors
independently reviewed the full-text records and verified if selection criteria were still
met. Disagreements were resolved by consensus discussion. Eligible manuscripts were
then independently reviewed by two of the authors. In addition, the references cited
in the articles were screened to look for additional references that might not have been
identified in the initial literature search. The following data were extracted: first author
name, date of publication, impact factor, study design, study country, sample size, number
of included subjects and diagnosis, type of clinical assessment, follow-up time, and main
outcomes. Clinical assessment was divided into general cognition, language, behavioural
and psychological symptoms of dementia, and level of functioning.

3. Results

As of August 2021, approximately 1790 articles were published on PPA in PubMed
and Embase databases. According to our search paradigm, and after removing duplicate
records, 65 texts were assessed for eligibility. A total of 15 studies were included, as
shown in Figure 1. In total, 14 consisted of observational studies and 1 was a meta-
analysis [23]. Studies published before 2011, therefore not based on consensus criteria by
Gorno-Tempini et al. (2011), were excluded. All 14 observational studies taking into account
at least one PPA variant are summarized in Table 1. The meta-analysis is discussed below.

 

Figure 1. Flowchart of the selection procedure.
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Table 1. Observational studies exploring some elements of the longitudinal changes in cognition, behaviours, and functional abilities in the main PPA variants.

Authors
(Year)

Participants Study Design Follow-Up Clinical Assessment Main Results

Rogalski et al.
(2011) [24]

lvPPA: n = 6
nfvPPA: n = 3
svPPA: n = 4
HC: n = 27

Prospective
group study

1 FU at 2 years

(a) Cognition: Clinical judgment,
behavioural scales,
neuropsychological tests

(b) Language: NAT, PPVT,
WAB-AQ, PASS, BNT

(c) Imaging: MRI

(a) Initial clinical distinctive neuropsychological patterns
become blurred at follow-up.

(b) Persistence of differential impairment of word
comprehension in svPPA and grammatical processing in
nfvPPA. For lvPPA, marked decline in naming ability.

(c) No correlation between loss of cortical volume and
clinical progression of aphasia. Preservation of
lateralization to left hemisphere.

Hsieh et al.
(2012) [25]

lvPPA: n = 9
nfvPPA: n = 12
svPPA: n = 17
AD: n = 17

Retrospective
group study

Two assessments at
least 12 months apart

(a) Cognition: ACE-R, FRS

(a) Faster decline in PPA than in AD, but no difference
between variants. Longer time between symptoms onset
and clinical diagnosis for svPPA compared to nfvPPA
and AD.

Leyton et al.
(2013) [26]

lvPPA: n = 13
svPPA: n = 11
HC: n = 17

Prospective
group study

Yearly
Mean duration of
3 years

(a) Cognition: MMSE, ACE-R
(b) Language: Confrontation

naming, single-word
comprehension and repetition

(a) 3x greater decline in lvPPA for ACE-R and MMSE, the
most rapid decline being in attention and visuospatial
domains. lvPPA: Global impairment (meeting criteria for
dementia) by 12 months. svPPA: Impairments confined
to verbally mediated tasks (sparing visuospatial domain)
for up to 3 years.

(b) Duration of symptoms had an effect on memory and
naming performances, with no differences between
PPA groups.

Linds et al.
(2015) [27]

nfvPPA + svPPA:
n = 13
bvFTD: n = 30
AD: n = 118

Retrospective
group study

Every year
(a) BPSD: FBI, NPI, FTLD-CDR
(b) LOF: FRS

(a) Education was a predictor for ROC on the
FBI-disinhibition subscale. FBI total and its sub-scale
scores for apathy and disinhibition correlated with
duration of illness.

(b) LOF only studied at baseline.
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Table 1. Cont.

Authors
(Year)

Participants Study Design Follow-Up Clinical Assessment Main Results

Matias-Guiu
et al.
(2015) [28]

lvPPA: n = 17
nfvPPA: n = 12
svPPA: n = 4
Unclassified:
n = 2
HC: n = 16

Prospective
group study

Every 4 to 6 months
Mean length
unknown

(a) Cognition: MMSE, ACE-R
(b) Language: BNT, letter/word

verbal fluency, BDAE («Cookie
Theft» picture), Barcelona Test
(language subtests), PASS

(c) LOF: IDDD, FAQ

(a) 74.3% developed a non-language symptom or deficit
(PPA-plus).

(b) Median time between onset and PPA-plus = 36 months
(c) nfvPPA: Parkinsonism, behavioural disorder and motor

neuron disease.
(d) lvPPA: Memory or global impairment.
(e) svPPA: Behavioural disorder.
(f) Right laterality and years of education associated with

lower risk of progression to PPA-plus while lvPPA is
associated with higher risk.

Gómez-
Tortosa et al.
(2016) [29]

nfvPPA: n = 39
svPPA: n = 41

Retrospective
group study

Biannual
Mean length = 5 years

(a) BPSD: NPI-Q,
pharmacotherapy

(a) No differences in first behavioural assessments.
(b) At last assessment: svPPA: higher frequency and

intensity of agitation and higher frequency of
delirium/hallucinations. Greater need for antipsychotics
(p = 0.001), 49% of patients. nfvPPA: higher frequency of
depression. Greater need for antidepressants.

O’Connor et al.
(2016) [30]

nfvPPA: n = 11
svPPA: n = 18

Prospective
group study

Baseline and one FU
at mean 1.4 years

(a) Cognition: ACE-R
(b) BPSD: CBI-R
(c) LOF: DAD

(a) Greater memory impairment at baseline in svPPA.
(b) More stereotypical behaviour at baseline in svPPA.
(c) Similar decline in functional score in both groups. svPPA:

Functional and cognitive scores at baseline are predictors
of functional decline. nfvPPA: Functional score at
baseline is a predictor of functional decline. Functional
abilities remained virtually intact up to 5 years from
disease onset while behavioural changes were present
from an early stage.
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Table 1. Cont.

Authors
(Year)

Participants Study Design Follow-Up Clinical Assessment Main Results

Van
Langenhove
et al.
(2016) [31]

lvPPA: n = 21
nfvPPA: n = 22
svPPA: n = 30
bvFTD: n = 33
AD: n = 31

Prospective
group study

1 FU at a mean of
12 months

(a) Cognition: CDR, ACE-III,
CBI-R

(b) BPSD: CBI-R
(c) LOF: CBI-R

(a) Baseline: Memory impairment lvPPA > nfvPPA.
Follow-up: Memory remains less impaired for nfvPPA.

(b) Baseline: Prevalence = svPPA > nfvPPA > lvPPA. In
svPPA, mostly stereotypical behaviour, empathy loss and
apathy. In nfvPPA and lvPPA, mostly apathy. Follow-up:
>70% developed a clinically relevant change in at least
one behavioural symptom. Apparition of behaviour
changes in 38 to 50% patients. Hallucinations and
delusions remained rare in all groups.

(c) Baseline: Similar level of impairment for daily activities
across PPA except for greater impairment in everyday
skills in lvPPA. Follow-up: Decline in everyday skills less
pronounced in svPPA.

Ash et al.
(2019) [32]

lvPPA: n = 14
nfvPPA: n = 9
svPPA: n = 11
bvFTD: n = 14
HC: n = 36

Prospective
group study

1 FU at a mean of
26 months

(a) Cognition: MMSE, FDS, RDS,
(b) Language: BDAE («Cookie

Theft» picture), BNT, phonemic
and semantic fluency

(a) Decline in global cognition in all variants. For nfvPPA
and bvFTD, significant decline on MMSE only.

(b) Decline in language production over time in all variants
but more so in nfvPPA. No difference in rate of decline in
language between variants. No correlation between
decline in cognition and language.

Ferrari et al.
(2019) [33]

lvPPA: n = 23
nfvPPA: n = 26
svPPA: n = 19

Retrospective
group study

M = 2.06 years
Frequency unknown

(a) Cognition: MMSE
(b) BPSD: NPI
(c) LOF: BADL, IADL
(d) ApoE4 status

(a) Mean loss of 4 points at 1 year and 9 at 2 years.
(b) No influence of BDSP on disease progression.
(c) Severe functional dependency in 20% at 2.5 years.

Cognitive decline in 1st year is a risk factor for functional
impairment while high education is protective.

(d) Cognitive decline associated with ApoE4 status. Higher
prevalence of mutism in ApoE4 patients.
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Table 1. Cont.

Authors
(Year)

Participants Study Design Follow-Up Clinical Assessment Main Results

Funayama
et al.
(2019) [34]

lvPPA: n = 10
Prospective
group study

Every year
Duration 6 to 10 years
post onset

(a) Cognition: CDR
(b) Language: Standard Language

Test of Aphasia
(c) BPSD: NM scale

(a) Decline in CDR of 3.4 points/year, change of dementia
severity every 1.7 year. 4.1 year to reach CDR 1 (mild
dementia), 5.7 years to DCR 2 (moderate), and 7.3 years
to CDR 3 (severe). Dementia progression parallels
linguistic decline. Difficulties with using electronic
appliances began 3.3 years post onset, episodic memory
deficits 4 years post-onset, and topographical
disorientation 5.2 years. 60% could not recognize family
members, 50% with pica, 30% with mirror sign
(visuospatial deficits and body schema disorder).

Cosseddu et al.
(2020) [35]

nfvPPA: n = 77
svPPA: n = 40
bvFTD: n = 286

Retrospective and
prospective
group study

Every year
Mean length =
3.1 years

(a) Cognition: FTLD-CDR
(b) BPSD: FBI, NPI

(a) Increase in negative symptoms with disease severity in
bvFTD and PPA.

(b) Increase in positive symptoms until intermediate phases,
followed by reduction in later phases. Positive symptoms
less common in nfvPPA.

Foxe et al.
(2021) [36]

lvPPA: n = 41
nfvPPA: n = 44
svPPA: n = 62
HC: n = 60

Prospective
group study

FU every year
(a) Cognition: ACE-III or ACE-R,

WAIS-III
(b) LOF: DAD

(a) Decline in overall cognition in all three variants but twice as
rapid rate in lvPPA than nfvPPA and svPPA, Faster decline
across the majority of cognitive domains in lvPPA. lvPPA:
Worst performance on verbal fluency and memory domains
at all time points. Attention and language higher at baseline
but declined faster than all other subdomains. Greater
decline than svPPA in memory and language subdomains
but no difference with nfvPPA. nfvPPA: Disproportionate
impairment in verbal fluency at all time points compared to
other domains. Faster decline for language and memory.
svPPA: Greater impairments in verbal fluency, language,
and memory than other subdomains.

(b) Faster rate of decline for lvPPA and nfvPPA compared to
svPPA. Correlation between functional and cognitive
decline for all groups across all time periods. Impact of
cognition on functional capacity greater for nfvPPA at most
time points.
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Table 1. Cont.

Authors
(Year)

Participants Study Design Follow-Up Clinical Assessment Main Results

Ulugut et al.
(2021) [37]

lvPPA: n = 18
nfvPPA: n = 22
svPPA: n = 24

Retrospective
group study

FU length 1 to 6 years

(a) Cognition: CDR, MMSE,
RAVLT, FAB, VOSP, VAT

(b) Language: BNT, VAT
(c) BPSD: NPI
(d) LOF: IADL

(a) lvPPA had more widespread cognitive deficits at baseline.
Global cognitive decline in all groups overtime,
especially svPPA and lvPPA. 83% of lvPPA acquired
global cognitive impairment in line with the diagnostic
criteria of dementia due to Alzheimer’s disease.

(b) nfvPPA and lvPPA developed several additional
language problems that met criteria for “PPA-extended”
(other PPA syndrome). The majority of patients who
showed mutism at FU were nfvPPA (7/8).

(c) svPPA had more behavioural problems at baseline and at
FU and 58% eventually met diagnostic criteria for bvFTD.

(d) 65.6% met diagnostic criteria for “PPA-plus” and nfvPPA
tended to develop motor deficits. 54% of nfvPPA
eventually met criteria for CBS, PSP, or MND.

ACE-III = Addenbrooke’s Cognitive Examination III, ACE-R = Addenbrooke’s Cognitive Examination-Revised, AD = Alzheimer’s Disease, ADL = Activities of Daily Living, ApoE4 = Apolipoprotein E,
BADL = Basic Activities of Daily Living, BDAE = Boston Diagnostic Aphasia Examination, BNT = Boston Naming Test, BPSD = Behavioural and Psychological Symptoms of Dementia, bvFTD = Behavioural
Variant of Frontotemporal Dementia, CBD = Corticobasal Degeneration, CBI-R = Cambridge Behavioural Inventory Revised, CBS = Corticobasal Syndrome, CDR = Clinical Dementia Rating scale, DAD = Disability
Assessment for Dementia, DRS = Mattis Dementia Rating Scale, FAB = Frontal Assessment Battery, FAQ = Functional Activities Questionnaire, FBI = Frontal Behavioural Inventory, FDS = Forward Digit Span,
FTD = Frontotemporal Dementia, FTLD-CDR = Frontotemporal Lobar Degeneration-Clinical Dementia Rating Scale, FRS = Frontotemporal Dementia Rating Scale, FU = Follow-up, HC = Healthy Control, IADL
= Instrumental Activities of Daily Living, IDDD = Interview for Deterioration in Daily Living Activities in Dementia, LOF = Level of Functioning, lvPPA = Logopenic Variant of Primary Progressive Aphasia,
M = Mean, MMSE = Mini-Mental State Examination, MND = Motor Neuron Disease, NAT = Northwestern Anagram Test, nfvPPA = Non-Fluent Variant of Primary Progressive Aphasia, NPI = Neuropsychiatric
Inventory, NPI-Q = Neuropsychiatric Inventory-Questionnaire, PASS = Progressive Aphasia Severity Scale, PPA = Primary Progressive Aphasia, PPVT = Peabody Picture Vocabulary Test, PSP = Progressive
Supranuclear Palsy, RAVLT = Rey Auditory Verbal Learning Test, RCPM = Raven’s Coloured Progressive Matrices, RDS = Reverse Digit Span, ROC = Rate of Change, svPPA = Semantic Variant of Primary
Progressive Aphasia, VAT = Visual Association Test, VOST = Visual Objective and Space Perception, WAB-AQ = Western Aphasia Battery Quotient, WAIS-III = Wechsler Adult Intelligence Scale-Third Edition,
WAIS-R = Wechsler Adult Intelligence Scale Revised, WMS = Weschler Memory Scale.
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Altogether, the 14 observational studies comprised 745 patients who were classified as
follows: nfvPPA (277), svPPA (281), and lvPPA (172). One study included 13 patients that
had either nfvPPA or svPPA variants. Another study included 2 patients with unclassified
PPA in their group study of 35 patients with PPA [28]. Mixed variants were not analyzed.
Eight studies included all three PPA variants, representing 470 patients divided as follows:
149 lvPPA, 150 nfvPPA, and 171 svPPA. Five studies included a control (HC) group for a
total of 156 healthy controls (see Table 1). Four studies focused only on FTLD variants, one
study included only one variant of PPA (10 lvPPA), and in five studies, a clinical group was
added that is Alzheimer’s disease (AD group) and/or behavioural frontotemporal lobar
degeneration (FTLD).

These fourteen observational studies were conducted in Canada (one), Italy (two),
Spain (two), the United States (two), Australia (five, four of which came from the same
database Frontier), the Netherlands (one), and Japan (one). Eight of them were performed
in a prospective fashion. The most recent prospective study published by Foxe et al. (2021)
also included the most complete and largest sample of PPA patients with 44 nfvPPA,
62 svPPA, and 41 lvPPA. Cosseddu et al. (2020) and Gómez-Tortosa et al. (2016) studied
retrospectively the largest samples of PPA patients, (respectively, 77 nfvPPA and 40 svPPA;
39 nfvPPA and 41 svPPA) [29,35].

Patients’ mean age at baseline ranged from 58 to 70 years, with most patients being in
their mid-60s at initial assessment. There was a tendency towards more female patients
with 9 out of 14 studies having 50% or fewer male patients (although one study [30] had
72% male patients). The mean duration of symptoms from onset to initial assessment
ranged from 2.6 to 6.7 years, with the majority between 3 to 4 years.

In most group studies, patients were assessed yearly, for a year or two. Only three stud-
ies had a mean follow-up of five years or more. Clinical aspects assessed and evaluation
tools were very heterogeneous among studies. Only one study analyzed mortality data [28].

Figure 2 shows a visual representation of the numbers of studies, and the number of
patients they included, which evaluated cognition, language, BPSD, or functional abilities,
and the number in which a significant decline was reported. It is important to note however
that the designs of the studies were very heterogeneous. Some of them had very precise
hypotheses and sometimes, changes in clinical scores over time were not available in the
publication, nor in its supplementary material, which prevented us from extracting the
data. Notably, the study from Linds et al. (2015) was excluded from the graph. In this
publication, 13 patients with nfvPPA or svPPA were included, but the number of patients
belonging to each variant was not precise. Therefore, Figure 2 comprises the 13 other
observational studies.

and was included in 12 studies. The Addenbrooke’s Cognitive E

Figure 2. Summary of findings in 13 of the observational studies included.
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Clinical Assessment

All included observational studies used validated international scales to evaluate
the different aspects of cognition, language, autonomy, and behavioural and psychiatric
symptoms of dementia (BPSD). Cognition was the most frequently assessed clinical aspect
and was included in 12 studies. The Addenbrooke’s Cognitive Examination (ACE) and its
subsequent versions (III and revised) [38,39], as well as the Mini-Mental State Examination
(MMSE) [40], were the most frequently used tools, in six and five studies, respectively.
Other cognitive evaluation tools used were the Clinical Dementia Rating Scale (CDR)
and its modified version for Frontotemporal Lobar Degeneration (FTLD-CDR) in four
studies [41,42]. Some of the less frequently used tools were the Cambridge Behavioural
Inventory-Revised (CBI-R) [43] and the Wechsler Adult Intelligence Scale (WAIS) [44].
Some subtests of these different neuropsychological batteries were also used individually.
Although language was invariably evaluated at baseline, only five studies reported longi-
tudinal assessment of language. The Boston Naming Test (BNT) was the most frequently
used test, in four studies [45]. The Progressive Aphasia Severity Scale (PASS) [46] was
used in two studies. The other tests were used in only one study each and are presented
in Table 1. Language domains assessed varied across studies and included phonemic and
semantic fluency, confrontation naming, comprehension, reading, writing, and repetition.

Eight studies evaluated the onset and evolution of BPSD. The most frequently used
test was the Neuropsychiatric Inventory (NPI), a semi-structured clinician interview of
caretakers [47] in five articles. The Cambridge Behavioural Inventory-Revised (CBI-R) [43]
and the Frontal Behavioural Inventory (FBI) [48] were both used in two studies each. Level
of functioning in basic activities of daily living (BADL) and instrumental activities of daily
living (IADL) were assessed in seven studies, directly or through clinical questionnaires.
The most frequently used tool was the disability assessment for dementia (DAD) [49], in
three studies. One study used the Functional Activities Questionnaire (FAQ) [50], which
was recently proven to be a useful functional measure for longitudinal changes in FTD [51].

Some studies also looked at other variables not included in the scope of this review
such as neuroimaging patterns and progression of atrophy, development of parkinsonian
syndromes, genetics, and pharmacotherapy.

4. Discussion

We proposed herein the first comprehensive review of longitudinal changes in cogni-
tion, language, BPSD, and functional abilities in PPA. A total of 14 observational studies
were included in this review, as well as a meta-analysis studying survival. General findings
of PPAs will first be discussed, followed by specific findings for each variant and then
survival data. Finally, limitations of the current work and the impact of the findings on
clinical care and future perspectives will be addressed.

4.1. Similarities between All Three Main Variants of PPA

In all three PPA variants, studies that assessed cognition reported a decline over
time. Previous studies have indeed demonstrated that even if language is primarily
affected in PPA, other cognitive functions are impaired as well [5,52–54]. Regardless of
the variant, two studies described a faster decline in cognition for PPAs, when compared
to AD [25,34]. Indeed, Funayama et al. (2019) reported an annual rate change in the
CDR sum of boxes of 3.4 ± 1.1 in their group of 10 lvPPA patients. This is a greater rate
of decline than what Doody et al. (2010) previously reported in their group of 597 AD
patients [55]. In Hsieh et al. (2012), the annualized rate of change was greater in all three
PPA variants (9 lvPPA, 12 nfvPPA, and 17 svPPA patients) when compared to the AD group
(17 patients) on the ACE-R. Over a year, the PPA patients lost on average 10 points, as
compared to less than 5 by AD patients. However, these findings must be interpreted with
caution since several neurocognitive tests are influenced by language abilities. Clinically,
it is common to see PPA patients with lower scores on cognitive testing that do not
correspond to the level of functioning on collateral history. Therefore, specific assessment
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and neuropsychological tools that take into account language impairments should be used
with PPA patients [56]. Only one study included in this review explored the correlation
between dementia progression and decline in language [32], but no such association was
found. On the other hand, Funayama et al. (2019) did describe a relationship between
dementia progression and language decline, although no statistical analysis was performed.

Among the few studies which evaluated changes in language, a decline was described
in all variants. Ferrari et al. (2019) reported mutism in 31% of patients at 2.7 years.
Although the MMSE score and fluent language at baseline were previously described as
protective factors for mutism [57], these relationships were not established in the study by
Ferrari et al. (2019).

There were discordant findings among the studies regarding BPSD. One study de-
scribed no influence of behavioural and psychiatric symptoms at baseline on disease
progression [33]. Conversely, another study found that apathy and stereotypical behaviour
at baseline were predictors of functional decline for nfvPPA [30]. Linds et al. (2015) showed
that education was a protective factor for disinhibition, but this finding was not indicated
in other publications [27]. The main limitation regarding BPSD is the heterogeneity of the
symptoms, and NPI is often limited in its description. Moreover, BPSD fluctuation over
time could complicate the interpretation of the results. BPSD assessment would require a
longer follow-up, with several validated scales and consideration of qualitative data for a
more exhaustive list of symptoms [58].

Regarding the level of functioning in IADL and BADL, all three variants showed a
decline at follow-up. In Foxe et al. (2021), over a period of four years, the mean DAD
total scores with 95% confidence intervals, decreased from 82.7 (76.1–89.3) to 48 (39.5–56.4)
for lvPPA patients, from 86 (79.4–92.5) to 51.3 (43.4–59) for nfvPPA patients, and from
85 (79.8–90.1) to 55.6 (50.3–60.9) in svPPA patients. One study demonstrated a direct link
between the decline in functioning and cognition, with the relationship increasing over
time [36]. This link was already described in a previous study of 2009 studying changes in
functioning and cognition in 9 nfvPPA and 11 svPPA patients [59]. Moreover, cognition at
baseline and its deterioration in the first year were predictive factors of greater functional
incapacities throughout the course of the disease [30]. This is coherent with two previous
studies; one showed that a higher MMSE score at baseline was a predictor of preservation
of autonomy in the following years [57], while the other, conversely, correlated lower
MMSE and FTLD-CDR scores at baseline with more rapid change overtime in functional
measures for nfvPPA and svPPA, respectively [51]. This finding is not surprising and could
be explained by the fact that patients with lower functional and cognitive scores at baseline
have either a more aggressive disease or a lower cognitive reserve [60,61]. Education also
seemed to be a protective factor for functional impairment [28,33]. Indeed, patients with
higher education are most likely to have a higher cognitive reserve and therefore to be
able to compensate longer in IADL and BADL. In their study, Ferrari et al. (2019) reported
a severe functional dependency in 20% of the patients at 2.5 years. Other data from the
literature reported a need for assistance in BADL in 50% of the patients at five years [57].
This is in contrast with the findings of O’Connor et al. (2016), who described a sparing
of functional abilities for five years from onset. However, in this study, which included
only nfvPPA and svPPA patients, only one tool was used for assessment of functioning,
and one could argue that more extensive deficits would have been detected with a more
comprehensive evaluation.

4.2. Non-Fluent Variant of Primary Progressive Aphasia

Four studies revealed that nfvPPA patients showed a greater decline in language
production over time. In Ash et al. (2019), the decline in language production was more
important for fluency and grammar, whereas in Rogalski et al. (2011), participants showed
a decline in all language domains, with each of the three patients being too impaired
to complete at least one of the different measures [24,32]. Similarly, Ulugut et al. (2021)
found that out of eight patients who displayed mutism at follow-up, seven of them were
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classified as nfvPPA variant [37]. Finally, in Foxe et al. (2021), these patients showed
a disproportionate impairment in verbal fluency at all time points and a faster decline
in language during follow-up [36]. This decline in speech production is explained by
the progression of the atrophy in the left frontal and subcortical areas, regions that are
important networks for language production [62–64]. These findings are coherent with a
previous study in which the nfvPPA patients were not able to complete ACE-R at one year
of follow-up, due to language deterioration [59].

Regarding behavioural and psychiatric symptoms, nfvPPA patients have a tendency
towards negative symptoms [36,59]. Indeed, they showed a higher frequency of depression
and a greater need for antidepressants, as opposed to antipsychotics [29]. In their study,
Van Langenhove et al. (2016) reported that apathy was the most prominent symptom,
present in 46% of nfvPPA patients at baseline and increased to 68% at follow-up.

There also seems to be a tendency in this variant for a faster decline in the level of
functioning. Hsieh et al. (2012) reported a faster decline at the Frontotemporal Dementia
Rating Scale (FRS), an assessment tool measuring, among others, changes in everyday
abilities such as using the phone and taking medication, in the nfvPPA group than in AD
patients. Indeed, over 12 months, among the group of 12 nfvPPA patients, over 80% of
patients showed a decline in the FRS. Similarly, in Foxe et al. (2021), nfvPPA patients
had a faster decline in the level of functioning, compared to svPPA, with an annual rate
of decline on the DAD total score of 8.7 points, compared to 7.4 points. Another study
revealed that nfvPPA and lvPPA had a worse decline in daily life activities at a one-year
follow-up, with the first group having the greatest impairments in self-care [31]. In line
with these findings, Mioshi et al. (2009) had previously reported that nfvPPA patients
showed significant changes both in BADL and IADL at follow-up [59].

4.3. Semantic Variant of Primary Progressive Aphasia

Specific findings regarding BPSD were highlighted in svPPA patients. First, they
tended to show behavioural symptoms earlier in the disease course and more frequently,
compared to the other variants, as well as AD and behavioural variant of frontotemporal
dementia (bvFTD) [28,33,37]. Indeed, Van Langenhove et al. (2016) found that 74% of
svPPA patients had behavioural changes at baseline, compared to 54% of nfvPPA patients
and 47% lvPPA patients. At follow-up, the tendency remained with 80% of svPPA patients
showing at least one behavioural symptom. In the study by Matias-Guiu et al. (2015), half
of the svPPA patients (two out of four) developed behavioural disorders. The most frequent
disturbances were stereotypical behaviour, empathy loss, and apathy. These findings are
consistent with the study by O’Connor et al. (2016), which included 18 svPPA patients and
found that patients with this variant displayed more stereotypical behaviour at baseline
(60% vs. 9% in nfvPPA). Moreover, in Ulugut et al. (2021), 58% of svPPA patients (group
of 24) eventually met diagnostic criteria for bvFTD. Compared to nfvPPA, svPPA patients
also showed a higher frequency of agitation and delirium/hallucinations [29]. There was
a significant difference in the severity of irritability, agitation, delirium, and apathy and
a greater need for antipsychotic drugs. Increased behavioural dysfunctions in svPPA,
especially disinhibition, were already underlined in the literature [65,66]. Heterogeneity in
the results could, in part, be explained by a misdiagnosis of the right temporal variant of
FTLD, also called the right semantic variant. It is possible that the course of the disease in
the left svPPA and right semantic variant could be significantly different. A recent study
showed that prosopagnosia, episodic memory impairment, and behavioural changes such
as disinhibition, apathy, compulsiveness, and loss of empathy were the most common
initial symptoms for the right temporal variant, whereas, during the disease course, pa-
tients developed language problems such as word-finding difficulties and anomia [67].
Distinctive symptoms of the right semantic variant, compared to the other groups, included
depression, somatic complaints, motor, and mental slowness.

Interestingly, a few studies suggested that svPPA patients had a longer duration of
symptoms before the diagnosis. In Van Langenhove et al. (2016), symptoms duration at
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baseline was 4.4 years for svPPA, compared with 2.3 and 3.5 years in nfvPPA and lvPPA,
respectively. In Hseish et al. (2012), svPPA patients had a mean disease duration of 4.2 years
at the time of diagnosis, compared with 2.3 and 3.9 years for nfvPPA and lvPPA. This
tendency for a longer duration of symptoms in the svPPA variant, although not always
statistically significant, was also reported in other studies [66,68]. This could be explained
by the fact that the loss of semantic knowledge can be masked by word-finding difficulties
(e.g., vague words, circumlocutions) and therefore may be overlooked by family members,
which, in turn, delays recognition of the syndrome. In contrast, nfvPPA has a more striking
presentation with agrammatism and halting speech. Furthermore, lvPPA variants present
with impaired single-word retrieval in spontaneous speech, which is more frequently
recognized by family members as an early sign of dementia.

4.4. Logopenic Variant of Primary Progressive Aphasia

Five studies revealed that the lvPPA patients showed a worse decline in global cog-
nition, compared to other variants [26,28,31,36,37]. Foxe et al. (2021) found that lvPPA
patients had a twice as rapid decline rate in overall cognition, despite performing interme-
diate to the other variants at baseline. Funayama et al. (2019) also showed this tendency
to faster progression. In their study, lvPPA patients evaluated with the clinical dementia
rating sum of boxes, had a change in dementia severity every 1.7 years and reached se-
vere dementia (CDR 3) in 7.3 ± 1.6 years, a faster progression, compared to Alzheimer’s
disease [55]. In Ulugut et al. (2021), 83% of lvPPA patients (group of 18) acquired global
cognitive impairment consistent with Alzheimer’s disease dementia. Moreover, among
cognitive skills, memory seemed to be the most frequently and severely affected ability, as
demonstrated in four studies [28,31,36,37]. The 10 lvPPA patients in the Funayama et al.
study (2019) showed episodic memory deficits beginning at 4.0 ± 2.0 years after onset.
These findings are not surprising considering that the logopenic variant is most frequently
associated with Alzheimer’s pathology [8,69]. Studies that included thorough imaging
analysis also showed a greater cognitive decline in lvPPA, associated with progression
of brain atrophy in the regions typically damaged in AD [62]. Level of functioning and
BPSD were less studied in lvPPA than in the two other variants. Foxe et al. (2021) found
a faster rate of decline in the level of functioning in lvPPA in comparison to svPPA with
an annual rate of decline on the DAD total score of 8.7 and 7.4 points, respectively, within
their groups of 41 lvPPA and 62 svPPA. As for BPSD, they were found to be less prevalent
in lvPPA than in the two other variants, with apathy being the most frequent [31].

4.5. Survival Data

The meta-analysis by Kansal et al. (2016) was the only study, to our knowledge,
which addressed survival in PPA. In total, 27 studies focusing on survival and years of life
lost (YLL) were included with patients presenting AD, corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP), and all FTLD variants (svPPA, nfvPPA, bvFTLD,
and FTLD-ALS). In contrast to survival, which emphasizes life expectancy, YLL highlights
premature mortality. YLL is, therefore, useful for quantifying premature deaths in policy
contexts. The median survival in the svPPA variant was significantly longer than in nfvPPA
(12 years versus 7.66 years). However, the mean survival for svPPA was estimated at
7.45 years, and 8.11 years for nfvPPA with no statistically significant difference. To explain
these contradictory findings between median and mean survival findings, Kansal et al.
suggested an artifact in the analysis due to heterogeneity in the included studies (sampling
methods and regional context). They also raised the hypothesis that the presence of a
negative or positive skew could be a statistical reflection of the survival profile. Indeed, a
negative skew could reflect a young- to mid-life onset disease with a sufficiently long course
and few premature deaths. A positive skew would be more likely associated with a disease
characterized by a very short course, as the outliers are those with unusually long survival.
Patients with nfvPPA had the longest mean survival between all the neurodegenerative
diseases with a significant difference, compared to the PSP and CBD groups. Mean and
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median YLL estimated from survival (years) were, respectively, estimated to be 10.54 years
and 8.97 years for nfvPPA, and 13.56 and 7.71 years for svPPA. The main limitations of this
study were the heterogeneity of the data, the absence of lvPPA patients, the presence of
uncertain associations between clinical and sociodemographic outcomes, and contradictory
results in some of the studies included. Moreover, they did not examine the effects of
confounding features and comorbid conditions. Causes of death were not reported either.
Indeed, it would be helpful to know if death occurred before the final stages because of
intercurrent medical conditions.

In this special issue, our group has provided recent insights into survival in the three
PPAs. Indeed, significant differences in survival were found with svPPA showing the
longest and nfvPPA showing more neurologically-related causes of death [70].

4.6. Limitations

Studies in the current review included were very heterogeneous, with none assessing
longitudinal changes in cognition, language, BSPD, and functioning altogether. In fact,
only six of them studied at least three of our outcomes of interest. Moreover, these clinical
aspects were mostly assessed through different assessment tools (e.g., MMSE, ACE-R) and
assessments by specialists such as speech–language pathologists or neuropsychologists
were uncommon. Duration of follow-up was relatively short (only one or two years after
diagnosis), and very few patients were followed until death. All these elements prevented
us from extracting solid data about the long-term outcomes of PPA patients. Moreover,
PPA being a rare type of dementia, sample sizes were relatively small, with a mean of
21 patients per variant among the studies. The lvPPA variant was also underrepresented,
especially since five studies included only FTD variants (svPPA and nfvPPA). This un-
derrepresentation of lvPPA patients could be explained by the fact that lvPPA is the most
recently described variant. Indeed, no survival data were available for this variant and
epidemiological information remains lacking.

The research method used in the present review also has its limitations. First, only
two databases were explored, and restrictive inclusion criteria were used. Moreover, no as-
sessment of the methodological quality of each study was performed. A systematic review
and meta-analysis conducted according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement (PRISMA) [71] could contribute to additional and
more significant outcomes. Indeed, clinical assessments of at least 745 PPA patients are
currently available, with 172 lvPPA, 277 nfvPPA, 281 svPPA, and 15 unclassified PPAs.
However, as some studies were conducted within the same research centres, it is possible
that the actual number of participants censored was lower, therefore limiting the gener-
alization of findings. Further studies with a longer follow-up period until death remains
to be conducted. It could be particularly useful to provide a more exhaustive evaluation
of the end stages of PPA, causes of death, and epidemiological data. Finally, in the near
future, the focus should be on lvPPA patients whose data are actually less well represented
in the literature, compared to FTLD variants.

5. Conclusions

This study sheds further light on our current understanding of the longitudinal
changes in cognition, behaviours, and functional abilities in PPA variants but, most im-
portantly, it provides useful information for patients and their families. In addition to
confirming general tendencies for the evolution of PPA, our study highlights differences
in the progression of the three variants with svPPA, showing more behavioural distur-
bances, nfvPPA progressing towards more language and functional deficits, and lvPPA
displaying a worse decline in global cognition, especially memory. These findings are also
relevant to prioritizing the clinical care offered to PPA patients and their caregivers by
highlighting the challenges they are most likely to face. For example, education and sup-
port groups for patients and their caregivers were demonstrated as a worthy component of
PPA patients’ care and are indicated regardless of the variant [22,72]. However, referrals
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to groups aiming at managing behavioural disturbances are likely to be highly important
for patients with svPPA and their caregivers, given the high prevalence of BPSD in this
variant. The decline in the language is expected in all three variants, and therefore, referral
to a speech–language pathologist can be useful. Indeed, previous studies highlighted the
efficacy of speech and language interventions for PPA patients, as well as maintenance of
the gains after the treatment period [11,19,73,74]. Even teletherapy proved to be beneficial
in mild-to-moderate cases, therefore opening the door to new possibilities and better access
to therapy [75]. Knowing that nfvPPA patients are most likely to have a faster language
decline and to progress to mutism, implementation of compensatory communication tools
such as assistive augmentative communication (AAC) devices should be a priority in
the management of the disease and as early as possible so that the patient is still able to
learn to use it. Indeed, the use of AAC devices can allow patients to maintain effective
communication [12]. Moreover, clinical care of nfvPPA should include information to
caregivers about the different options regarding home care given the faster decline in the
level of functioning in this variant. Finally, given the likely memory impairment in lvPPA,
patients and caregivers should be informed about ways to compensate for this deficit in
their daily life.

This study also highlights important shortcomings in the literature and the need
for more research on this subject, especially regarding the logopenic variant. Future
studies should aim at better documenting cognitive and language functions, BPSD, and
functioning in everyday life, throughout the disease, in order to improve management of
PPA in clinical settings.
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Abstract: Primary progressive aphasia (PPA) brings together neurodegenerative pathologies whose
main characteristic is to start with a progressive language disorder. PPA diagnosis is often delayed in
non-specialised clinical settings. With the technologies’ development, new writing parameters can
be extracted, such as the writing pressure on a touch pad. Despite some studies having highlighted
differences between patients with typical Alzheimer’s disease (AD) and healthy controls, writing
parameters in PPAs are understudied. The objective was to verify if the writing pressure in different
linguistic and non-linguistic tasks can differentiate patients with PPA from patients with AD and
healthy subjects. Patients with PPA (n = 32), patients with AD (n = 22) and healthy controls (n = 26)
were included in this study. They performed a set of handwriting tasks on an iPad® digital tablet,
including linguistic, cognitive non-linguistic, and non-cognitive non-linguistic tasks. Average and
maximum writing pressures were extracted for each task. We found significant differences in writing
pressure, between healthy controls and patients with PPA, and between patients with PPA and AD.
However, the classification of performances was dependent on the nature of the tasks. These results
suggest that measuring writing pressure in graphical tasks may improve the early diagnosis of PPA,
and the differential diagnosis between PPA and AD.

Keywords: primary progressive aphasia; Alzheimer’s disease; graphical markers; graphical parame-
ters; writing pressure; differential diagnosis

1. Introduction

Primary progressive aphasia (PPA) assembles a heterogeneous syndromic group
of neurodegenerative pathologies characterised by a foreground and initially isolated
language impairment that can later extend to cognitive functions such as computation,
praxis, memory or executive functions [1–3]. It is a focal form of atrophy with great
neuropathological heterogeneity, ranging from tauopathy to amyloidopathy or TDP-43
inclusions [4]. The prevalence of this disease is estimated at 3 per 100,000 [4], with a starting
age assessed between 50 and 65 years [5] and a life expectancy of 10 to 15 years [6].
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1.1. Diagnosis and Classification

PPA is diagnosed when three criteria overlap: (1) language is mainly damaged;
(2) daily living activities are impaired during the initial stages of illness; and (3) word
production and comprehension are impaired due to a progressive aphasic disorder and
there is an underlying neurodegenerative disease [7]. This last criterion is still debated,
based on the fact that PPA evolution from isolated language alteration to global cognitive
impairment with multiple neuropsychiatric symptoms can lead to a change in diagnosis [8].
Additionally, language impairment that commonly lasts for about 6 years can represent
the only symptom for 10 to 14 years, and is quickly impaired all along the degenerative
process before being added to psychiatric and neurologic symptoms [9,10].

In 2011, a broad-ranging International Consensus Group published recommendations
for the diagnosis and classification of PPA, establishing three different subtypes of this
disease depending of the affected brain regions and the type of aphasic disorder [7]:
the logopenic subtype (lvPPA), the non-fluent/agrammatic subtype (nfavPPA) and the
semantic subtype (svPPA). A fourth subtype came to complete this classification: a mixed
form or non-classified form [11].

lvPPA is defined by impaired word retrieval and phonologic errors that alter language
fluidity. Sentence and word repetition are difficult due to a phonological loop disorder that
also affects the understanding of long sentences with illness evolution [7,12,13]. lvPPA is
characterised by a left posterior parietal or Perisylvian hypometabolism and an atrophy in
the left posterior parietal lobe [12,14,15]. Studies have shown that AD is the most common
underlying pathology of lvPPA [16].

nfavPPA is characterised by the presence of agrammatism in speech production,
with impairments in understanding syntactically complex sentences [3,17,18]. Language
production is laborious due to apraxia of speech with phonetic errors, although word
comprehension is preserved. nfavPPA is related to dysfunctions in the frontal lobe, in
Broca’s region, and the anterior parts of the insula [11,12,15,19]. Some studies have also
exhibited parietal and temporal involvement [20]. Disorder of nfavPPA is most often
frontotemporal lobar degeneration (FTLD) [16].

svPPA is characterised by the presence of a semantic language disorder with para-
phasias in the expressive side and impairments in word comprehension in written or oral
modalities, associated with a non-verbal semantic disorder [21,22]. svPPA’s anatomical
lesions are located in the anterior temporal cortex and the inferior and middle temporal
cortex [12,23–25]. An infiltration of several connecting beams passing through the temporal
lobe have also been reported by fibre-tracking method (DTI) on a small sample (n = 5) [26].
As for nfavPPA, FTLD-type disorder changes are the most common in svPPA [16].

Mixed PPA is characterised by a combination of symptoms of the three main PPA
variants with frequent impairment of word comprehension, apraxia of speech or agramma-
tism [27].

1.2. Early Diagnosis

Early diagnosis of PPA is important in clinical practice because its phenotype is com-
plex, constantly evolving, and is crucial because it increases the possibilities of appropriate
clinical interventions. In addition, diagnosis is complex: it has been shown that there is a
delay of approximately 4 years between the onset of troubles and PPA diagnosis [6,28,29].
Moreover, the three PPA variants differ in terms of progression over time. lvPPA seems
to follow the pattern of Alzheimer’s disease (AD) [30], which evolves to a generalised
cognitive impairment, whereas other PPA types can be related to different diseases such
as behavioural variants of FTLD, corticobasal degeneration or progressive supranuclear
palsy [31].

Thus far, there has been no pharmacological treatment modifying or delaying PPA,
but non-pharmacological interventions, such as speech therapy, have proven to be useful in
compensating for and maintaining functional communications [32]. Early diagnosis is thus
crucial to implement early and adapted interventions. Most of the scales available so far for
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PPA diagnosis are based on language production and comprehension in oral and written
modalities. The main parameters assessed are performance (correct responses and mistakes)
and response times. Writing disorders are also considered, such as dysorthography and,
more specifically, spelling impairment [33,34], but no study has used graphical parameters
such as writing pressure so far.

The use of new technologies allows more ecological and reproducible tests in compar-
ison to certain scales or paper–pencil tests [35,36]. Computerised assessment batteries can
build upon standardised and validated pencil-and-paper tests [37].

1.3. Contribution of Graphical Markers

With language symptoms being the earliest and most prominent signs in the early
stages of the disease, graphical writing markers may constitute ecological markers of great
interest for the early diagnosis of PPA [38].

Several studies have shown that graphic parameters are affected early in people with
moderate to severe Alzheimer’s disease [38]. Studies have also shown that motor activity
reveals language-related characteristics, due to the involvement of motor areas of the brain
in writing, and that even mild disorders can be detected using motor parameters (reduction
in written pressure) during language production tasks [39].

Handwriting requires the implementation of cognitive processes related to language
as well as planning, coordination and motor execution. It has thus been shown that people
with cognitive decline overall have a lower writing speed and pressure with a longer writ-
ing time, especially when analysing cursive loops [40]. Handwriting performance therefore
exhibits significant changes, which it would be interesting to take into account within the
framework of a classification of parameters characteristic of the neurodegenerative diseases
such as AD, Parkinson’s disease (PD) or PPAs [41].

The use of a digital tablet with a stylus makes it possible to objectify the kinematic
parameters of writing (pressure, stroke, velocity, jerk, and writing task time); therefore, this
would allow a low-cost dissemination of this technology, especially if included in existing
screening batteries [42].

The aim of this study was to confirm the initial findings of Gros et al. on a larger
sample of PPA [41], concerning the role of writing pressure in differentiating PPA and
controls, and to verify if writing pressure is also relevant to distinguish patients with PPA
and Alzheimer’s disease.

2. Materials and Methods
2.1. Ethics

This study was approved by CPP Ile de France X (N◦ IDRCB: 2019-A00342-55 accepted
on 11 September 2019). At the time of diagnosis, patients and relatives were informed of
their inclusion in this study and could decline their participation or withdraw consent.
Data were anonymised before the analyses.

2.2. Population

This was a prospective, multicentric study that included 5 French Neurology Depart-
ments (Nice, Angers, Nîmes, Saint-Brieuc, and La Rochelle). The patients were recruited
from memory consultations in the various centres from June 2019 to February 2020. Eighty
adults participated in this study, including patients with PPA (n = 32), patients with typical
AD (n = 22) and healthy controls (HC) (n = 26) recruited in the memory centres. All
the healthy controls were in good physical and mental health, reported no significant
complaints related to cognition, and performed within the normal range on standard-
ised neuropsychological tests. Only two patients (1 PPA, 1 HC) were left-handed. The
demographic and clinical features of the three groups of participants are summarised in
Table 1.
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Table 1. Demographic features of the groups of participants.

lvPPA nfavPPA svPPA AD HC p-Value

N 20 6 6 22 26
Female, n (%) * 8 (40%) 3 (50%) 3 (50%) 9 (40.9%) 18 (69%) 0.081
Age range (y) 55–85 58–85 70–75 57–87 48–80
Mean age ** 73.1 69.5 71.3 73.6 65.7

0.003
SD age ** 8.2 8.9 3.1 8.9 8.6

Mean Education (y) ** 10.1 11.5 9.8 10.1 11.1
0.738

Education SD ** 3.8 3.7 5 4.8 5.4
Mean MMSE score ** 23.6 20.5 20.7 21.5 28.5

<0.001
MMSE SD ** 5.4 4.2 5 4.9 1.7

Mean DTLA score *** 74.5 44.6 58.3 74.8 95.9
<0.001

DTLA SD *** 16.6 10.9 19.9 17.1 5.6

* χ2; ** ANOVA; *** Kruskal–Wallis, p-values refer to the overall comparisons between the three diagnostic groups
(PPA, AD and HC).

To be included in the study, the patients had to: be aged 40 years or more, have been
diagnosed with PPA or AD according to the DSM-5TM criteria [42], have consulted in
one of the investigation centres for cognitive, behavioural and/or motor difficulties, be
able to read, write and speak French, benefit from social security coverage, and have no
objection for inclusion on the study after reading the information note. The exclusion
criteria for the patients and the healthy controls were the presence of a protective measure
(guardianship or curatorship), a history of cerebrovascular disease, a history of psychiatric
disorder according to the DSM-IVTR criteria [43], any neurological condition (except PPA
and AD), traumatic brain injury, untreated medical or metabolic condition (e.g., diabetes,
hypothyroidism) uncorrected hearing and vision problems, or prescribed medication with
central nervous system sides effects likely to interfere with the carrying out of the tests.

Clinical data were reported retrospectively by the investigators and included: the
etiological diagnosis of PPA, PPA variant according to Gorno-Tempini et al. criteria [7],
the etiological diagnosis of AD according to the DSM-5TM criteria [42], the results of the
various paraclinical examinations (cerebral MRI, PET-Scan, DAT scan, lumbar puncture),
the current treatments, including the use of anticholinesterases or Memantine, the global
level of cognitive functioning with the Mini Mental State Examination (MMSE), and the
status of memory and language capabilities as well as their severity level.

2.3. Procedure

During the first visit, patients received explanations about the study and were given an
information sheet. The investigator checked the inclusion criteria and signed a no-objection
form. Various elements of the anamnesis were collected: age, gender, level of education,
laterality, duration of the disease and familiarity or not with the touchpad devices.

When a patient was included in the study, the practitioner administrated the Detection
Test of Language impairments in Adult (DTLA) and the tasks of graphic markers on an
iPad® tablet [43]. The DTLA test was chosen because of its accuracy for language disorders
associated with neurodegenerative diseases. It is a standardised, rapid test, scored on
100 points, validated, and standardised in four French-speaking countries, as well as
standardised according to 2 age groups and 2 levels of study. The DTLA test is composed
of 9 subtests exploring the language functions most affected in neurodegenerative diseases,
and its validation study showed that it has a good convergent validity, a good discriminant
validity with healthy controls and a good test–retest fidelity.

2.4. Material and Variables

Graphical markers were collected on the written tasks of the DTLA with an Apple
iPad ® 2018 touchpad (model MR7F2NF/A) and an Apple Pencil ® stylus model A1603.
The stylus sample rate was 60 Hz, the screen accuracy was 1 pixel, and its resolution was
2048 × 1536. The application retrieved the position and tap pressure provided by the
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Apple stylus through the Safari browser. Pressure was measured as a percentage of the
maximum pressure allowed by the stylus. These values were measured during plots, and
updated every 17 ms.

The following ten written tasks were analysed: four linguistic tasks, consisting of
writing words to dictation, writing nonsense words to dictation, writing a spontaneous
sentence, all part of the DTLA, and writing letter ‘l’ loops. Four cognitive non-linguistic
tasks, consisting of writing vertical and horizontal lines, diagonals, and a spiral, and
two non-cognitive non-linguistic tasks, consisting of writing dots and filling loops were
performed. For the cognitive non-linguistic tasks of writing diagonals, the participants
had 30 s to go back and forth as fast as possible between two squares presented on the
screen. For the non-cognitive non-linguistic tasks, they had to fill the screen with dots and
loops (Figure 1). For each task, we extracted the average (avgP) and the maximum (maxP)
writing pressure, representing the pressure of the stylus on the screen (ranging from 0 to 1).

Figure 1. Graphical marker tasks. Linguistic tasks: words, nonsense words, sentence, letter ‘l’ loops.
Cognitive non-linguistic tasks: vertical and horizontal lines, spiral, diagonals. Non-cognitive non-
linguistic tasks: dots, filling loops. Writing pressure was collected on an iPad® tablet. Red colour
indicates the maximum pressure.
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2.5. Statistical Analyses

Descriptive statistics were used to present demographic and clinical characteristics.
Qualitative variables (sex) were presented using the frequency and percentage, and quanti-
tative variables (age, years of education, MMSE score, and DTLA score) were presented
using the mean and standard deviation (SD). The effects of the diagnostic group (PPA, AD
and healthy controls) on quantitative demographic variables were tested using one-way
ANOVAs for normally distributed variables (followed by LSD-corrected post hoc tests) and
Kruskal–Wallis for non-normally distributed variables (followed by Bonferroni-corrected
post hoc tests). The diagnostic groups differed in terms of mean age; therefore, we per-
formed ANCOVAs on the average and maximum writing pressure using the diagnostic
group (PPA, AD and healthy controls) as between-subject factor, and the age as a covariate
(followed by LSD-corrected post hoc tests).

Qualitative variables (such as sex) were compared using the χ2 test. All statistical
analyses were performed using IMB SPSS Statistics V20.0 software.

3. Results
3.1. Demographic and Clinical Information

Characteristics and clinical information of each group are reported in Table 1. No sig-
nificant differences in gender (χ2

(2) = 5.03, p = 0.081) and the number of years of education
(F(2,77) = 0.31, p = 0.738) were found across the three groups. Age varied significantly across
the groups (F(2,77) = 6.34, p = 0.003). Specifically, post hoc LSD tests showed that participants
in the control group were significantly younger than participants with PPA (p = 0.005) and
AD (p = 0.002), whereas no difference between PPA and AD groups was found (p = 0.521).
As expected, MMSE scores varied significantly across groups (F(2,51) = 8.66, p = 0.001), with
participants in the control group showing significantly higher MMSE scores than partici-
pants in the PPA (p = 0.001) and the AD (p < 0.001) groups. No difference between PPA
and AD groups was found (p = 0.493). A significant difference in the results of the DTLA
scale was found (H(2) = 46.20, p < 0.001). Bonferroni-corrected post hoc tests revealed that
participants in the control group had significantly higher DTLA scores than participants in
the PPA (p < 0.001) and the AD (p < 0.001) groups. The difference between PPA and AD
groups did not reach statistical significance (p = 0.838).

3.2. Graphical Markers

3.2.1. Average Pressure (avgP)

Descriptive analyses (mean and standard deviation) for the average pressure in each
task and for differences between linguistic and non-linguistic tasks are reported in Table 2.

The ANCOVA with Group as the between-subject factor and Age as a covariate re-
vealed a significant effect of Group on avgP in the horizontal lines (cognitive non-linguistic)
task (F(2,41) = 3.26, p = 0.049). Specifically, paired post hoc comparisons (LSD-corrected)
revealed that avgP was significantly higher in AD compared to controls (p = 0.035), and
almost significantly higher in AD compared to PPA (p = 0.057). No significant effect of
Group was found for the other tasks.

Concerning the differences between linguistic and non-linguistic tasks, a significant ef-
fect of Group was found on the difference between words and horizontal lines (F(2,40) = 3.94,
p = 0.027); specifically, subjects with AD showed a higher avgP in the horizontal lines com-
pared to the words task, whereas the opposite was true for controls (p = 0.016) and PPA
subjects (p = 0.049). The same pattern was also found for the difference between non-words
and horizontal lines (F(2,40) = 4.24, p = 0,021)—subjects with AD showed a higher avgP in
the horizontal lines compared to the non-words task, whereas the opposite was true for
controls (p = 0.016) and PPA subjects (p = 0.031)—and for the difference between horizontal
lines and sentence tasks (F(2,40) = 3.99, p = 0,026), with subjects with AD showing a higher
avgP in the horizontal lines compared to the sentence task, whereas the opposite was
true for controls (p = 0.032) and PPA subjects (p = 0.021). Finally, a significant effect of
Group was found on the difference between letter ‘l’ loops (linguistic) task and (cognitive
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non-linguistic) diagonals task (F(2,74) = 3.38, p = 0,039), with subjects with PPA showing
a higher avgP in the diagonals compared to the cursive loops task, whereas the opposite
was true for controls (p = 0,026) and AD subjects (p = 0,046). No other significant difference
was found.

Table 2. Average writing pressure in participants with PPA, AD and Healthy Controls.

Task Diagnosis Mean
Standard
Deviation

Linguistic Tasks

Words
PPA
AD

Controls

0.20
0.22
0.20

0.09
0.13
0.08

Nonsense words
PPA
AD

Controls

0.22
0.23
0.21

0.10
0.14
0.09

Sentence
PPA
AD

Controls

0.23
0.26
0.22

0.11
0.13
0.09

Letter ‘l’ loops
PPA
AD

Controls

0.25
0.28
0.26

0.12
0.15
0.10

Cognitive
Non-Linguistic

Tasks

Diagonal
PPA
AD

Controls

0.28
0.26
0.24

0.14
0.13
0.10

Vertical
PPA
AD

Controls

0.28
0.30
0.22

0.08
0.15
0.12

Horizontal
PPA
AD

Controls

0.21
0.31
0.18

0.55
0.21
0.08

Spiral
PPA
AD

Controls

0.25
0.26
0.25

0.12
0.11
0.09

Non-Cognitive
Non-Linguistic

Tasks

Dots
PPA
AD

Controls

0.17
0.19
0.13

0.07
0.09
0.04

Filling Loops
PPA
AD

Controls

0.28
0.31
0.27

0.11
0.15
0.09

3.2.2. Maximum Pressure (maxP)

Descriptive analyses (mean and standard deviation) for the average pressure in each
task and for differences between linguistic and non-linguistic tasks are reported in Table 3.

The ANCOVA with Group as a between-subject factor and Age as a covariate revealed
a significant effect of Group on maxP for the sentences (linguistic) task (F(2,74) = 3.65,
p = 0.031), with AD subjects showing a significantly higher maxP compared to the controls
(p = 0.009). A significant effect of Group was also found for the horizontal lines (cognitive
non-linguistic) task (F(2,41) = 3.24, p = 0,049)—AD subjects showed a significantly higher
maxP compared to the controls (p = 0.021)—and for the dots (non-cognitive non-linguistic)
task (F(2,74) = 4.12, p = 0,020), with subjects with PPA (p = 0.007) and AD (p = 0.032) showing
a higher maxP compared to the controls. No significant effect of Group was found for the
other tasks.

Concerning the differences between linguistic and non-linguistic tasks, a significant
effect of group was found on the difference between letter ‘l’ loops and dots (F(2,75) = 5.27,
p = 0.007). Specifically, all subjects showed a higher maxP in the dots compared to the
cursive loops task, but the difference was higher for PPA (p = 0.002) and AD subjects
(p = 0.027) compared to the controls. Furthermore, an almost-significant effect of Group
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was found on the difference between letter ‘l’ loops and horizontal lines (F(2,42) = 3.03,
p = 0.059) with controls showing a higher maxP in the letter ‘l’ loops vs. the horizontal lines
task, whereas the opposite was true for subjects with AD (p = 0.028). No other significant
difference was found.

Table 3. Maximum writing pressure in participants with PPA, AD and Healthy Controls.

Task Diagnosis Mean
Standard
Deviation

Linguistic Tasks

Words
PPA
AD

Controls

0.61
0.66
0.55

0.30
0.26
0.23

Nonsense words
PPA
AD

Controls

0.58
0.61
0.54

0.30
0.30
0.22

Sentence
PPA
AD

Controls

0.65
0.78
0.53

0.33
0.27
0.25

Letter ‘l’ loops
PPA
AD

Controls

0.45
0.48
0.44

0.23
0.22
0.23

Cognitive
Non-Linguistic

Tasks

Diagonal
PPA
AD

Controls

0.54
0.49
0.42

0.27
0.25
0.21

Vertical
PPA
AD

Controls

0.55
0.57
0.43

0.19
0.23
0.21

Horizontal
PPA
AD

Controls

0.45
0.58
0.32

0.21
0.30
0.16

Spiral
PPA
AD

Controls

0.44
0.47
0.40

0.26
0.21
0.19

Non-Cognitive
Non-Linguistic

Tasks

Dots
PPA
AD

Controls

0.73
0.71
0.53

0.27
0.25
0.24

Filling Loops
PPA
AD

Controls

0.52
0.54
0.51

0.20
0.22
0.20

3.2.3. Summary of the Main Differences between PPA and Healthy Controls

Considering post hoc corrected comparisons, the most relevant tasks to distinguish
PPA patients from healthy controls seemed to be the dots (non-cognitive non-linguistic)
task and the letter ‘l’ loops (linguistic) task. Specifically, the maxP (p = 0,007) in the dots task
was higher in PPA compared to healthy controls. Furthermore, the difference in maxP in
the dots compared to the letter ‘l’ loops task was higher for PPA than for controls (p = 0.002).
Finally, subjects with PPA had a higher avgP in the diagonals compared to the letter ‘l’
loops task, whereas the opposite was true for controls (p = 0.026) (Figure 2).
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Figure 2. Differences in average and maximum writing pressure between patients with PPA and
healthy controls.

3.2.4. Summary of the Main Differences between PPA and AD

Considering post hoc corrected comparisons, the most relevant feature distinguishing
between PPA and AD patients was the avgP, whereas no significant differences were
found for the maxP. In terms of tasks, the most relevant seemed to be the horizontal
lines and diagonal lines (cognitive non-linguistic) tasks and the linguistic tasks. Indeed,
differences in avgP were found for the horizontal lines task (AD>PPA, p = 0.057) and for
the difference between horizontal lines and three linguistic tasks (words, non-words and
sentence, p = 0.049, 0.031 and 0.021, respectively). Specifically, avgP in AD was higher in
the cognitive non-linguistic tasks compared to the linguistic tasks, whereas avgP in PPA
was higher in the linguistic tasks compared to the cognitive non-linguistic task. Finally,
subjects with PPA showed a higher avgP in the diagonals task compared to the letter ‘l’
loops (linguistic) task, whereas the opposite was true for AD subjects (p = 0,046) (Figure 3).

，

−

Figure 3. Differences in average and maximum writing pressure between patients with PPA and
patients with AD.
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4. Discussion

In the present study, we investigated the usefulness of graphical parameters collected
in a handwriting protocol to differentiate patients with PPA from healthy controls, and
patients with PPA from patients with AD. Significant differences in the average pressure
and maximum pressure between PPA participants and healthy controls were found in the
non-linguistic non-cognitive ‘dots’ task, and in the pressure difference between linguistic
and non-linguistic ‘letter l loops’ and ‘dots’ tasks. These results show that PPA patients
have a higher difference in the maximum pressure between a linguistic (‘letter l loops’) and
a non-linguistic non-cognitive task (‘dots) than healthy controls. A previous study already
showed that motor activity reveals language-related characteristics, due to the involvement
of motor areas of the brain in writing [39]. This suggests that motor performance involved
in linguistic and non-linguistic tasks may change in the presence of language disorders.

Other studies have shown an overall lower writing pressure in people with cognitive
decline associated with AD compared to healthy people [40], with a lower pressure in most
cognitively deteriorated groups [44]. Our results suggest the opposite with PPA patients in
whom writing maximum pressure was significatively higher compared to healthy controls
in the non-cognitive ‘dots’ task. Two major processes enter in handwriting: language
processes and motor processes. Thus, writing could experience variations in different tasks
depending on which process is reached [45].

Differences in pressure between a non-linguistic task and a linguistic task may suggest
a decrease in the activity of the motor cortex during the graphic act, associated with a
linguistic task for PPA patients (with a smaller difference between both). These results may
be explained by the need for recruiting more cognitive resources during a linguistic task
than during a non-linguistic task for PPA participants. Indeed, non-linguistic areas of the
brain are usually more preserved in PPA than linguistic areas. This interpretation must
be confirmed by an EEG exploration during writing in linguistic and non-linguistic tasks.
These results are in line with other studies that show a relationship between language
and gesture processing and the partial overlap of their neural representations. Indeed, a
study demonstrated that PPA patients showed significant deficits on gesture discrimination
tasks clustered with linguistic tasks as word and nonsense-word repetition, and writing-to-
dictation [46].

The last aim of this study was to verify if graphical parameters could differentiate
participants with PPA from participants with AD. Several studies have analysed graphical
markers in patients with AD, but none in PPAs. Indeed, studies on PPAs focused only on
the content of language in writing, and not on the graphic parameters. Thus, studies have
shown letter insertion errors in patients with PPA, whereas they were absent in AD and
mild cognitive impairment (MCI) patients, and that patients with PPA use more verbs than
patients with AD [47].

Although the symptoms of AD are more cognitive than motor, it has been shown that
motor dysfunction quantified by kinematic handwriting analysis is significantly correlated
with MMSE scores in AD [48], and that pressure is lower in more cognitively deteriorated
groups [44]. Graphic parameters and variability in the performance of patients with AD
have been explained by a degradation of the motor programming, resembling that of
Huntington’s rather than Parkinson’s disease patients, and may reflect frontal rather than
basal ganglia dysfunction [49]. Finally, these studies suggest that MCI is also characterised
by motor dysfunction and that writing with accuracy constraints may help identify those at
risk of AD [50]. According to these studies, these deficits in graphical parameters seem to
be more related to a motor dysfunction than a language impairment. Indeed, it has already
been shown that in the mild phase of AD, lexico-semantic problems in the speaking process
are possible but not predominant [51]. Thus, graphical markers in patients with AD seem
more related to a deterioration in fine motor control and coordination [52,53].

Indeed, graphical markers seem to reflect the type of specific disorders in different
pathologies and permit better comprehension of the nature of these deficits. In the same
way, we have recently demonstrated a reduction in pressure, particularly in graphical
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activities, which have a spatial component in posterior cortical atrophy [54]. This result
of a writing pressure change depending on the graphical task performed is in line with
the results of a previous study on AD, and can be explained by the difference type of
impairment between these pathologies [55].

Inconsistently with the literature on writing in patients with AD, our results show
a difference between patients with PPA and patients with AD, with a predominant im-
pairment in linguistic tasks in AD. Indeed, significant differences between the two groups
were found for the cognitive non-linguistic horizontal lines task and for the difference
between horizontal lines and three linguistic tasks. The average pressure in AD was higher
in the cognitive non-linguistic tasks compared to the linguistic tasks, whereas the average
pressure in patients with PPA was higher in the linguistic tasks compared to the cognitive
non-linguistic tasks.

Contrary to the literature, these results suggest that graphical markers are not only a
sign of motor and coordination disorders, but also a sign of cognitive and, more specifically,
language disorders. Indeed, our results may suggest that patients with AD, despite an
overall cognitive impairment, have a higher cognitive load than patients with PPA in
linguistic tasks. In the same way, patients with PPA seem to have a high cognitive load for
linguistic tasks but also in cognitive tasks (dysexecutive impairment). These results are in
line with other studies that show early dysexecutive symptoms in patients with PPA [56]
and a severe language impairment in patients with AD [57].

In conclusion, graphical markers may allow the performance of an early and differen-
tial diagnosis of patients with PPA and patients with AD. Writing pressure comparisons
between linguistic and cognitive non-linguistic tasks reveal a difference in pressure be-
tween patients with PPA and healthy controls and patients with PPA and patients with
AD. Indeed, in patients with AD, although the cognitive impairment is global, language
impairment appears as an important diagnosis marker, such as in patients with PPA.

Other graphical kinematic parameters such as writing velocity could also be of interest
for the classification of different subtypes of PPAs, because of the different anatomical
pathways of degeneration. Thus, it has been shown that people with cognitive decline
have a lower writing speed and pressure overall, with longer writing times [40]. However,
to confirm these first results, a larger and more balanced PPA sample seems necessary.

Finally, this study highlights two main elements.
First, and on the scientific side, studying patients suffering from primary progressive

aphasia, a clinical syndrome characterised by comparatively isolated language deficits,
may provide direct evidence for anatomical and functional association between language
deficits and gesture graphic particularity.

Second, on the clinical side, this study has shown the benefits of associating graphical
markers to a rapid screening battery such as DTLA for the earlier and differential diagnosis
of PPAs.
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Abstract: Knowledge on the natural history of the three main variants of primary progressive aphasia
(PPA) is lacking, particularly regarding mortality. Moreover, advanced stages and end of life issues
are rarely discussed with caregivers and families at diagnosis, which can cause more psychological
distress. We analyzed data from 83 deceased patients with a diagnosis of PPA. We studied survival
in patients with a diagnosis of logopenic variant (lvPPA), semantic variant (svPPA), or non-fluent
variant (nfvPPA) and examined causes of death. From medical records, we retrospectively collected
data for each patient at several time points spanning five years before the first visit to death. When
possible, interviews were performed with proxies of patients to complete missing data. Results
showed that survival from symptom onset and diagnosis was significantly longer in svPPA than in
lvPPA (p = 0.002) and nfvPPA (p < 0.001). No relevant confounders were associated with survival.
Mean survival from symptom onset was 7.6 years for lvPPA, 7.1 years for nfvPPA, and 12 years for
svPPA. The most common causes of death were natural cardio-pulmonary arrest and pneumonia.
Aspiration pneumonia represented 23% of deaths in nfvPPA. In conclusion, this pilot study found
significant differences in survival between the three variants of PPA with svPPA showing the longest
and nfvPPA showing more neurologically-related causes of death.

Keywords: primary progressive aphasia; natural history; mortality; survival; memory clinic

1. Introduction

Primary progressive aphasias (PPAs) are a group of neurodegenerative diseases char-
acterized by a predominant and progressive deterioration of language, with relative preser-
vation of other cognitive functions over at least two years after the onset of the disease [1].
Since 2011, PPAs have been classified into three variants based on their clinical manifesta-
tions: the semantic variant (svPPA), the non-fluent/agrammatic variant (nfvPPA), and the
logopenic variant (lvPPA) [2].

Demographic and epidemiological data regarding PPAs are lacking and most estima-
tions are based on Frontotemporal Lobar Degeneration (FTLD) studies. Indeed, PPAs rep-
resent 20–40% of FTLD cases [3] with an estimated prevalence between 3.6 and 8.1/100,000
inhabitants [4–6]. A recent study suggested a prevalence of 3.1/100,000 (95% confidence
interval [2.96–3.23]) from a French database including 2035 PPAs patients followed in
tertiary centers [7].

While nfvPPA and svPPA are commonly considered as clinical presentations of
FTLD with a predominant FTLD-tau pathology for nfvPPA (64% of cases) and FTLD-
TDP-43 for svPPA (80% of cases), it is estimated that 86% of lvPPA are associated with
Alzheimer’s pathology [8].

Like all neurodegenerative diseases, the impact of PPA on the functional, socio-
economic, and quality of life aspects is significant [9,10]. In addition, at diagnostic an-
nouncement, advanced stages and end of life issues are rarely discussed with families and
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caregivers. Moreover, no pertinent guidelines are available for assisting the medical team
in prognosis announcement, which can have a significant psychological impact for patients
and their families [11,12].

Although some authors have studied the natural history of FTLD variants, survival
analyses remain scarce in the literature especially for PPAs. In the most recent mixed effects
meta-analysis of survival in FTLD published in 2016 by Kansal et al. [13], the mean and
median survival in svPPA variant were respectively 7.45 and 12.22 years. For nfvPPA,
mean and median survival were 7.69 and 8.11 years, respectively [13]. To date, no study
included the three PPA variants in survival analyses and epidemiological and survival
data are still unknown for lvPPA. Therefore, it is essential to improve our knowledge of the
natural history of PPAs, so that patients and their families can be informed about the onset
and management of the different clinical manifestations as well as be properly prepared for
end of life issues. The aim to the present pilot study was to analyze and compare survival
data between the three PPAs variants and to describe causes of death.

2. Materials and Methods
2.1. Subjects

We conducted a retrospective study including deceased patients with a diagnosis
of PPA that had been followed at our tertiary memory clinic over the past twenty years
(n = 83). Initial diagnostic evaluation was obtained by a neurologist, a geriatrician or a
neuropsychiatrist with a strong clinical experience in cognitive disorders. Diagnosis was
based on an extensive clinical and paraclinical evaluation including speech and neuropsy-
chological examination, structural (MRI–dementia protocol) and molecular neuroimaging
(FDG-PET), or cerebrospinal fluid AD biomarkers (aB1-42, total-tau, phospho-tau). For all
patients recruited after 2011, diagnosis was established according to the clinical criteria by
Gorno-Tempini et al. [2]. According to these criteria, svPPA is associated with impaired
confrontation naming and single-word comprehension. Additionally, patients may show
impaired object knowledge as well as surface dyslexia or dysgraphia. In this variant, repeti-
tion and speech production are usually spared. Secondly, patients with nfvPPA must show
apraxia of speech and/or agrammatism in speech production. Comprehension of syntac-
tically complex sentences can also be impaired. Spared single-word comprehension and
object knowledge is expected. Finally, lvPPA is defined by impaired single-word retrieval
in naming and spontaneous speech as well as impaired sentence repetition, particularly for
long sentences. Patients may also produce phonologic errors. In this variant, single-word
comprehension, object knowledge, grammar and speech production are usually spared.
Patients recruited before 2011 were screened and reclassified a posteriori using these diag-
nostic criteria. Only patients for whom the date of death was not available were excluded
from this study, otherwise this study recruited all deceased PPA patients.

2.2. Data Collection

For each patient, data were collected from medical records at several time periods five
years before the first visit until death that is at five years, two years and one year before the
first visit, the day of the first visit, as well as one year, two years, five years and 10 years
after the first visit. Our follow-up strategy is illustrated in Figure 1.

Brain Sci. 2021, 11, 1113 3 of 10 
 

 
Figure 1. Follow-up strategy for data extraction. 

Three of the authors (psychiatrist, neurologist, and a speech therapist) independently 
screened and extracted the data for all 83 patients. Subsequently, each diagnosis and data 
were reviewed, and disagreements were resolved by a consensus discussion between the 
authors. 

Data were collected using a standard electronic form to ensure consistency of the 
appraisals and diagnosis for each patient. 

For the present study, the following data were extracted from the database:  
1. Socio-demographic data: gender, years of education;  
2. Clinical data: diagnosis, MMSE at onset, age at symptoms onset, age at first visit, age 

at diagnosis, age of death, cause of death, duration from onset to diagnosis, duration 
from onset to first visit, duration from first visit to diagnosis, disease duration from 
diagnosis, and disease duration from onset. 
When possible, data were validated and corroborated using a semi-structured tele-

phone interview with caregivers. For the present study, 19 interviews were available. 
The presence of comorbidities (i.e., cardiovascular risk factors and pulmonary risk 

factors) as well as intake of medication for cardiovascular conditions (hypertension, dia-
betes, dyslipidemia) and psychological disorders (anxiety, depression, psychosis, halluci-
nations, etc.) were extracted and all three groups were similar. Of note, some comorbidity 
data were not available, and we therefore only focused on those related to cardiovascular 
and pulmonary data. 

2.3. Statistical Analyses  
Statistical analyses were performed using the R Core Team software [14]. Mean and 

standard deviations were used to present patient characteristics whereas we used propor-
tions to describe causes of death. A Khi-2 test was conducted for qualitative data. A one-
way analysis of variance ANOVA was conducted to compare mean values between the 
three PPAs variants. A Kaplan–Meier analysis was performed to analyze survival and 
completed by log rank tests to examine survival curves across diagnostic groups. Cox’s 
proportional hazard regression were performed to evaluate the effect of possible con-
founders. All statistical analyses were performed two-sided, and a p value of <0.05 was 
considered as significant. 

3. Results 
3.1. Patient Characteristics 

Sociodemographic and clinical characteristics of the patients are described in Table 
1. Eighty-three patients were included in the analyses: 35 lvPPA, 18 svPPA, and 30 
nfvPPA. The proportion of male and female was equivalent in each group and there was 
no statistically significant difference between the three PPA variants. MMSE scores at first 
visit and education level were also not significantly different across the variants. How-
ever, svPPA patients with more years of education (>12 years) were overrepresented com-
pared to nfvPPA and lvPPA (p = 0.012). 

  

Figure 1. Follow-up strategy for data extraction.

Three of the authors (psychiatrist, neurologist, and a speech therapist) independently
screened and extracted the data for all 83 patients. Subsequently, each diagnosis and
data were reviewed, and disagreements were resolved by a consensus discussion between
the authors.
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Data were collected using a standard electronic form to ensure consistency of the
appraisals and diagnosis for each patient.

For the present study, the following data were extracted from the database:

1. Socio-demographic data: gender, years of education;
2. Clinical data: diagnosis, MMSE at onset, age at symptoms onset, age at first visit, age

at diagnosis, age of death, cause of death, duration from onset to diagnosis, duration
from onset to first visit, duration from first visit to diagnosis, disease duration from
diagnosis, and disease duration from onset.

When possible, data were validated and corroborated using a semi-structured tele-
phone interview with caregivers. For the present study, 19 interviews were available.

The presence of comorbidities (i.e., cardiovascular risk factors and pulmonary risk fac-
tors) as well as intake of medication for cardiovascular conditions (hypertension, diabetes,
dyslipidemia) and psychological disorders (anxiety, depression, psychosis, hallucinations,
etc.) were extracted and all three groups were similar. Of note, some comorbidity data
were not available, and we therefore only focused on those related to cardiovascular and
pulmonary data.

2.3. Statistical Analyses

Statistical analyses were performed using the R Core Team software [14]. Mean
and standard deviations were used to present patient characteristics whereas we used
proportions to describe causes of death. A Khi-2 test was conducted for qualitative data.
A one-way analysis of variance ANOVA was conducted to compare mean values between
the three PPAs variants. A Kaplan–Meier analysis was performed to analyze survival
and completed by log rank tests to examine survival curves across diagnostic groups.
Cox’s proportional hazard regression were performed to evaluate the effect of possible
confounders. All statistical analyses were performed two-sided, and a p value of <0.05 was
considered as significant.

3. Results
3.1. Patient Characteristics

Sociodemographic and clinical characteristics of the patients are described in Table 1.
Eighty-three patients were included in the analyses: 35 lvPPA, 18 svPPA, and 30 nfvPPA.
The proportion of male and female was equivalent in each group and there was no sta-
tistically significant difference between the three PPA variants. MMSE scores at first visit
and education level were also not significantly different across the variants. However,
svPPA patients with more years of education (>12 years) were overrepresented compared
to nfvPPA and lvPPA (p = 0.012).

Table 1. Patient characteristics.

lvPPA (n = 35) nfvPPA (n = 30) svPPA (n = 18) p

Male/Female 19/16 15/15 9/9 n.s

Education years (mean ± SD) 11.7 ±4.4 11.03 ± 4.2 13.17 ± 4.1 n.s
Education level (>12 years) 15 9 12 0.026

MMSE 1st visit (mean ± SD) 21.03 ± 5.9 21.67 ± −6.8 22.35 ± 7.4 n.s
Age of onset (mean ± SD) 69.05 ± 10.8 70.13 ± 6.9 64.38 ± 7.8 n.s

Age at diagnosis (mean ± SD) 71.65 ± 10.22 73.1 ± 6.79 68.68 ± 8.5 n.s
Age of death (mean ± SD) 75.90 ± 9.5 76.8 ± 6.3 74.11 ± 8.3 n.s

n.s = not significant. SD = standard deviation.

Mean age of onset was 69.05 ± 10.8 years for lvPPA and 70.13 ± 6.9 for nfvPPA.
The mean age of onset was earlier for svPPA (64.38 ± 7.8 years), but no statistically
significant difference was found compared to lvPPA (p = 0.17) and nfvPPA (p = 0.08). No
significant differences were found regarding age of death which occurred after 74 years-old
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for each subgroup. Mean age at diagnosis did not significantly differ between the three
PPA variants.

3.2. Disease Duration

Several interval times were analyzed to describe and compare disease duration. Dura-
tion from onset was significantly longer for svPPA (p = 0.001 versus nfvPPA and lvPPA).
Disease duration since diagnosis was also longer for svPPA but a statistically significant
difference was only observed when compared with nfvPPA (p = 0.01). Diagnosis latency,
which corresponds to the mean time needed to provide a diagnosis, was significantly longer
for svPPA versus other variants. A mean of 13 ± 18 months was necessary to establish
a diagnosis of svPPA after the first visit (see Figure 2) and diagnostic latency from first
symptoms was 4.47 ± 2.03 years (see Figure 3). No differences were found between the
variants in the interval between first symptoms and first medical visit.
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3.3. Survival Analyses

Mean survival time is summarized in Table 2. Mean and estimated median survival
time in patients with svPPA were respectively 12 years and 10 years from onset to death
and 7.3 years and 7.5 years from diagnosis to death. Mean survival time in nfvPPA and
lvPPA were respectively 7.1 and 7.6 years from onset to death, and 5.6 and 4.7 years from
onset to diagnosis. Estimated median survival time was the same for both variants with
six years from onset and five years from diagnosis. Causes of death were only available
for 34 patients. The most common causes were natural cardio-pulmonary arrest (26.4%),
followed by pneumonia (23.52%), cachexia (14.7%), and bedsores infections (11.7%). Major
adverse cardiovascular events including stroke, cardiac infraction and systemic embolism
represented 11.7% of causes. Half of the pneumonia were of the aspiration subtype and
this accounted for 23% of deaths in nfvPPA.

Table 2. Mean and estimated median survival time (years).

Mean Survival Estimated Median Survival

Since Onset Since Diagnosis Since Onset Since Diagnosis

lvPPA (n = 35)
7.6

CI95%: 6.2–8.9
5.6

CI95%: 4.5–6.5
6

CI95%: 5.0–10.0
5

CI95%: 0.0–10

nfvPPA (n = 30)
7.1

CI95%: 5.9–8.3
4.7

CI95%: 3.7–7.6
6

CI95%: 6.00–7.00
5

CI95%: 0.0–10.0

svPPA (n = 18)
12

CI95%: 9.5–14.4
7.3

CI95%: 6.0–8.6
10

CI95%: 0.0–20.0)
7.5

CI95%: 5.0–10.0
CI = Confidence interval.

Survival time since onset and diagnosis were significantly longer in svPPA than in
lvPPA (p = 0.02 and p = 0.04, respectively) and nfvPPA (p < 0.0001 and p = 0.004, respectively)
(see Figure 4). A poor association was observed between age of onset and survival from
onset in lvPPA with a hazard ratio (HR) next to 1 (HR = 1.008, p = 0.019), not pertinent for
interpretation (see Table 3). No relevant confounders were associated with survival since
diagnosis (see Table 4).

Brain Sci. 2021, 11, 1113 6 of 10 
 

for interpretation (see Table 3). No relevant confounders were associated with survival 
since diagnosis (see Table 4).  

 
Figure 4. Kaplan–Meier survival curves. 

Table 3. Hazard ratios since onset. 

 lvPPA  nfvPPA  svPPA  
 HR (95%CI)  p-Value  HR (95%CI)  p-Value  HR (95%CI)  p-Value  

MMSE 1st visit  
0.96  

(0.89–1.03)  0.30  
0.96  

(0.89–1.02)  0.21  
0.99  

(0.89–1.10)  0.90  

Age of onset  1.05  
(1.00–1.08)  

0.02  1.03  
(0.95–1.11)  

0.52  0.96  
(0.86–1.07)  

0.43  

Years of education 
1.02  

(0.94–1.11)  0.56  
1.02  

(0.88–1.17)  0.84  
0.98  

(0.82–1.16)  0.81  

Gender  1.36  
(0.56–3.32)  

0.50  0.82  
(0.33–2.08)  

0.68  0.46  
(0.13–1.64)  

0.2  

HR = Hazard ratio; CI = Confidence interval. 

Table 4. Hazard ratios since diagnosis. 

 lvPPA nfvPPA svPPA 
 HR (95%CI) p-Value HR (95%CI) p-Value HR (95%CI) p-Value 

MMSE 1st visit 0.98 
(0.92–1.06) 

0.66 0.98 
(0.87–1.10) 

0.39 0.99 
(0.89–1.10) 

0.91 
 

Age of onset 
1.01 

(0.98–1.06) 0.48 
1.02 

(0.95–1.11) 0.52 
1.00 

(0.91–1.09) 0.99 

Years of education 1.02 
(0.94–1.10) 

0.57 0.98 
(0.87–1.10) 

0.74 0.99 
(0.82–1.20) 

0.98 

Gender 
0.80 

(0.36–1.81) 0.60 
1.19 

(0.49–2.84) 0.70 
1.12 

(0.28–4.52) 0.87 

HR = Hazard ratio; CI = Confidence interval. 

4. Discussion 
The aim of this work was to study survival in a group of deceased PPA patients that 

have been followed at our memory clinic. To date, only five studies on survival in nfvPPA 

Figure 4. Kaplan–Meier survival curves.

141



Brain Sci. 2021, 11, 1113

Table 3. Hazard ratios since onset.

lvPPA nfvPPA svPPA

HR (95%CI) p-Value HR (95%CI) p-Value HR (95%CI) p-Value

MMSE 1st visit
0.96

(0.89–1.03)
0.30

0.96
(0.89–1.02)

0.21
0.99

(0.89–1.10)
0.90

Age of onset
1.05

(1.00–1.08)
0.02

1.03
(0.95–1.11)

0.52
0.96

(0.86–1.07)
0.43

Years of education
1.02

(0.94–1.11)
0.56

1.02
(0.88–1.17)

0.84
0.98

(0.82–1.16)
0.81

Gender
1.36

(0.56–3.32)
0.50

0.82
(0.33–2.08)

0.68
0.46

(0.13–1.64)
0.2

HR = Hazard ratio; CI = Confidence interval.

Table 4. Hazard ratios since diagnosis.

lvPPA nfvPPA svPPA

HR (95%CI) p-Value HR (95%CI) p-Value HR (95%CI) p-Value

MMSE 1st visit
0.98

(0.92–1.06)
0.66

0.98
(0.87–1.10)

0.39
0.99

(0.89–1.10)
0.91

Age of onset
1.01

(0.98–1.06)
0.48

1.02
(0.95–1.11)

0.52
1.00

(0.91–1.09)
0.99

Years of
education

1.02
(0.94–1.10)

0.57
0.98

(0.87–1.10)
0.74

0.99
(0.82–1.20)

0.98

Gender
0.80

(0.36–1.81)
0.60

1.19
(0.49–2.84)

0.70
1.12

(0.28–4.52)
0.87

HR = Hazard ratio; CI = Confidence interval.

4. Discussion

The aim of this work was to study survival in a group of deceased PPA patients that
have been followed at our memory clinic. To date, only five studies on survival in nfvPPA
and svPPA were published [15–19]. Among these studies, only three compared the two
variants. Moreover, publication date was before the most recent classification criteria by
Gorno-Tempini and colleagues. Since 2011, no PPA survival analysis has been done and
therefore no study included patients with lvPPA. To our knowledge, this is the first survival
study including patients with the three PPA variants.

Despite the small sample size, PPA groups were representative of current practice,
where approximately 42% of patients present with lvPPA, 36% with nfvPPA, and 22%
with svPPA. Magnin et al. in 2016 [7], compared the demographical data across 2035 PPA
subjects. They proposed three samples of patients. Sample 1 included all participants
(n = 2035) and Sample 2 (n = 67) was a subgroup from Sample 1 with CSF biormarkers
available. Sample 2 was divided between two subgroups: nfvPPA/ lvPPA/unclassifiable
PPA and svPPA. Sample 3 (n = 97) was divided between lvPPA, svPPA, and nfvPPA,
and the CSF biomarkers were available for all of them. In Sample 1, the proportion of
svPPA patients represented 28.1% of the entire sample. Moreover, the repartition was
comparable across each sample with less svPPA patients [7]. Our sample also showed a
smaller proportion of svPPA patients compared to the two other variants. Moreover, the
authors estimated that nfvPPA/lvPPA/unclassifiable PPA were more frequent than svPPA
(2.2 versus 0.8/100,000 inhabitants; p < 0.00001) [7].

In this study, patients with svPPA were younger than lvPPA and nfvPPA patients
with a mean age at onset of 64 years-old, which is similar to that found in the three sur-
vival studies cited earlier. However, no statistically significant differences across the PPA
groups were found, which was also the case in the studies by Hodges et al. (2003), Nunne-
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mann et al. (2011), and Roberson et al. (2005) [15,17,18]. On the other hand, Kertesz et al.
(2007) showed a statistically significant younger age of onset in svPPA patients compared
to nfvPPA patients [16]. The same profile was highlighted concerning age at diagnosis.
Age at diagnosis was also younger in the eight natural studies of PPA including the three
variants (between 60 and 70 years) and no differences were observed across groups [19–26].
Absence of differences could be explained by small sample sizes. Indeed, no data were
available for sample sizes over 150 subjects. In Sample 1 (n = 2035) of the multicentric epi-
demiologic study published by Magnin et al. (2016) [7], the nfvPPA/lvPPA/unlassifiable
PPA group was significantly older at disease onset and at diagnosis than the svPPA group
(p < 0.00001). There was no significant differences in level of education or gender. Com-
pared to typical AD, in svPPA patients, male predominance occurred after the age of 80, the
level of education was higher, and the age of onset was younger (71.6 versus 78.61 years
old), all differences being statistically significant with a p < 0.0001. In Sample 3 (n = 97),
svPPA patients were also younger at disease onset than lvPPA patients (59.48 years-old
versus 63.72 years-old) and no differences were observed on gender and age of educa-
tion. After CSF biomarkers stratification, no significant difference was observed for age
at onset, gender, or level of education between the “PPA-AD” group and the “PPA–not
“AD” group [7].

In this study, no significant differences were observed across MMSE scores. In a study
by Ulugut et al. published in 2021 [21], MMSE score also did not differ significantly among
the PPA variants. However, lvPPA patients performed worse on executive and visuospa-
tial specific testing and svPPA performed worse on the verbal memory test at baseline.
These findings must, however, be interpreted with caution as cognitive assessment can be
strongly impacted by language abilities especially on global scores (MoCA and MMSE).
In clinical practice, it is frequent to observe a clinical dissociation between performance
on cognitive tests and level of functioning on collateral history. None of the PPA patients
were tested using specific assessment and neuropsychological tools that take into account
language impairments [27].

In the present study, diagnostic latencies since onset and since the first visit were
significantly longer for svPPA versus the other variants. Especially, the diagnostic latency
since onset was 4.47 years in svPPA versus 2.54 years in lvPPA and 2.93 years in nfvPPA.
Although latencies were not explored in PPA survival studies, several other observational
studies have found similar results. Indeed, in the analysis of Sample 3, Magnin et al. (2016)
found that the delay between first symptoms and PPA diagnosis was longer in svPPA
patients (4.48 years) compared to lvPPA (3.02 years) and nfvPPA (2.26 years) [7]. In the
study published by Van Langenhove et al. (2016), symptoms duration at baseline was
4.4 years for svPPA, compared to 2.3 and 3.5 years in nfvPPA and lvPPA, respectively [22].
Hseish et al. (2012) also found that svPPA had a mean disease duration of 4.2 years at time
of diagnosis, compared with 2.3 and 3.9 years for nfvPPA and lvPPA [26]. These results
could be explained by a more challenging recognition of the disease by the family and the
physicians. Indeed, loss of semantic knowledge can be masked by a more fluent profile
and patients are, therefore, more able to develop compensation mechanisms at the onset of
disease. Moreover, it can also be masked by the first symptoms being characterized as a
predominant memory and behavioral presentation [21].

Our survival results were compatible with findings from a meta-analysis published by
Kansal et al. in 2016, with a median survival estimated at 10 years for svPPA (Kansal et al.
showed a median svPPA survival of 12 years). In this study, we also found a significantly
longer survival time in svPPA patients. However, Kansal et al. results revealed a significant
difference only in median survival, whereas mean survival between svPPA and nfvPPA
patients did not reach statistical significance [13]. The three survival studies comparing
svPPA and nfvPPA did not show differences on survival time [15–17]. Moreover, contrary
to Kansal et al., we found higher mean survival times than median survival times for
svPPA and nfvPPA. The authors underlined this asymmetry between median and mean
survival findings in svPPA results. In their discussion, Kansal et al. suggested an artefact
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in the analysis due to the heterogeneity the included studies (sampling methods and
regional context) but they also proposed an interesting hypothesis where presence of a
negative or positive skew could be a statistical reflection of the survival profile. A negative
skew could concern a disease with young- or mid-life onset, a sufficiently long course,
with few premature deaths. In contrast, a positive skew was more likely when a disease
was characterized by a very short course, as the outliers are those with unusually long
survival. It is important to consider that the meta-analysis was first limited by the small
number of studies included, with only three comparing nfvPPA and svPPA. In the study
by Nunnemann et al. [17], median survival in the svPPA group could not be defined
because less than half of the patients had died at the end of the observational period.
Moreover, in the three studies, the sample size of died patients was extremely limited
with only nine svPPA and eight nfvPPA for Hodges et al. (2003) [15], three svPPA and
seven nfvPPA for Nunnemann et al. (2011) [17], twelve svPPA and seven nfvPPA for
Roberson et al. (2005) [18].

According to the WHO definition, years of life lost (YLL) is the age at which deaths
occur by giving greater weight to deaths at younger age and lower weight to deaths at
older age. The years of life lost (percentage of total) indicator measures the YLL due to a
cause as a proportion of the total YLL lost in the population due to premature mortality.
We did not include YLL in our survival analyses. It could have been interesting especially
for patients and their family to know which variant is associated with premature mortality.
In the meta-analysis of Kansal et al. (2016), mean YLL was significantly higher in svPPA
compared to nfvPPA (13.56 years versus 10.54 years). These results could also be overesti-
mated for svPPA because only premature deaths were analyzed for svPPA in the study of
Nunnemann et al. (2011), given that less than half of the patients had died at the end of the
observational period.

Finally, causes of death in PPA are poorly described in the current literature. In this
study, we were only able to obtain causes for 34 patients, mostly by interviews with the
caregivers. Our results were similar to the ones of Nunnemann et al. (2011) [17] with a
predominance of respiratory system disorder including aspiration pneumonia, circulatory
system disorder and cachexia. It has been our experience that a small proportion of PPA
patients develop Progressive Supranuclear Palsy and/or Corticobasal Syndrome. These
patients tend to show a poorer evolution over time. However, this study did not specifically
address this or intend to compare AD with PSP and/ or CBS.

The main limitation of this pilot work was undoubtedly the small sample size, how-
ever, of higher or comparable size to that of studies already published. Our study was also
the first to include lvPPA patients. Future multicentric studies should be conducted on
the three PPA variants to obtain results for larger sample sizes. Moreover, in this study,
few data were available regarding causes of death. Indeed, most patients died when in
long term care homes and therefore were not admitted in the hospital at the time of death.
Moreover, many came from all across the province of Quebec and their full medical record
was not available to us. Finally, most diagnoses were not confirmed by pathological au-
topsy and misdiagnosis cannot be excluded for patients diagnosed prior to the 2011 criteria.
However, our data extraction strategy was independently realized by a pluridisciplinary
team experienced in the classification of PPAs, and secondarily completed by a consensus
discussion to control for management of clinical misdiagnosis.

5. Conclusions

This is the first study to analyze survival data across the three variants of PPA accord-
ing to Gorno-Tempini’s criteria [2]. Our preliminary results tend to highlight a specific
profile for svPPA patients in comparison to the two other variants. Patients suffering
from svPPA seem to get a confirmed diagnosis later than the others but svPPA remains
characterized by the best survival time. More survival analyses, integrating the most recent
diagnostic criteria, all phenotypes and multicentric databases will be necessary to confirm
our findings. Moreover, more complete survival analyses including median and mean
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survival time, YLL, comorbidities and treatments could offer better prevention information
for patients and their caregivers by taking account premature death and their causes. To
date, these preliminary findings already provide precious data to better prepare them to
the progression of the disease and end stages of life.
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Abstract: Impaired verbal ‘phonological’ short-term memory is considered a cardinal feature of
the logopenic variant of primary progressive aphasia (lv-PPA) and is assumed to underpin most
of the language deficits in this syndrome. Clinically, examination of verbal short-term memory in
individuals presenting with PPA is common practice and serves two objectives: (i) to help understand
the possible mechanisms underlying the patient’s language profile and (ii) to help differentiate lv-PPA
from other PPA variants or from other dementia syndromes. Distinction between lv-PPA and the non-
fluent variant of PPA (nfv-PPA), however, can be especially challenging due to overlapping language
profiles and comparable psychometric performances on verbal short-term memory tests. Here, we
present case vignettes of the three PPA variants (lv-PPA, nfv-PPA, and the semantic variant (sv-PPA))
and typical Alzheimer’s disease (AD). These vignettes provide a detailed description of the short-
term and working memory profiles typically found in these patients and highlight how speech output
and language comprehension deficits across the PPA variants differentially interfere with verbal
memory performance. We demonstrate that a combination of verbal short-term and working memory
measures provides crucial information regarding the cognitive mechanisms underlying language
disturbances in PPA. In addition, we propose that analogous visuospatial span tasks are essential for
the assessment of PPA as they measure memory capacity without language contamination.

Keywords: primary progressive aphasia; frontotemporal dementia; Alzheimer’s disease; neuropsy-
chology; span; sentence repetition; working memory; phonological; visuospatial

1. Introduction

Impaired verbal ‘phonological’ short-term memory is considered a cardinal feature of
the logopenic variant of primary progressive aphasia (lv-PPA) and is thought to underpin
many of the language deficits in this syndrome [1]. Indeed, lv-PPA patients display
impaired digit, letter, and word span on formal testing but perform normally on single-
digit and -word repetition tasks [2–4]. Importantly, these deficits occur in the context of
relatively preserved grammar and articulation, although phonological paraphasias may
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be present [1,3]. Poor verbal short-term memory performance also occurs in the non-
fluent variant (nfv-PPA), although this impairment is typically due to motor speech or
articulatory deficits [1,3,4]. In contrast, verbal short-term memory performance remains
relatively spared in the early stages of the semantic variant of PPA (sv-PPA) [3,4]. These
distinct verbal short-term memory profiles led the international consensus criteria for
PPA to include ‘impaired sentence repetition and phrases’ as a core clinical feature of
lv-PPA [1]—prompting clinicians to evaluate the verbal short-term memory system when
assessing patients with a differential diagnosis of lv-PPA.

Despite these recommendations, multiple challenges exist for clinicians assessing these
skills at the individual case level. For example, differentiating lv-PPA from nfv-PPA hinges
on detecting motor speech and/or grammatical errors—a skill which requires considerable
expertise in language assessment [5]. In addition, the presence and severity of these speech
and language features are variable, especially in the early stages of the disease, making the
distinction between lv-PPA and nfv-PPA challenging [6–10].

In clinical practice, the combination of language and short-term memory tests, how-
ever, can improve the clinician’s ability to detect phonological impairment and delineate
lv-PPA from the other PPA variants [3,11]. Evaluation of performance scores across tests,
as well as awareness of the qualitative aspects of language (e.g., phonological distur-
bance, dysarthria, agrammatism), helps determine if impaired performance on verbal
short-term memory measures is due to the breakdown of the verbal store and rehearsal
system—indicating lv-PPA—or to a breakdown of other processes (e.g., nfv-PPA: motor
speech programming deficits; sv-PPA: disrupted conceptual knowledge resulting in poor
understanding/recollection of words or phrases) [3,11,12]. While these views are well-
documented in PPA group comparison studies, attempts to implement this understanding
through specific tests at an individual patient level have been limited. Investigations at the
case level have several advantages over larger PPA group comparison studies, including
the ability to: (i) interpret individual cases based on established norms tailored to the age
and education of the individual; (ii) establish a differential diagnosis without referencing a
demographic and disease severity matched PPA sample group, and; (iii) place emphasis
on interpreting important qualitative aspects of language in conversational speech and on
formal standardised testing.

In this study, we explored in detail the short-term memory profiles of individual
patients with PPA (lv-PPA, nfv-PPA, sv-PPA) and, for comparison, Alzheimer’s disease
(AD). Using tests typically administered in secondary and tertiary clinics, we demonstrate
how the language deficits of each PPA variant influence performance across various
measures of verbal short-term memory and working memory. We also highlight how the
breakdown of these performances can provide clinicians with qualitative insights into the
core speech and memory mechanisms affected in an individual patient. Finally, we propose
that the assessment of visuospatial short-term and working memory is relevant for the
establishment of an accurate diagnosis of PPA.

2. Materials and Methods

The four patients presented here as case vignettes were seen at the FRONTIER Fron-
totemporal Dementia Research Group at the Brain and Mind Centre, The University of
Sydney. They all underwent a comprehensive neurological (NJC, JRB, RMA), and system-
atic cognitive (DF, SCC) and speech assessment (CTR, DF, SCC), as well as structural brain
magnetic resonance imaging (MRI). Sentence repetition was phonetically transcribed by
CTR and qualitatively scored using the Hohlbaum, Dressel [12] scoring criteria. This study
was approved by the Human Research Ethics Committee of the South-Eastern Sydney
Local Area Health District (HREC 10/126). All participants provided written informed
consent in accordance with the Declaration of Helsinki. Patient initials have been altered to
protect the privacy of the individuals and their families.

148



Brain Sci. 2021, 11, 1060

3. Case Vignettes
3.1. lv-PPA Patient: NS

At presentation, NS was a 67-year-old, right-handed man (Table 1). He had 12 years
of education and had been retired for 7 years, having previously worked in government
services and in the tourism sector. He had also been heavily involved in managing the
finances and building repairs at his local church but had ceased these duties approximately
two years prior to his visit. His past medical history revealed a coronary stent 3 years prior
to the assessment, and high cholesterol which was managed with medication. There was
no known family history of dementia or other neurodegenerative conditions.

Table 1. Demographics and neuropsychological test scores.

Domain Cognitive Test Subtest (Max Score)
TN: AD
Patient

NS: lv-PPA
Patient

ML: nfv-PPA
Patient

JC: sv-PPA
Patient

Demographics
Sex (m:f) Male Male Female Male
Age (y) 67 66 64 62

Handedness Right Right Right Right
Education (y) 9 12.25 12 16

Disease duration (y) 7.4 3.5 6.6 5.4
General cognition ACE-III Total (100) 68 ** 66 ** 81 * 67 **

Attention and Trails A time (errors) 48 (0) 56 (0) * 65 (0) ** 43 (0)
executive functioning B time (errors) 365 (3) ** 460 (2) ** 344 (0) ** 99 (0)

B-A time difference 317 ** 404 ** 279 ** 56
Letter fluency F, A, S 36 14 ** 12 ** 36

Short-term and Digit Span Raw Forward (longest) 9 (6) 4 (3) ** 5 (4) * 12 (8)
working memory Raw Backward (longest) 5 (4) 2 (3) ** 5 (4) * 6 (4)

Raw Total (SS) 14 (9) 6 (4) ** 10 (6) * 18 (11)
Spatial Span Raw Forward (longest) 6 (4) 4 (3) * 8 (6) 6 (6)

Raw Backward (longest) 4 (4) * 5 (4) 6 (4) 8 (6)
Raw Total (SS) 10 (6) * 9 (5) * 14 (10) 14 (10)

Sentence Rep Raw Total (14) Nil 6 ** 3 ** 9 **
Word Span Raw Total (30) Nil 9 ** 11 ** 24

Memory RCFT Copy (36) 12.5 ** 29 * 30 * 36
3-min recall (36) 1 ** 7.5 * 18.5 22.5

Language SYDBAT Naming (30) 23 * 20 ** 30 10 **
Repetition (30) 30 24** 2 ** 30

Comprehension (30) 25 * 28 30 20 **
Semantic Assoc. (30) 27 29 29 19 **

Visuospatial Clock drawing (5) 5 5 5 5
ACE Visuospatial (16) 15 15 14 16

RCFT Copy time (secs) 594 ** 513 ** 229 290
Mood DASS-21 Depression 4 (Normal) 0 (Normal) 3 (Normal) 0 (Normal)

Anxiety 2 (Normal) 1 (Normal) 3 (Normal) 0 (Normal)
Stress 4 (Normal) 4 (Normal) 4 (Normal) 3 (Normal)

Functional capacity FRS Total Rasch 0.16 (Mod.) 2.86 (Mild) 5.39 (V. Mild) 2.19 (Mild)
CDR-FTLD Sums of boxes (SoB) 5 (Mild) 1.5 (Quest.) 4 (V. Mild) 2 (Quest.)

Notes: ACE-III: Addenbrooke’s Cognitive Examination-Third Edition [13]; ACE Visuospatial: Visuospatial sub-score of the Addenbrooke’s
Cognitive Examination-III; CDR-FTLD: Frontotemporal Lobar Degeneration-Modified Clinical Dementia Rating Scale [14]; Clock drawing:
Clock drawing subtest of the Addenbrooke’s Cognitive Examination-III; DASS–21: Depression Anxiety Stress Scale–21 items [15,16]; Digit
Span: Digit Span subtest of the Wechsler Adult Intelligence Scale–III WAIS-III; [17]; FRS: Frontotemporal Dementia Rating Scale [18]; Letter
Fluency: Letters F, A and S [19]; Mod.: Moderate; Quest.: Questionable; RCFT: Rey Complex Figure Test [20]; Secs: seconds; Sentence
Repetition: Sentence Repetition from the Multilingual Aphasia Examination [21]; Spatial Span: Spatial Span subtest of the Wechsler Memory
Scale–III (WMS–III) [22]; SS: scaled score; SYDBAT: The Sydney Language Battery [23]; Trails: Trail Making Test [24]; V. Mild: Very Mild;
Word Span: word span test from Leyton, Savage [3]. * indicates borderline performance: 1.3 < z-score < 2.0; 3 < percentile < 9; ** indicates
extremely low performance: z-score < −2.0; percentile < 2.

NS was assessed following a 4-year history of speech and language difficulties. Ini-
tial symptoms included mispronouncing some words (“stunt” for ‘stent’; “wiltered” for
‘withered’), word substitutions, slowed reading rate, surface dyslexia, and spelling errors.
Word-finding difficulties had reportedly become more apparent in the 2 years prior to
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the visit, particularly in instances that required rapid spontaneous speech. Cognitively,
NS felt less confident about his memory and concentration. He also experienced some
topographical disorientation in unfamiliar locations. No other cognitive or motor changes
were reported, and he remained independent in all activities of daily living (ADLs). His
wife had not noticed any behavioural or personality changes and there was no history of
psychiatric features. NS did not report any symptoms of depression, anxiety, or stress, and
he demonstrated appropriate emotional reactivity during the assessment.

3.1.1. Neuropsychological Assessment

Based on his educational and vocational history, NS’s estimated premorbid level of
functioning was average. On a measure of general cognitive ability, the Addenbrooke’s
Cognitive Examination-III (ACE-III), he scored 66/100 which was well-below normal
limits (normal > 88), [13,25] (Table 1). His conversational speech was dysfluent with fre-
quent word-finding pauses and phonological errors, though prosody was intact. Formal
neuropsychological assessment revealed moderate to severe expressive language diffi-
culties. Verbal fluency and confrontation naming were very impaired, and repetition of
multisyllabic words was also reduced somewhat (Table 1, Figure 1). In contrast, compre-
hension (i.e., word-picture matching) and conceptual semantic knowledge were relatively
preserved (Figure 1).
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Figure 1. Raw scores on the Naming, Repetition, and Comprehension subtests of the Sydney Language Battery. Note, due 
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Figure 1. Raw scores on the Naming, Repetition, and Comprehension subtests of the Sydney Language Battery. Note, due
to speech output difficulties, the nfv-PPA patient wrote their responses for the Naming subtest (Appendix A).

Verbal short-term memory (i.e., Digit Span Forward, Sentence Repetition, Word
Span) and verbal working memory (i.e., Digit Span Backward) were extremely impaired
(Tables 1 and 2, Figure 2). His performance on the visuospatial counterpart tasks was
comparatively better although still fell in the borderline-impaired range (Table 1, Figure 3).

Executive functioning difficulties were also evident. Specifically, NS demonstrated im-
pairments in proverb interpretation, and rapid set-shifting. Complex visuo-constructional
planning was disorganised and extremely fragmented (Figure 4) in the context of intact
basic visuo-perceptual skills and psychomotor speed. This was likely to have impacted on
his visual memory performance which was borderline-impaired.
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Table 2. PPA patients’ responses on the Multilingual Aphasia Examination Sentence Repetition test.
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0 = No; 1 = Yes Frequency
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NS: lv-PPA patient
1 Take this home 1 0 0 0 0 0
2 Where is the child? 1 0 0 0 0 0
3 The car will not run 1 0 0 0 0 0
4 Why are they not living here? 1 0 0 0 0 0
5 The band (.) played and the/kraUnd/(5) cheered 0 1 0 0 0 0 1
6 Where are you going to work next summer? 1 0 0 0 0 0
7 He sold his house/@n/moved to the farm 0 1 0 0 0 0 1
8 Work in the garden until you’ve picked all the beans 1 0 0 0 0 0
9 The artist/peIt@d/painted (3) many pictures of the/fA:/no sorry 0 1 0 0 0 0 4 1 2
10 This doctor doesn’t go to all of the towns 0 1 0 0 0 0 3 1 *
11 She should be able to tell us when/S3:/(2) when she (.) is (.) performing 0 1 0 0 0 0 4 1
12 Why/d6n/(.) that group (1) why doesn’t that group apply (.) for (.) money 0 1 0 0 0 0 8 1 * 1
13 Many/pi:p@l/(5) they were not able to get work because of the (.) weather 0 1 0 0 0 0 6 2 * 1
14 Did not attempt

Total 6 7 0 0 0 0 26 5 1 4 0 1 0 0
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Table 2. Cont.

Analysis on Sentence-Level Analysis on Word-Level

0 = No; 1 = Yes Frequency
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ML: nfv-PPA patient
1 /teIki ð@/ 0 1 0 0 0 0 1
2 /w3:rIz ð@/child 1 0 0 0 0 0
3 /kA (2) ð@kA wIl wuz n6P r2n/ 0 1 0 0 0 0 2 **
4 why/A neI n6P/living here 1 0 0 0 0 0
5 /ð3:r beIn peIP @@n tSi (4) tSe@rz/ 0 1 0 0 0 0 1
6 /w3 @ju: goUI♥tu: w3:rP n@P z@n@n@tS@(3) z2m@/ 1 0 0 0 0 0
7 /i: (.) sUld Iz haUs @nd@ð@wi: (4) fAm/ 0 1 0 0 0 0 3
8 /w3:rk @n ð@gA:d@n æn (4) bIk tS6 g6 ð@bi:nz/ 0 1 0 0 0 0 4
9 /ð3:r A:d3:rzd peIP (3)/um/peInd@d/ . . . no 0 1 0 0 0 0 8
10 /Iz (3) 6l ð3:r kUntri: (1) 6l ð3:r (1) d6z In ð@kUntri:/ 0 1 0 0 0 0 7
11 /i: w6z/no 0 1 0 0 0 0 13
12 /waIz du ð@gruf (3) waIPs (4) w@z/ 0 1 0 0 0 0 10
13 Did not attempt
14 Did not attempt

Total 3 9 0 0 0 0 47 2 0 0 0 0 0 0
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Table 2. Cont.

Analysis on Sentence-Level Analysis on Word-Level

0 = No; 1 = Yes Frequency
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JC: sv-PPA patient
1 Take this home 1 0 0 0 0 0
2 Where is the child? 1 0 0 0 0 0
3 The car will not run 1 0 0 0 0 0
4 Why are they not living here? 1 0 0 0 0 0
5 The band played and the crowd cheered 1 0 0 0 0 0
6 Where are you going to work next summer? 1 0 0 0 0 0
7 He sold his house and they moved to the farm. 1 0 0 0 0 0
8 Work in the garden until you have picked all the beans 1 0 0 0 0 0
9 The artist painted many of the beautiful scenes in this valley 1 0 0 0 0 0
10 This doctor does not travel to all the towns in this country 0 1 0 0 0 0 1
11 He should actually be able to tell us when she will actually be performing here 0 1 0 0 0 0 2 **
12 Why do members of that group never write to their representatives of their group for aid? 0 1 0 0 0 0 3 **
13 Many men and women were not able to get to their work because of the severe snowstorm 0 1 0 0 0 0 1 **

14
The members of the committee have agreed to hold their meeting on the first Tuesday of
every month 0 1 0 0 0 0 1

Total 9 5 0 0 0 0 0 8 0 0 0 0 0 0

Notes, Sentences were transcribed using the international phonetic transcription (IPA). Sentences were scored using the Hohlbaum, Dressel [12] scoring criteria. Notes, P: glottal stop; (2) represents pause in
seconds; (.) represents pause of <1 s; *: These errors are coded as semantic substitutions but in fact they do not appear to arise as a result of impaired lexical retrieval. Rather the lv-PPA patient decodes the
meaning but cannot repeat the content word by word. So, he paraphrases, e.g., people for men and women; **: These errors are additions. The Hohlbaum system codes them as semantic substitutions, although
there is no specific code for such errors.
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for the nfv-PPA patient, and average for the sv-PPA and AD patients. Overall performance on Spa-
tial Span was borderline-impaired for the lv-PPA and AD patients, and average for the nfv-PPA and 
sv-PPA patients. Overall Digit Span was significantly (0.05) worse than Spatial Span for the nfv-
PPA patient; with the reverse pattern (i.e., Spatial < Digits) found for the AD patient. There was no 
statistical difference between test modality for lv-PPA and sv-PPA patients (statistical thresholds 
were taken from Table F4 [Appendix F] of the WMS III Scoring Manual). 

Executive functioning difficulties were also evident. Specifically, NS demonstrated 
impairments in proverb interpretation, and rapid set-shifting. Complex visuo-construc-
tional planning was disorganised and extremely fragmented (Figure 4) in the context of 
intact basic visuo-perceptual skills and psychomotor speed. This was likely to have im-
pacted on his visual memory performance which was borderline-impaired. 
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Figure 3. Digit and Spatial Span total raw scores graphically represented as age-adjusted z-values. Overall performance
on Digit Span was very impaired for the lv-PPA patient, borderline-impaired for the nfv-PPA patient, and average for the
sv-PPA and AD patients. Overall performance on Spatial Span was borderline-impaired for the lv-PPA and AD patients,
and average for the nfv-PPA and sv-PPA patients. Overall Digit Span was significantly (0.05) worse than Spatial Span for the
nfv-PPA patient; with the reverse pattern (i.e., Spatial < Digits) found for the AD patient. There was no statistical difference
between test modality for lv-PPA and sv-PPA patients (statistical thresholds were taken from Table F4 [Appendix F] of the
WMS III Scoring Manual).

3.1.2. Clinical Opinion about the Patient’s Verbal and Visuospatial Short-Term and
Working Memory Profile

NS demonstrates the hallmark verbal short-term memory disorder characteristic of lv-
PPA, evidenced by impaired digit span, word span, and sentence repetition, in the context
of relatively spared repetition of high frequency (i.e., lower cognitive load) multisyllabic
words. Qualitatively, NS’s intact repetition of multisyllabic words but impaired sentence
repetition suggests that the latter arises from difficulties accessing and rehearsing verbal
information in mind—that is, a dissolution of the verbal short-term memory system, rather
than from deficits in motor speech production (Table 2) [11,12]. His mild articulatory errors
and adequate prosody during speech, with well-articulated sound substitutions and lack of
distortions further supports this position. Notably, NS’s short-term and working memory
impairments appear to extend beyond the verbal domain, evidenced by his impaired
visuospatial span.
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Figure 4. Rey Complex Figure copy and 3-minute recall. Copy performance was very impaired for the AD patient,
borderline-impaired for the lv-PPA and nfv-PPA patients, and within normal limits for the sv-PPA patient. Three-minute
recall performance was very impaired for the AD patient, borderline-impaired for the lv-PPA patient, and within normal
limits for the nfv-PPA and sv-PPA patients.

3.1.3. Brain MRI and Clinical Diagnosis

T1 coronal brain MR images revealed mild generalised cortical atrophy, slightly more
prominent on the left than the right, extending posteriorly to involve the parietal lobes
(Figure 5). There was marginally greater atrophy in the peri-insular region on the left than
the right. T2 weighted MRI images showed occasional hyperintensities in the cerebral
hemispheres which were within normal limits for NS’s age. The pattern of brain atrophy,
clinical history, language, and neuropsychological profile were consistent with a diagnosis
of lv-PPA (Table 3a). Pathological confirmation was unavailable as NS is still alive.

3.2. nfv-PPA Patient: ML

At presentation, ML was a 64-year-old, right-handed woman with 12 years of edu-
cation (Table 1). She had been retired for five years, having previously worked as a shop
owner and a public servant. She had a past history of liver disease due to hepatitis C,
hepatic cirrhosis, and long-term alcohol consumption. At the time of the assessment, ML
had been abstinent from alcohol for 7 years. Her father had been diagnosed with dementia
(type unknown) in his 80s and died at the age of 87.

ML was seen following a 5-year history of progressively deteriorating speech which
had worsened noticeably over the last 12 months. Initial symptoms also included frequent
spelling errors and incorrect sentence construction. Her husband reported that her text
messages often had errors but remained largely understandable. She reported occasional
Yes/No and Hi/Bye confusion but had no trouble using corresponding non-verbal gestures.
No other cognitive changes were reported. She described no swallowing difficulties and
no Parkinsonian symptoms. She did not report any symptoms of depression, anxiety,
or stress on a self-report measure of recent mood, and she demonstrated appropriate
emotional reactivity during the assessment. According to her husband, her ADLs were
mildly impaired.
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Figure 5. Brain T1 magnetic resonance images (MRI) of patients at the time of neuropsychological testing. Note: L = left;
R = right. Brain images are presented in the coronal plane. lv-PPA patient: Mild generalised cortical atrophy was evident,
slightly more prominent on the left than the right, extending posteriorly to involve the parietal lobes. There was marginally
greater atrophy in the peri-insular region on the left than the right. nfv-PPA patient: Mild generalised cortical atrophy with
particular involvement of the left peri-insular region anteriorly. sv-PPA patient: Severe atrophy of the anterior temporal
pole bilaterally, but much worse on the left than the right. AD patient: Mild-moderate generalised cortical atrophy with
involvement of the mesial temporal lobes.
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Table 3. (a–c) PPA patients according to the Gorno-Tempini, Hillis [1] international consensus criteria of primary
progressive aphasia.

(a)
Diagnostic Criteria for

Logopenic Variant of PPA
Patient

NS
(b)

Diagnostic Criteria for
Non-Fluent Variant of PPA

Patient
ML

(c)
Diagnostic Criteria for

Semantic Variant of PPA
Patient

JC

I. Clinical diagnosis of
logopenic variant PPA

I. Clinical diagnosis of
non-fluent/agrammatic
variant PPA

I. Clinical diagnosis of
semantic variant PPA

Both of the following core
features must be present:

At least one of the following
core features must
be present:

Both of the following core
features must be present:

1. Impaired single-word
retrieval in spontaneous
speech and naming

✓
1. Agrammatism in language
production

✓
1. Impaired confrontation
naming

✓

2. Impaired repetition of
sentences and phrases

✓

2. Effortful, halting speech
with inconsistent speech
sound errors and distortions
(apraxia of speech)

✓
2. Impaired single-word
comprehension

✓

At least 3 of the following
other features must
be present:

At least 2 of 3 of the
following other features
must be present:

At least 3 of the following
other features must
be present:

1. Speech (phonologic) errors
in spontaneous speech ,

✓

1. Impaired comprehension of
syntactically complex
sentences

Unknown
1. Impaired object knowledge,
particularly for low-frequency
or low-familiarity items

✓

2. Spared single-word
comprehension and
object knowledge

✓
2. Spared single-word
comprehension

✓
2. Surface dyslexia or
dysgraphia

✓

3. Spared motor speech ✓ 3. Spared object knowledge ✓ 3. Spared repetition ✓

4. Absence of frank
agrammatism

✓

II. Imaging-supported
non-fluent/agrammatic
variant diagnosis

4. Spared speech production
(grammar and motor speech)

✓

II. Imaging-supported
logopenic variant diagnosis

Both of the following criteria
must be present:

II. Imaging-supported
semantic variant diagnosis

Both of the following criteria
must be present:

1. Clinical diagnosis of
non-fluent/agrammatic
variant PPA

✓
Both of the following criteria
must be present:

1. Clinical diagnosis of
logopenic variant PPA

✓
2. Imaging must show one or
more of the following results:

1. Clinical diagnosis of
semantic variant PPA

✓

2. Imaging must show at least
one of the following results:

a. Predominant left posterior
fronto-insular atrophy on
MRI or

✓
2. Imaging must show one or
more of the following results:

a. Predominant left posterior
perisylvian or parietal atrophy
on MRI

✓

b. Predominant left posterior
fronto-insular hypoperfusion
or hypometabolism on
SPECT or PET

Not
avail-
able

a. Predominant anterior
temporal lobe atrophy

✓

b. Predominant left posterior
perisylvian or parietal
hypoperfusion or
hypometabolism on SPECT
or PET

Not
avail-
able

III. Non-fluent/agrammatic
variant PPA with
definite pathology

b. Predominant anterior
temporal hypoperfusion or
hypometabolism on SPECT
or PET

Not
avail-
able

III. Logopenic variant PPA
with definite pathology

Clinical diagnosis (criterion
1 below) and either criterion
2 or 3 must be present:

III. Semantic variant PPA
with definite pathology

Clinical diagnosis (criterion
1 below) and either criterion
2 or 3 must be present:

1. Clinical diagnosis of
non-fluent/agrammatic
variant PPA

✓

Clinical diagnosis (criterion
1 below) and either criterion
2 or 3 must be present:

1. Clinical diagnosis of
logopenic variant PPA

✓

2. Histopathologic evidence of
a specific neurodegenerative
pathology (e.g., FTLD-tau,
FTLDTDP, AD, other)

Not
avail-
able

1. Clinical diagnosis of
semantic variant PPA

✓

2. Histopathologic evidence of
a specific neurodegenerative
pathology (e.g. AD, FTLD-tau,
FTLD-TDP, other)

Not
avail-
able

3. Presence of a known
pathogenic mutation

Not
avail-
able

2. Histopathologic evidence of
a specific neurodegenerative
pathology (e.g., FTLD-tau,
FTLDTDP, AD, other)

Not
avail-
able

3. Presence of a known
pathogenic mutation

Not
avail-
able

3. Presence of a known
pathogenic mutation

Not
avail-
able

Notes, Abbreviations: AD = Alzheimer’s disease; FTLD = frontotemporal lobar degeneration; PPA = primary progressive aphasia;
TDP = TAR DNA-binding protein.
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3.2.1. Neuropsychological Assessment

Based on her educational and vocational history, ML’s premorbid intellectual abil-
ity was estimated to be average. She scored 81/100 on the ACE-III, which was below
established cut-off scores for normal performance (normal > 88; Table 1). Formal neuropsy-
chological testing revealed a primary impairment in expressive language. Qualitatively, her
speech was markedly dysfluent, and contained articulatory and occasional grammatical
errors. Single-word repetition and verbal fluency were extremely impaired on testing.
Her other language abilities (comprehension, semantic knowledge) and writing, however,
remained preserved (Table 1, Figure 1). Indeed, she could provide a reliable history of
her difficulties by writing her responses. Performance on verbal short-term and working
memory measures were also reduced, but likely due to her dysfluent speech (Table 2,
Figure 2). Visuospatial short-term and working memory, on the other hand, was sound
(Figure 3). Encoding and retention of verbal and visual information was preserved. While
basic visuo-perceptual abilities were intact, ML had subtle visuo-constructional difficulties
evidenced by an imprecise and slightly disorganised copy of the Rey Complex Figure
(Figure 4). Other aspects of executive functioning (rapid set-shifting, inhibitory control) as
well as psychomotor speed were impaired.

3.2.2. Clinical Opinion about the Patient’s Verbal and Visuospatial Short-Term and
Working Memory Profile

ML’s profile is characteristic of nfv-PPA. Her verbal short-term and working memory
span and sentence repetition were markedly impaired; however, frank motor speech
deficits largely contributed to her impaired performance (Tables 1 and 2). Notably, ML
had greater difficulty with repeating sentences and multisyllabic words or phrases than
(predominantly monosyllabic) digits. In contrast, her visuospatial short-term and working
memory performance appeared relatively intact (Figure 3).

3.2.3. Brain MRI and Clinical Diagnosis

The T1 coronal brain MR images revealed mild generalised cortical atrophy with
particular involvement of the left peri-insular region anteriorly (Figure 5). Cerebral atro-
phy over the convexity was also present with widening of the interhemispheric fissure.
The pattern of brain atrophy, clinical history, language, and neuropsychological profile
were consistent with a diagnosis of nfv-PPA (Table 3b). Pathological confirmation was
unavailable as ML remains alive.

3.3. sv-PPA Patient: JC

At presentation, JC was a 62-year-old, right-handed man (Table 1). He completed
16 years of education and worked as a principal of a primary school before retiring 2 years
prior to the visit. His medical history was significant for a parathyroid cancer 13 years prior
which was treated with a thyroidectomy and subsequently managed with levothyroxine,
and ischaemic heart disease, with a myocardial infarction and 4-vessel coronary artery
bypass graft surgery 4 years prior to the assessment. At the time of the assessment, JC was
on antiplatelet and cholesterol-lowering medications. There was no report of symptoms
of depression, anxiety, or stress on a self-report measure of recent mood and there were
no significant periods of mood disorder noted. He demonstrated appropriate emotional
reactivity during the assessment. There was no known family history of dementia.

JC was assessed following a 6-year history of speech and language difficulties with
initial symptoms including forgetfulness and difficulties learning students’ names at work.
He reported progressive difficulties recalling names of people and objects (i.e., plants,
animals) in the past 3 years, as well as a decline in his language comprehension and
semantic knowledge. He was reportedly an avid reader previously though this had
declined due to difficulties understanding the meaning of words. No issues with reading
the actual words or recognising letters were reported. According to JC’s wife, there was
no change in behaviour or personality, eating habits, appetite, or weight. JC remained
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physically well and had no weakness or motor dysfunction. According to his wife, his
ADLs were mildly impaired.

3.3.1. Neuropsychological Assessment

Based on his education and vocational history, JC’s premorbid intellectual ability was
estimated to lie within the average to high average range. He scored 67/100 on the ACE-III
which was well below normal limits (normal > 88, Table 1). Qualitatively, his speech output
was fluent with no phonological errors or substitutions, though occasional word-finding
problems were noted, and he was slightly circumlocutory. Formal neuropsychological
testing revealed intact visuospatial short-term and working memory (Table 1, Figure 3).
Whilst his verbal working memory for numerical information and single words was intact,
sentence repetition was compromised (Figure 2, Table 2). In terms of his language, JC
demonstrated impaired confrontation naming, single-word comprehension and semantic
knowledge; single-word repetition and verbal fluency, however, remained intact (Figure 1).
Aside from suboptimal set-shifting, no significant executive functioning impairments were
evident. JC’s visuo-constructional planning and organisation remained intact. No visual
memory deficits were apparent (Figure 4); detailed assessment of JC’s verbal learning and
memory, however, was not conducted on this occasion.

3.3.2. Clinical Opinion about the Patient’s Verbal and Visuospatial Short-Term and
Working Memory Profile

Overall, JC’s cognitive profile is consistent with the characteristic sv-PPA profile.
Whilst his short-term and working memory for digits, words and visuospatial information
remained relatively spared, his repetition of complex sentences was more problematic.
Notably and consistent with his intact basic verbal short-term memory span, qualitative
appraisal of his sentence repetition (Table 2) suggests that his poor performance results
from inclusions of grammatically correct but superfluous words (see Discussion).

3.3.3. Brain MRI and Clinical Diagnosis

T1 coronal brain MR images showed bilateral atrophy in the temporal lobes (left
more markedly than right) particularly affecting the left hippocampal region and peri-
insular region. Mild atrophy of the frontal lobes bilaterally was also evident (Figure 5).
T2 weighted MRI images revealed evidence of scattered white matter hyperintensities
in both hemispheres in keeping with small vessel ischaemic change. No established
territorial infarcts were evident. The pattern of brain atrophy, clinical history, language,
and neuropsychological profile were in keeping with a diagnosis of sv-PPA (Table 3c).
JC underwent a Pittsburgh compound B (PiB) positron emission tomography scan (PiB-
PET), which uses a radio-ligand of amyloid protein as a biomarker for AD [26]. The
patient showed a low uptake of the PiB tracer, suggesting the absence of underlying
Alzheimer pathology [26].

3.4. Typical AD Patient: TN

TN presented as a right-handed 67-year-old male. He completed nine years of formal
education and worked in the government services for three years before working in hospi-
tality and owning a business. At the time of assessment, he had been retired for 4 years.
His medical history included ischaemic heart disease, with coronary artery bypass graft
surgery 19 years prior to the assessment. TN also had a history of post-traumatic stress
disorder arising from his previous employment, though this was well-managed at the time
of assessment. He did not report significant symptoms of depression, anxiety, or stress on
a self-report measure of recent mood. Regular medications included telmisartan for hy-
pertension, antiplatelet medication, and selective serotonin reuptake inhibitors (SSRIs) for
depressive symptoms. There was no known family history of neurodegenerative disease.

TN presented for assessment following a 7-year history of insidious memory decline,
which had worsened considerably in the last 3 years. Both TN and his wife reported
difficulties with his memory, specifically with names and topographical memory. Some
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organisational and planning difficulties were also noted which impacted his instrumental
ADLs. TN’s wife had noticed mild apathy but there were otherwise no other personality or
behavioural changes.

3.4.1. Neuropsychological Assessment

Based on his education and vocational history, TN’s estimated premorbid intellectual
ability fell in the average range. He scored 68/100 on the ACE-III, which was well below
normal limits (normal > 88; Table 1). Consistent with his diagnosis, TN demonstrated
prominent verbal and visual memory impairment on testing. He was unable to learn
a word list over repeated trials, and his recall of a previously copied two-dimensional
complex geometric figure after a 3-minute delay was extremely poor (Figure 4). Whilst
verbal short-term and working memory was intact, visuospatial short-term memory was re-
duced, and his visuospatial working memory (i.e., Spatial Span Backward) was borderline-
impaired (Table 1). Other executive functioning abilities were variable—he was extremely
slow and made several errors on a set-shifting task. Basic visuo-perceptual skills and
visuo-constructional abilities (e.g., drawing simple objects) were preserved, although some
higher-level visuo-constructional difficulties were present (Figure 4). Psychomotor speed
was intact. Finally, no overt expressive language issues were noted in conversation al-
though confrontation naming and comprehension (i.e., word-picture matching) were below
expectations on testing (Figure 1). Other aspects of language (repetition, verbal fluency,
and higher-level semantic knowledge) were relatively intact.

3.4.2. Clinical Opinion about the Patient’s Verbal and Visuospatial Short-Term and
Working Memory Profile

TN’s verbal and visuospatial span profile was consistent with typical AD (Figure 3).
As expected from a typical AD diagnosis, TN’s visuospatial working memory ability (as
demonstrated on Spatial Span Backward) was poor, whilst basic verbal and visuospatial
short-term memory span remained relatively preserved.

3.4.3. Brain MRI and Clinical Diagnosis

T1 coronal brain MR images revealed atrophy of the medial temporal region bilaterally
including the hippocampus, as well as diffuse frontal and parietal atrophy (Figure 5).
Ventricular enlargement was also evident. T2 weighted MRI images revealed scattered
white matter hyperintensities in both hemispheres in keeping with small vessel ischaemic
change. No established territorial infarcts were evident.

Two years after his assessment, TN underwent in vivo amyloid-PET imaging, which
showed uptake of the amyloid ligand above the cut-off for an amyloid based pathology,
indicating the presence of underlying Alzheimer disease [26]. The clinical history, language,
neuropsychological profile, and confirmation of underlying Alzheimer pathology were
consistent with a clinical diagnosis of typical AD [27].

3.4.4. Summary of the Short-Term and Working Memory Profiles across Patients and
Relative to a Matched Control Group

These short-term and working memory profiles were established based on standard-
ised norms from various population groups and sizes: WAIS-III and WMS-III Digit and
Spatial Span [17,22], and Word Span and Sentence Repetition norms [4]. To ensure that our
findings were not due to differences across normative populations, performance profiles of
the case vignettes were compared to one sample of Australian matched controls [4] and are
displayed as percentage scores (Figure 6).

Inspection of these scores confirm that the lv-PPA and nfv-PPA patients were dis-
proportionately impaired on Digit and Word Span relative to Spatial Span and overall
cognitive ability (i.e., ACE total). By contrast, performance differences across verbal and
visuospatial modalities were less evident for the sv-PPA and AD patients. Sentence Repeti-
tion performance across patients and within individual performance profiles was variable
and uninterpretable across patients based on raw scores alone.
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Regarding the specific short-term and working memory profiles, the lv-PPA, sv-
PPA and AD patients demonstrated greater impairment on the Digit Span Backward than
Forward tasks compared to controls. The reverse pattern was found for the nfv-PPA patient.
These findings suggest that, over and above the inherent general difficulty associated with
verbal working memory, the lv-PPA, sv-PPA and AD patients displayed more difficulty on
this task relative to their verbal short-term memory capacity. As previously discussed, the
nfv-PPA patient’s impoverished speech is likely to have contributed to their performance
on this task.
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Overall Spatial Span profiles were distinct across patients. Relative to overall cognitive
ability (i.e., ACE Total), the sv-PPA and nfv-PPA patients’ Spatial Span performance was
relatively spared. By contrast, the lv-PPA and AD patient’s Spatial Span performance was
reduced somewhat. These findings were in keeping with other measures of visuospatial
episodic memory (i.e., RCFT 3-minute recall) and visuo-construction (RCFT Copy).

4. Discussion

While significant advancements have been made in the classification of PPA and its
variants, challenges remain in clinical practice in differentiating PPA profiles in individual
patients. Using case vignettes, we demonstrate that the canonical phonological disturbance
displayed in lv-PPA is distinguishable from other PPA language profiles when using a
selection of basic language and short-term memory measures. Importantly, we highlight
how speech output and language deficits differentially interfere with verbal memory
performance across the PPA variants, and how these differences provide insights into the
underlying cognitive processes affected in these syndromes. Further, we demonstrate that
visuospatial span tasks are essential for the assessment of PPA as they measure memory
capacity without language contamination.

The lv-PPA patient demonstrates the typical verbal short-term memory deficit ob-
served in this syndrome: very impaired digit and word span, and markedly reduced
sentence repetition, in the context of relatively spared repetition of single two- and three-
syllabic words [1,2]. Importantly, this occurred in the absence of frank motor speech deficits.
Phonological paraphasias were, however, present. In contrast the nfv-PPA patient also
performed poorly on verbal repetition tasks, but this performance was contaminated by
frank motor speech deficits. Notably, and consistent with previous studies, we found that
the nfv-PPA patient’s verbal short-term memory performance declined as the motor speech
sequencing requirements increased (i.e., repeating monosyllabic digits compared to a span
of multisyllabic words and/or phrases [3]). Considering the sv-PPA patient’s profile, we
found digit and word span were spared whereas sentence repetition was compromised,
likely to be due to his degraded semantic store [3]. Specifically, it is thought that the
dissolving semantic knowledge and ability to form conceptual representations in sv-PPA
may impact on the capacity to ‘chunk’ verbal material into meaningful components—a skill
necessary for holding larger quantities of verbal information [3,11,28]. While not systemati-
cally verified in the current study, the sv-PPA patient’s occasional circumlocutory responses
and/or word inclusions on the Sentence Repetition task would support this interpretation.

Taken together, we propose that, when assessing for lv-PPA, Digit Span Forward and
Word Span tasks are more robust measures of verbal short-term memory than Sentence
Repetition or Digit Span Backward tasks, as the former tasks are less susceptible to language
and/or dysexecutive contamination [4,11,12]. This observation notwithstanding, important
qualitative information can be gained from Sentence Repetition that will help with the
distinction between the two non-fluent PPA syndromes; specifically, its ability to elicit
phonological paraphasias (in lv-PPA) or motor speech deficits (in nfv-PPA) [11,12]. For
the assessment of sv-PPA, we caution that some patients may perform poorer on Sentence
Repetition than other span tests as their degraded semantic knowledge may preclude their
ability to ‘chunk’ and/or form meaningful representations in mind [3,11,28].

In contrast to their similar verbal span and sentence repetition performance, the lv-PPA
and nfv-PPA patients showed distinct visuospatial span profiles. The disproportionately
compromised visuospatial short-term and working memory in lv-PPA relative to the
other PPA variants is consistent with a growing body of research and alludes to their
distinct neuroanatomical profile [4,29–32]. Briefly, brain regions involved in visuospatial
short-term and working memory, including bilateral posterior temporal and parietal brain
structures, are more compromised in lv-PPA and AD than in nfv-PPA and sv-PPA [4,33–35].
Undoubtedly, and unlike in nfv-PPA where the deficit remains primarily verbal, the
impaired short-term memory of lv-PPA extends to the non-verbal domain, even at low
levels of difficulty [30,31,36,37]. Based on these findings, we propose that when assessing
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PPA patients without motor features, difficulty on basic/lower-load visuospatial short-term
memory tests strongly indicates lv-PPA [31,38,39]. This distinction will assist the diagnostic
process, particularly in the presence of a mixed language profile.

It is notable that short-term and working memory deficits are not limited to PPA. In-
deed, we found that the AD patient showed impairments across these domains. Unlike the
PPA patients, however, the AD patient’s overall visuospatial span was significantly worse
than their overall verbal span profile. These findings are consistent with the commonly
held view that multiple components of visuospatial memory, including processing, inte-
gration, storing, and retaining visual material, break down in the earlier stages of typical
AD [4,31,33,40]. Consistent with this view, the visuospatial difficulties of the AD patient
extended beyond Spatial Span—with deficits also noted on complex visuo-constructional,
visuospatial episodic memory, and attentional tasks (i.e., Rey Complex Figure, Trails A
and B). Importantly, the widespread memory and visuospatial deficits of the AD patient
supports the opinion that AD is distinct from lv-PPA [31,41]. That is, lv-PPA is not simply
typical AD with additional language deficits [42]. While this nuanced distinction may seem
unnecessary, it has clinical implications when addressing the care needs, treatment options,
and estimated survival of either AD or lv-PPA [43]. To that end, we propose requisite
assessment of both verbal and visuospatial cognitive domains for the differential diagnosis
of AD and lv-PPA.

In clinical practice, awareness that the cognitive profiles of PPA and AD vary across
individuals is vital. Most studies compare matched PPA subgroups at a single point in
time (typically at the mild to moderate disease severity stage) and provide findings which
typically overemphasise the differences across variants but underemphasise the differences
within each syndrome. Studies that have investigated within syndromes, however, suggest
that the language and cognitive profile of lv-PPA varies considerably [6–10,44]. For exam-
ple, it is reported that while most lv-PPA patients present with multi-domain cognitive
impairment at baseline assessment, a subset of lv-PPA patients present with relatively
circumscribed language deficits with relatively mild cognitive deficits in other domains [6].
Important to this topic is the awareness that, with disease progression, language and
cognitive abilities of PPA and AD inevitably decline, eventuating in a manifold dissolution
of functional abilities [45–47]. As such, the distinct cognitive profiles observed in the earlier
stages of these diseases may become less apparent in later disease stages. To illustrate this
point, Table 4 demonstrates the decline of Spatial and Digit Span performance across PPA
and AD patients, stratified by overall cognitive ability. Put together, clinicians should take
a gestalt approach to assessing PPA and AD in clinical practice and consider the ‘moving
parts’ of language and cognitive deficits, as well as overall cognitive ability, before forming
a formal clinical diagnosis.

Several caveats warrant attention. Pathological confirmation was not available in any
of the PPA cases. Nonetheless, the clinical, cognitive, and imaging information provided in
the current study is typical of what is commonly available at baseline assessment in routine
clinical practice (i.e., non-tertiary/specialised centres) and was sufficient to establish a
clinical diagnosis of each PPA variant [1]. It is reported that ~70% of lv-PPA patients have
underlying Alzheimer pathology, ~70% of nfv-PPA have tauopathy, and ~85% of sv-PPA
have TDP−43, and that detailed and careful clinical, cognitive, and imaging examination
improves this pathological correspondence [48–50]. More research, however, is warranted
to determine if specific cognitive profiles within PPA syndromes can further discern the
pathological course.
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Table 4. Means of Spatial and Digit Span performances stratified by ACE-III Total performance.
Sample PPA population was taken from Foxe, Irish [4].

ACE-III Total Score <40 40–49 50–59 60–69 70–79 80–89 90–100

AD

Spatial
Span

Forward 3.2 3.6 4.5 4.9 6.8 5.1 -
Backward 1.0 2.2 3.7 3.2 5.5 4.8 -

Digit
Span

Forward 4.2 6.5 8.7 8.1 8.4 8.7 -
Backward 1.6 2.9 3.7 3.7 5.1 5.3 -

lv-PPA

Spatial
Span

Forward 4.8 4.3 4.0 5.6 6.8 8.0 9.0
Backward 3.0 4.5 2.7 5.4 6.4 7.7 8.0

Digit
Span

Forward 4.0 5.0 5.7 5.9 8.4 9.3 9.0
Backward 2.3 2.0 2.3 4.0 4.6 6.3 8.0

nfv-PPA

Spatial
Span

Forward 5.0 - 5.0 6.0 8.5 7.6 7.0
Backward 4.0 - 2.5 3.5 6.0 6.7 8.0

Digit
Span

Forward - - 5.0 6.0 6.3 7.5 10.0
Backward 2.0 - 2.0 3.0 4.2 4.8 5.7

sv-PPA

Spatial
Span

Forward 6.8 7.3 8.5 8.1 8.4 9.4 8.0
Backward 6.5 4.7 7.8 8.1 8.8 9.2 9.0

Digit
Span

Forward 8.5 11.0 9.0 9.7 12.2 12.6 8.0
Backward 5.8 5.7 5.3 5.8 8.0 8.2 8.0

Note, this sample population did not include nfv-PPA patients that scored between 40–49 or AD patients that
scored between 90–100 on the ACE-III.

The nfv-PPA patient in this study demonstrated a severe motor speech disorder
with severe articulatory and prosodic impairment. We are aware, however, that other
nfv-PPA language profiles exist (e.g., agrammatism and articulatory impairment without
motor speech problems). Of particular interest to our team is the extent to which nfv-PPA
language profiles without motor speech problems interfere with verbal short-term memory
measures. Future research is needed to determine the extent to which verbal short-term
memory performance is compromised across the distinct nfv-PPA language profiles.

Lastly, a proportion of nfv-PPA patients will develop Parkinsonian features (i.e., limb
apraxia, akinesia/bradykinesia, motor rigidity) as the disease progresses (typically in the
moderate to severe disease stages) [51]. In the current study, we do not refer to these
patients as we assumed that they are more easily distinguishable from lv-PPA based on
their clinical profiles alone (as Parkinsonian features are not common in lv-PPA) [51].
We acknowledge, however, that nfv-PPA patients with Parkinsonian features are likely to
perform poorly on visuospatial related tasks due to their inherent motor dysfunction [38,39].
We therefore advise that our findings are only applicable to nfv-PPA without Parkinsonian
features. Future research is warranted to delineate the nfv-PPA visuospatial short-term
and working memory profiles with or without concomitant Parkinsonian features.

5. Conclusions

In summary, using case vignettes, we demonstrate the canonical verbal short-term
memory profile of lv-PPA and how it differs from the other PPA variants as well as typical
AD. Importantly, we demonstrate that a combination of verbal short-term and working
memory measures commonly used in clinical settings can provide crucial information
regarding the cognitive mechanisms underlying language disturbances across PPA variants.
Further, we demonstrate that visuospatial span tasks are essential for the assessment of
PPA as they measure memory capacity without contamination of language ability.
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Appendix A

Administration and scoring guidelines of the SYDBAT can be found at https://
frontierftd.org (accessed on 11 August 2021). For the administration of the Naming subtest,
the examiner is required to display the item/picture and ask the participant “What is this
called?”. The participant is encouraged to give their response in a timely manner but is
not penalised for a delayed response. In accordance with the SYDBAT administration
guidelines, the examiner is required to prompt the patient in these circumstances: (i) if the
participant provides an abbreviated version of the word (e.g., “bike”, “PC”), the examiner
should say “What is the full name?”; (ii) if the participant provides a response that is vague
or describes the item (e.g., “oh that’s a type of food”), the examiner should say “Can you
give me the exact name?”; (iii) if the participant uses an alternative or colloquial version
(e.g., “wireless” rather than “radio” for Item 8), the examiner should say “Do you know
another word for that?” or “What is the formal name for that?”; (iv) if the participant
grossly misperceives an item, the examiner should clarify it. For example, for Item 25
(Tiara), some participants do not recognise that it sits on top of someone’s head. The
examiner should clarify and say, “This is on someone’s head”. For another example, for
item 28 (balaclava), if the participant responds with “robber”, the examiner should say
“But what is the name of the thing he is wearing?”. No other prompts are permitted for the
SYDBAT Naming subtest. In this case study, the sv-PPA patient received two (iv) prompts,
and the lv-PPA and nfv-PPA patient received one (i) prompt. It is strongly encouraged
that participants provide a spoken/verbal response for the Naming subtest. Given the
extent of the nfv-PPA patient’s speech output problems, however, it was decided that it
was more clinically useful to test her ability to freely-recall the names of items without
spoken language (i.e., in written form). To remain consistent with the scoring guidelines for
spoken responses, the nfv-PPA patient was penalised for spelling errors. Written responses
were also permitted for the ACE-III Orientation, Attention, Memory, and Naming items.
For all other items requiring speech (i.e., ACE-III: Verbal Fluency, Repetition, Reading;
Digit Span; Letter Fluency; Sentence Repetition; SYDBAT Repetition etc.), she was required
to provide spoken/verbal responses.
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Abstract: Diagnosis of primary progressive aphasia (PPA) is essentially based on the identification of
progressive impairment of language abilities while other cognitive functions are preserved. The three
variants of PPA are characterized by core and supportive clinical features related to the presence
or absence of language impairment in different linguistic domains. In this article, we review the
cognitive neuropsychological approach to the assessment of PPA and its contribution to the differen-
tial diagnosis of the three variants. The main advantage of this assessment approach is that it goes
beyond the mere description and classification of clinical syndromes and identifies impaired and
preserved cognitive and linguistic components and processes. The article is structured according to
the main language domains: spoken production, language comprehension, and written language.
Each section includes a brief description of the cognitive processes involved in the assessment tasks,
followed by a discussion of typical characteristics for each PPA variant and common pitfalls in the
interpretation of the results. In addition, the clinical benefit of the cognitive neuropsychological
approach for the behavioral management of PPA is briefly sketched out in the conclusion.

Keywords: primary progressive aphasia; assessment; diagnosis; cognitive approach; dementia

1. Introduction

Dementia is a common condition that mainly occurs in older people. It is characterized
by a decline in cognitive functioning that is severe enough to impact activities of daily
living and social functioning [1]. The loss of cognitive functioning in dementia may affect
long- and short-term memory, attention, visual perception, executive functions, motor
planning and execution, problem solving, and language [2]. Dementia can be caused by
a wide variety of pathological entities, including Alzheimer’s disease, which is the most
common one. Other types of dementia include vascular dementia, dementia in atypical
parkinsonian syndromes, such as Lewy body dementia and corticobasal degeneration,
and frontotemporal dementia [3]. They are not only commonly associated with episodic
memory impairment but also usually characterized by language deficits that may affect
word and sentence comprehension and production abilities [4]. Clinical language profiles
that are generally associated with common forms of dementia have been described, some
in more detail than others. Neurolinguistic studies go beyond the mere description of
symptoms to identify the functional localization of impaired and preserved linguistic
processes in dementia.

Primary progressive aphasia (PPA) is a neurodegenerative syndrome associated with
atrophy of the frontal, temporal, and parietal regions of the left hemisphere of the brain.
PPA is a heterogeneous condition; the most prominent clinical feature is difficulty with
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language, while other cognitive domains are not affected at onset or in the early stages
of the disease [5]. In 2011, an international group of experts proposed recommendations
for PPA diagnosis and classification [6]. According to those recommendations, there are
three main PPA variants: the nonfluent/agrammatic variant (nfvPPA), the semantic variant
(svPPA), and the logopenic variant (lvPPA).

At least one of the following core features must be present to detect nfvPPA: (1) ef-
fortful, halting speech with inconsistent speech sound errors and distortions (apraxia of
speech) and/or (2) agrammatism in language production. Moreover, at least two of the fol-
lowing features must also be present: (1) impaired comprehension of syntactically complex
sentences, (2) spared single-word comprehension, and/or (3) spared object knowledge [6].
Imaging abnormalities in the left posterior frontoinsular region support the diagnosis
of nfvPPA. Meanwhile, svPPA is a clinical syndrome caused by atrophy of the temporal
lobes, leading to the selective impairment of semantic memory. The following core features
must be present to establish a diagnosis of svPPA: (1) impaired confrontation naming and
(2) impaired single-word comprehension. Moreover, at least three of the following features
must also be present: (1) impaired object knowledge, (2) surface dyslexia or dysgraphia,
(3) spared repetition, and/or (4) spared speech production (grammar and motor speech) [6].
Finally, lvPPA, the most recently identified PPA variant, is caused by predominant left
posterior perisylvian or parietal atrophy. According to clinical criteria established in 2011,
following core features are essential to the diagnosis of lvPPA: (1) the presence of anomia in
spontaneous speech and (2) confrontation naming and impaired repetition of sentences and
phrases [6]. At least three of the following features must also be present: (1) production of
phonological errors, (2) preservation of semantic memory, (3) preservation of articulation
and prosody, and/or (4) absence of frank agrammatism.

The initial evaluation is the first significant step toward the clinical management of
dementia, and it is based on consensual diagnostic criteria. In some dementia syndromes,
such as PPA, language deficit characterization is of major importance for the differential
diagnosis. A language function assessment is part of the general diagnosis process for
neurodegenerative diseases affecting language, and it generally includes medical history,
mental status tests, physical and neurological exams, diagnostic tests, and brain imaging.
The present article focuses on the contribution of a specific assessment of language abilities
to the differential diagnosis of PPA. We first briefly present the cognitive neuropsychological
approach to language assessment. Then, in sections addressing the main domains of
language (i.e., spoken production, comprehension, written language), we briefly present
the cognitive processes involved in the assessment tasks, the typical characteristics of each
PPA variant, and common pitfalls in the interpretation of the results.

2. The Cognitive Neuropsychological Approach to Language Assessment

Compared to the clinicopathological approach to assessment, which aims to identify
the diagnostic label that best corresponds to the observed language deficits (e.g., anomia;
agrammatism), the cognitive neuropsychological approach aims to identify the impaired
and preserved language abilities and localize their functional underlying origin [7]. This
approach is derived from information processing theories in which cognitive functions,
including language, are sustained by specialized, interconnected processing components.
The assessment is conceived as an investigation based on the administration of specific tests
in which stimuli are controlled or manipulated for psycholinguistic variables (e.g., length,
frequency, familiarity) that are known to influence language processes. Error analysis in
these tests is another source of information. For example, anomia may arise from distinct
underlying deficits (e.g., in the activation of conceptual semantic representations or the
retrieval of phonological forms of words in the lexicon), leading to distinct types of errors
(e.g., semantic substitutions, phonemic errors). The main advantage of this assessment
approach is that it goes beyond the mere description and classification of clinical syndromes
and identifies impaired vs. preserved cognitive and linguistic components and processes.
Furthermore, with a comprehensive portrait of the patient’s communication abilities, the
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clinician can better tailor the behavioral treatment to address impaired language processes
with a restorative or compensatory objective.

3. The Assessment of Spoken Production

According to cognitive models of spoken word production [8], words are retrieved
and produced through the activation of specialized and interconnected components. In
these models, word production is conceived as a staged process in which the activation
flow is initiated in a conceptual-semantic component, continues through the activation of
phonological lexical representations, and ends with the execution of articulation mecha-
nisms. Spoken production processes are usually assessed with tests exploring the ability
to retrieve words in long-term memory (e.g., picture naming); repeat words, nonwords,
and sentences [9]; and provide information in a discourse, conversational exchange, or
interview [10]. A summary of the underlying cognitive deficits of language impairment
and the salient characteristics of spoken production disorders in the three PPA variants are
presented in Table 1.

Table 1. Underlying cognitive deficits and salient characteristics of spoken production disorders in the three PPA variants.

Spoken Production svPPA nfvPPA lvPPA

Underlying deficit Semantic memory

- Lexicon: Activation of
phonological forms

- Phonetic encoding:
Activation of motor
representations for
articulation

- Lexicon: Activation of
phonological forms

- Phonological short-term
memory

Influence of psycholinguistic
variables

- -Concept familiarity
- -Semantic category *
- -Visual complexity of

pictures *

- -Syllable complexity
- -Stimulus length
- -Syntactic complexity

- Stimulus length

Word production: Picture
naming

Impaired: No responses,
semantic paraphasias, and
vague circumlocutions

Impaired: Apraxia of speech,
phonological errors, no
responses, and specific
circumlocutions

Impaired: Phonological errors,
no responses, and specific
circumlocutions

- Repetition
- Words
- Nonwords
- Sentences

- -Preserved
- -Preserved
- -Mild impairment

Impaired for all types of
stimuli: Apraxia of speech,
phonological errors

Impaired for all types of
stimuli: Phonological errors

Spontaneous speech and
narrative discourse

Word-finding difficulties:
Aborted sentences, latencies,
circumlocutions, and
occasional semantic
paraphasias

Slow, hesitant, and effortful;
phonetic and phonological
errors; and agrammatism

Impaired: Word-finding
difficulties and phonological
errors

* Potential but nonessential psycholinguistic variable.

3.1. The Assessment of Word Production

The easiest way to assess the ability to retrieve and produce spoken words is through
picture naming tests, such as the Boston Naming Test in English [11] or the TDQ30 in
French [12]. Theoretical models of spoken word production can facilitate the identification
of the functional origins of deficits. These deficits may result from a loss of semantic repre-
sentations or difficulty retrieving them. A breakdown at this level leads to semantic-based
anomia. This is the case in svPPA; difficulty retrieving words manifests as no responses,
semantic paraphasias, or vague circumlocutions [13]. In this variant, performance in nam-
ing tasks may be influenced by the familiarity and semantic category of the concepts (e.g.,
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better or worse performance for natural vs. man-made concepts) as well as the visual
complexity of the pictures due to possible concomitant associative visual agnosia [14].

Disruption in the activation of the phonological forms of words is responsible for the
production of phonological errors in lvPPA [15] and nfvPPA [16]. Furthermore, in these
variants, anomia manifests as no responses and specific circumlocutions. Studies have
also shown that phonological short-term memory impairment contributes to spoken word
production impairment in lvPPA, e.g., [15]. This process is responsible for the temporary
storage of activated phonological representations until the actual execution of articulation
mechanisms. In this case, performance in picture naming might be influenced by word
length. Finally, impairment of the phonetic encoding stage, in which a motor representation
for articulation is generated, leads to apraxia of speech in nfvPPA [17,18]. The confounding
variables at this processing stage are syllable complexity [19].

In picture naming, the error type makes it easy to distinguish svPPA from the other
variants. However, for an accurate differential diagnosis, differentiation between the
phonological errors (i.e., substitution, deletion, displacement, and addition of phonemes)
produced in both nfvPPA and lvPPA, and the phonetic errors (i.e., production of dis-
torted phonemes and alteration of transitions between phonemes) associated exclusively
to apraxia of speech in nfvPPA, is essential. To this respect, the advantage of the cog-
nitive approach lies in the ability to differentiate the underlying origin of phonological
errors, being the phonological short-term memory in the vlAPP and the activation of motor
representations for articulation in the nfvAPP.

3.2. The Assessment of Repetition Abilities

The assessment of repetition abilities plays an important role in PPA differential di-
agnosis. For single words, these seemingly simple abilities involve linguistic processes
devoted to the auditory analysis of stimuli and the activation of their lexical and semantic
representations, followed by the activation of spoken production processes, including the
maintenance of phonological forms of words in short-term memory. Episodic memory and
semantic memory are added to these processes for the repetition of sentences [20]. For
nonsense stimuli, such as nonwords or pseudowords, theoretical models of spoken produc-
tion include a nonlexical/semantic route, which links auditory analysis to phonological
short-term memory through an auditory-to-phonological conversion route.

Word and nonword repetition is usually preserved in svPPA, while the performance
of individuals with nfvPPA is affected by apraxia of speech and marked by the production
of phonological and phonetic errors [21]. The performance of these tasks by individuals
with lvPPA is also affected; specifically, the production of phonological errors increases
as word and/or nonword length increases [22]. Finally, sentence repetition is particularly
important for PPA assessment, especially with respect to the core criteria proposed by
Gorno-Tempini et al. for lvPPA diagnosis [6]. Sentence repetition is impaired in the three
PPA variants, although there are distinct manifestations and severity levels. Individuals
with lvPPA show significant impairment in sentence repetition, with performance nega-
tively influenced by stimulus length but not by syntactic complexity [23]. In this task, their
performance is notably marked by word omissions, semantic substitutions (replacement
of one or more sentence words with words having similar or closely similar meanings),
and phonological errors [24]. This profile is attributed to phonological short-term memory
impairment. Meanwhile, sentence repetition is mildly impaired in svPPA [21]. In this
variant, performance is not dependent on sentence length or syntactic complexity but on
comprehension of the words of the sentence [25]. Finally, in nfvPPA, sentence repetition is
disrupted due to impairment of the phonetic encoding stage of spoken production [26]. A
deficit in the rehearsal mechanism of encoded verbal information has also been suggested
to explain the production of phonological errors in sentence repetition in nfvPPA [21]. In
this variant, performance might be influenced by the syntactic complexity of sentences [27]
due to associated agrammatism [28].
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To conclude, although repetition is disrupted in the three PPA variants (except for
single words and nonwords in svPPA), the functional origins of the impairments provide
essential clues for the differential diagnosis. However, a prerequisite for this is the use
of adequate tests in which confounding variables, such as stimulus length and syntactic
complexity, are controlled and manipulated.

3.3. The Assessment of Language Production in Spontaneous Speech and Narrative Discourse

Traditional tests provide useful information on linguistic abilities and language im-
pairments in PPA. However, performance on these tests does not necessarily predict how
a person will communicate in more naturalistic settings and everyday life. Functionally,
spontaneous speech is the best way to appreciate the verbal and nonverbal communication
of individuals with PPA. This simple everyday life ability involves the execution and
interaction of various cognitive (episodic memory, semantic memory, short-term memory,
working memory, executive functions, attentional ability) and linguistic (speech produc-
tion, speech comprehension, pragmatics) processes [29], making it particularly vulnerable
in PPA. The functional origin of language deficits in the three PPA variants manifests
in different ways in spontaneous speech. Spontaneous speech in patients with svPPA is
fluent, well-articulated, and grammatically correct; semantic impairment primarily causes
word-finding difficulties in the form of aborted sentences, latencies, circumlocutions, and
occasional semantic paraphasias [30]. In nfvPPA, phonetic encoding impairment makes
spontaneous speech slow, hesitant, and effortful [31]. As the disease progresses, speech flu-
ency decreases, and articulation and prosody become more affected. Moreover, disruption
in the activation of the phonological forms of words is responsible for hesitations and the
production of phonological errors and contributes to the slow rate and abnormal pauses in
connected speech [31]. Agrammatism, the second core feature of nfvPPA, can be subtle
and may go unnoticed in connected speech. When apparent, agrammatism in spontaneous
speech is marked by difficulty with inflecting verbs, the omission or substitution of closed-
class words, and difficulty in sentence construction [32]. Finally, in lvPPA, impairment is
localized in the activation of phonological forms and phonological short-term memory and
causes anomia and the production of phonological errors in spontaneous speech.

However, it is important to be aware that spontaneous speech may not be particularly
useful for examining linguistic variables such as word retrieval and morphosyntax because
deficits can be masked when individuals manipulate the complexity of their utterances
and the specific lexical items they select. By contrast, narrative tasks such as storytelling or
scene description which constrain an individual to certain vocabulary items and discourse
structures can be highly informative over and above unconstrained conversation. In these
tasks, similar manifestations to those mentioned previously for spontaneous speech might
be observed in the three variants of PPA.

4. The Assessment of Comprehension

In PPA, the assessment of comprehension usually includes tests that explore word and
sentence comprehension as well as object knowledge, which is stored in semantic memory.
For differential diagnosis, the assessment of oral comprehension is usually sufficient.
However, in the presence of noncompensated hearing loss, a written assessment can be
useful. A summary of the salient comprehension deficits and their underlying cognitive
impairment in the three PPA variants are presented in Table 2.
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Table 2. Underlying cognitive deficits and salient characteristics of comprehension disorders in the three PPA variants.

Comprehension svPPA nfvPPA lvPPA

Underlying deficit Semantic memory
Grammar and working
memory

Phonological short-term
memory

Influence of psycholinguistic
variables

- Concept familiarity
- Concept typicality
- Semantic category *
- Visual complexity of

pictures *

- Syntactic complexity - Sentence length

Word comprehension
Impaired: Errors on semantic
distractors

Preserved Preserved

Object knowledge
Impaired in verbal and
nonverbal modalities

Preserved Preserved

Sentence comprehension Preserved
Impaired in syntactically
complex sentences (e.g.,
passive and relative sentences)

Preserved but can be impaired
in long sentences

* Potential but nonessential psycholinguistic variable.

4.1. The Assessment of Word Comprehension and Object Knowledge

The assessment of word comprehension is crucial to the differential diagnosis of PPA.
Word–picture matching tests, such as the Peabody Picture Vocabulary Test [33] in English
or the spoken word-to-picture matching subtest of the BECLA battery [34] in French, are
usually used to assess single-word comprehension. From the cognitive neuropsychology
point of view, the processes involved in these tests include auditory analysis of the stimu-
lus, activation of its lexical representation, and activation of the corresponding semantic
representation within the semantic memory. Single-word comprehension is usually well-
preserved in lvPPA and nfvPPA, whereas its impairment is one of the core features in
svPPA [6]. In this variant, the deficit arises directly from semantic memory impairment,
and errors are mostly made on semantic distractors.

The assessment of object knowledge directly recruits the activation of semantic infor-
mation in semantic memory as well as links between semantic concepts. Picture association
tasks, such as the Pyramids and Palm Trees Test [35], are usually used to assess nonverbal
semantic processing. However, when visual impairment or visual agnosia is present, tests
that use written words, such as the written word-to-written word semantic matching sub-
test of the BECLA battery, are preferable [34]. In the presence of a semantic memory deficit,
semantic access to both pictures and words should be impaired. It is important to consider
that this type of task can be especially challenging in the presence of executive deficits,
which are often found in PPA, and could lead to misleading results. In this case, a simpler
task, such as a semantic questionnaire (e.g., QueSQ in French [36]) can be used. Given the
core impairment of semantic memory, object knowledge in nonverbal and verbal modalities
is impaired in svPPA. However, it is usually largely spared in lvPPA and nfvPPA.

Psycholinguistic factors, such as familiarity and typicality, are particularly important
when it comes to semantic memory. In svPPA, word comprehension and object knowledge
performance are usually better preserved for concepts that are familiar to the person (e.g.,
objects used daily) [37]. Typicality is also important, as more typical items of a semantic
category (e.g., apple) are processed faster than less typical items of the same category (e.g.,
mango) [38].

4.2. The Assessment of Sentence Comprehension

Sentence comprehension is usually assessed using a sentence-picture matching task,
such as the Northwestern Assessment of Verbs and Sentences in English [39] or the Batterie
d’évaluation de la compréhension syntaxique [40] in French. Sentence comprehension
is typically well preserved in svPPA (if all words in the sentence are understood) and
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lvPPA [41]. However, in lvPPA, phonological short-term memory impairment could lead
to difficulty understanding long sentences [41]. In this context, assessing sentence com-
prehension using written material could be particularly relevant for differential diagnosis,
as visual support is likely to reduce the load on phonological short-term memory and
lead to better performance. In nfvPPA, sentence comprehension is impaired, particularly
for syntactically complex sentences [42]. In addition to the core impairment of grammar,
working memory deficits have been documented in this clinical population [41] and could
contribute to difficulties with syntactically complex sentences. Syntax complexity (e.g.,
active, passive, relative sentences) and sentence length are key parameters and should be
controlled or manipulated in sentence comprehension tests.

5. The Assessment of Written Language

The assessment of written language involves the administration of reading and written
spelling tests using different types of material: words, nonwords, sentences, texts, and
narrative discourse. A summary of the underlying cognitive deficits of written language
impairment and the salient characteristics of reading and written spelling disorders in the
three PPA variants are presented in Table 3.

Table 3. Underlying cognitive deficits and salient characteristics of written language disorders in the three PPA variants.

Reading svPPA nfvPPA lvPPA

Underlying deficit Lexical-semantic route: Semantic
memory

- Lexical-semantic route:
Activation of phonological
forms

- Sublexical route: Activation of
grapheme-to-phoneme
conversion rules

- Lexical-semantic route: Partial
impairment in the activation of
phonological forms

- Sublexical route: Activation of
grapheme-to-phoneme
conversion rules

Influence of psycholinguistic variables - Orthographic consistency

- Orthographic consistency
- Lexicality: Words and

nonwords
- Lexical frequency

- Lexicality: Words and
nonwords

- Lexical frequency

Reading Surface dyslexia: Regularization
errors

Phonological dyslexia: Phonological
errors and impact of apraxia of speech

Mixed (deep/phonological) dyslexia:
Phonological, semantic, and visual
paralexias

Writing

Underlying deficit Lexical-semantic route: Semantic
memory

- Lexical-semantic route:
Activation of orthographic
forms

- Sublexical route: Activation of
phonological-to-orthographic
conversion rules

- Lexical-semantic route: Partial
impairment in the activation of
orthographic forms

- Sublexical route: Activation of
phonological-to-orthographic
conversion rules

Influence of psycholinguistic variables - Orthographic consistency

- Orthographic consistency
- Lexicality: Words and

nonwords
- Lexical frequency

- Lexicality: words and
nonwords

- Lexical frequency

Word production: Picture naming and
writing-to-dictation

Surface agraphia: No responses,
semantic paragraphias, and
phonologically plausible errors

Mixed agraphia: Phonologically and
nonphonologically plausible errors

Phonological agraphia:
Nonphonologically plausible errors
and possible phonologically plausible
errors

Spontaneous writing

Word-finding difficulties and surface
agraphia: Aborted sentences,
phonologically plausible errors, and
occasional semantic paragraphias

Mixed agraphia and agrammatism:
Phonologically and
nonphonologically plausible errors
and syntactic errors

Phonological agraphia:
Nonphonologically plausible errors
and possible phonologically plausible
errors

5.1. The Assessment of Reading Abilities

In cognitive models, such as the dual-route cascaded model [43], reading is mediated
by the computation of orthographic, phonological, and semantic information via two
distinct routes: the lexical-semantic route and the sublexical route. The lexical-semantic
route involves reading words with inconsistent orthography-to-phonology mappings (e.g.,
yacht), while the sublexical route, mediated by grapheme-to-phoneme conversion rules,
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mainly involves reading words with consistent orthography-to-phonology mappings (e.g.,
banana). Therefore, the control and manipulation of psycholinguistic variables of stimuli
are essential in reading tests. According to the dual-route cascaded model, impairment of
the lexical-semantic route alone causes surface dyslexia, which is characterized by difficulty
reading inconsistent words [44]. Meanwhile, impairment of the sublexical route alone
results in phonological dyslexia [45]. However, the disruption of both reading pathways
results in deep dyslexia, which is characterized by difficulty reading words and nonwords
and the production of semantic and visual paralexias [46]. Differentiation between the two
reading pathways is particularly important for the differential diagnosis of PPA.

Semantic memory impairment affects the lexical-semantic route of reading in individ-
uals with svPPA. This impairment causes surface dyslexia, one of the clinical features of
this variant [6]. These individuals are better at reading orthographically consistent words
than inconsistent words, and they show a preserved ability to read nonwords. Most of
their reading errors consist of regularizations (e.g., bread→/brid/). Their performance is
also influenced by the lexical frequency of words [47] and is directly linked to the extent of
semantic loss [48]. Reading ability impairment is not part of the clinical criteria for nfvPPA
or lvPPA. Although reading abilities are considered to be preserved in nfvPPA, impairment
may emerge with disease progression [49]. Reading is characterized by phonological
dyslexia, which is specifically affected by unfamiliar words and nonwords and marked by
the production of phonological errors [50]. This profile suggests impairment of the sublexi-
cal route of reading. Reading is also characterized by manifestations of apraxia of speech
in nfvPPA. In lvPPA, the underlying impairment of the activation of phonological lexical
representation and phonological short-term memory causes difficulty in reading words and
nonwords. Errors consist of a mix of phonological, semantic, and visual paralexias, which is
suggestive of impairment of both routes of reading (deep/phonological dyslexia) [51]. The
overlap of the manifestations makes it difficult to make a differential diagnostic between
nfvPPA and lvPPA based on reading impairment alone. The manifestations of reading
impairment in the three PPA variants are qualitatively similar but can be quantitatively
exacerbated when abilities are tested with sentences or texts.

5.2. The Assessment of Writing Abilities

Cognitive models of writing, such as the dual-route model, also involve two distinct
routes: the lexical-semantic route and the sublexical route [52]. The lexical-semantic route
is used to write familiar words and includes processes that are initiated in the conceptual-
semantic component, continue with the activation of orthographic lexical representations,
and end with the execution of writing mechanisms. In a writing-to-dictation task, this
sequential process is preceded by recognition of the spoken word in the phonological
lexicon. The sublexical route is used to write unfamiliar words and nonwords through the
activation of phonological-to-orthographic conversion rules. Impairment of the lexical-
semantic route alone causes surface agraphia in which the use of the sublexical route leads
to the production of phonologically plausible errors (e.g., phone → FONE). When only the
sublexical route is disrupted, the resulting deficit, which is called phonological agraphia,
affects nonword spelling. Finally, impairment of both routes causes deep agraphia, which
is characterized by difficulty writing words and nonwords and the production of semantic
and visual errors. Phonologically implausible errors (i.e., insertions, deletions, or transpositions
of letters) are also possible due to partially impaired access to orthographic word forms.

Surface agraphia is one of the clinical features of svPPA [6]. The deficit is caused
by impairment of the lexical-semantic route and is directly linked to semantic loss and
difficulty activating orthographic forms in the lexicon [53]. The impairment is apparent
regardless of the nature of the written task (e.g., spontaneous writing, writing-to-dictation,
picture naming). Written production is usually more impaired than reading in nfvPPA.
In this variant, writing impairment is suggestive of deep agraphia [54] due to difficulty
retrieving orthographic forms of words in the lexicon, combined with disruption of the
sublexical route [55]. Writing performance is also negatively influenced by orthographic
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inconsistency in nfvPPA but to a lesser degree than in svPPA [56]. The production of
phonologically plausible errors is not exceptional in this variant [57]. Agrammatism is also
generally apparent in nfvPPA in narrative discourse and spontaneous writing [58]. Finally,
patients with lvPPA usually present with phonological agraphia, which is characterized by
an impaired sublexical route and partially impaired access to orthographic word forms in
the lexical-semantic route [55]. Other forms of agraphia, such as surface agraphia, are also
possible in lvPPA [54]. As with reading, there is a partial overlap in the manifestations of
agraphia in nfvPPA and lvPPA.

6. Conclusions

As shown in this article, PPA is a heterogeneous syndrome in terms of its clinical
manifestations. The aforementioned diagnostic criteria aid in the differentiation of the three
PPA variants [6]; however, they are very broad and are the subject of controversy. Their
limits are important and relate to various aspects of linguistic semiology [59]. For example,
Sajjadi et al. [60] performed a factor analysis of the language tasks results of 46 patients with
PPA. The results were consistent with the existence of two variants, one characterized by
semantic deficits (23% of cases) and the other by agrammatism and apraxia of speech (26%
of cases). However, the analysis did not identify a cluster of measures that were compatible
with the clinical profile of lvPPA. A few years later, Hoffman et al. [61] reanalyzed the
data from those patients without taking their initial clinical diagnoses into account; they
identified a distinct cluster for svPPA but not for the other variants.

We have also shown that an assessment process based on cognitive neuropsychologi-
cal models allows clinicians to understand patients’ deficits (i.e., surface manifestations,
underlying origins, affected components) and identify strengths and weaknesses in their
communication abilities. Although some surface manifestations of language impairments
might overlap (e.g., anomia, repetition deficits) in PPA, their underlying origins are dif-
ferent and differentiable. Therefore, the cognitive approach to language assessment is
useful for the differential diagnosis of PPA. Future studies should extend beyond the
surface manifestations of language impairment in PPA to develop more comprehensive
and distinctive diagnostic criteria.

In addition to its importance for the differential diagnosis of PPA, identifying the
underlying cognitive deficit of the language impairment is crucial in order to plan effective
therapeutic interventions based on restorative and compensatory approaches or teach
communication strategies to patients and their relatives. For example, anomia is often
targeted in PPA behavioral treatments. However, the underlying cause of anomia is
functionally localized in the activation of phonological forms in the lexicon in lvPPA and
nfvPPA, while it is caused by an impairment of semantic memory in svPPA [6]. The exact
origin of anomia has an important role to play in how the intervention is planned. For
example, when semantic memory is impaired, generalization is limited, as relearning
primarily relies on episodic memory [62]. Moreover, treatment success in svPPA has been
shown to be related to residual semantic knowledge and contextual information, which
were more preserved for significant and familiar words [63]. Therefore, the selection of
vocabulary based on personal interests is more crucially important in svPPA than in the
two other PPA variants [64].

Identifying the underlying deficit is also important in compensatory approaches.
For example, the choice of an app to compensate for language impairments depends
directly on their functional origin. An app in which the content is organized by semantic
categories (e.g., fruits/vegetables/meat) could be very effective in compensating for lexical-
based anomia in lvPPA and nfvPPA. In contrast, teaching a patient with svPPA to search
for information on the Internet to cope with comprehension problems (e.g., Wikipedia,
Google Images) using keywords would be preferable due to the semantic origin of his/her
difficulties [65].

Finally, the underlying deficit must also be considered when teaching communication
strategies to patients and their relatives. For example, one popular strategy to compensate
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for word-finding difficulty is to encourage the patient to describe the object that he/she is
unable to produce (e.g., Mug: What I use to drink coffee). However, while this could be a
very efficient strategy for an impairment in the activation of phonological forms, it would be
ineffective for an impairment that is localized in semantic memory because the spontaneous
generation of a useful or reliable definition of the word would be compromised due to
difficulty activating conceptual knowledge.

The aforementioned examples mainly concern word retrieval deficits. It is worth
noting that the cognitive approach is similarly useful for treating, compensating, or teaching
communication strategies for other deficits associated with PPA, such as agrammatism [66],
apraxia of speech [67] and spelling deficits [68]. In summary, considering the underlying
deficit in the clinical management of PPA allows for a tailored intervention that is likely to
maximize benefits for patients and their relatives.
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Abstract: “Functional communication” refers to an individual’s ability to communicate effectively in
his or her everyday environment, and thus is a paramount skill to monitor and target therapeutically
in people with aphasia. However, traditional controlled-paradigm assessments commonly used
in both research and clinical settings often fail to adequately capture this ability. In the current
study, facets of functional communication were measured from picture-elicited speech samples from
70 individuals with mild primary progressive aphasia (PPA), including the three variants, and 31 age-
matched controls. Building upon methods recently used by Berube et al. (2019), we measured the
informativeness of speech by quantifying the content of each patient’s description that was relevant to
a picture relative to the total amount of speech they produced. Importantly, form-based errors, such as
mispronunciations of words, unusual word choices, or grammatical mistakes are not penalized in this
approach. We found that the relative informativeness, or efficiency, of speech was preserved in non-
fluent variant PPA patients as compared with controls, whereas the logopenic and semantic variant
PPA patients produced significantly less informative output. Furthermore, reduced informativeness
in the semantic variant is attributable to a lower production of content units and a propensity for
self-referential tangents, whereas for the logopenic variant, a lower production of content units and
relatively ”empty” speech and false starts contribute to this reduction. These findings demonstrate
that functional communication impairment does not uniformly affect all the PPA variants and
highlight the utility of naturalistic speech analysis for measuring the breakdown of functional
communication in PPA.

Keywords: primary progressive aphasia; informativeness; speech production

1. Introduction

Primary progressive aphasia (PPA) is a clinical syndrome where aphasia is the initial
predominant symptom due to neurodegenerative disease, most commonly frontotemporal
lobar degeneration or Alzheimer’s disease [1]. The characteristics of aphasia in PPA are
heterogeneous, and many patients present with a profile of language impairments that
can be classified into one of the following three subtypes: the semantic variant (svPPA),
the logopenic variant (lvPPA), or the non-fluent/agrammatic variant (nfvPPA) [2–6]. As dis-
tinct as these subtypes may be, they all share a devastating prognosis, i.e., as a patient’s
aphasia progresses, his or her relationships will be adversely impacted by the breakdown
of communication abilities [7–9].

A wide array of tests has been used to characterize language impairment in PPA [10,11]
but concerns have been raised about highly constrained, decontextualized linguistic tasks
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being insufficient to describe or predict a person’s ability to communicate in everyday life,
which is often referred to as “functional communication” [12–15]. One way to measure
functional communication in patients with aphasia is through relatively naturalistic picture
description tasks or structured interviews [9,14,16]. Despite concerns about the reliability
of these methods [16], abnormalities of a variety of elements of speech and language in PPA
can be successfully captured through the analysis of connected speech samples from such
tasks. For example, the production of verbs and complex grammatical sentence structures
is reduced in nfvPPA relative to lvPPA and svPPA [17,18], mirroring reports from more
structured experimental tasks. To determine the extent to which communication is func-
tional, researchers have measured breakdowns in the informativeness of speech production
in patients with chronic aphasia by identifying words or phrases that are relevant to a
picture or question, while ignoring form-based errors, such as mispronunciations of words,
unusual word choices, and grammatical mistakes [16,19]. However, impairment in the
informativeness of speech in PPA has received little investigation [20].

Berube et al. (2019) recently evaluated the informativeness of speech output in both
stroke aphasia patients and PPA patients using a contemporary version of the Cookie Theft
picture description task. They measured the patients’ production of words and phrases
referring to concepts that were mentioned by control participants who described the same
picture (i.e., “content units”) [21,22], and found that individuals with PPA and those with
stroke aphasia conveyed less information about the picture than controls. These results
provided further evidence that connected speech elicited in such a paradigm can be useful
for quantifying functional communication abilities. However, the sample of PPA patients
in Berube et al.’s study was small and did not allow for a detailed examination of potential
between-variant differences.

We sought to investigate the breakdown of functional communication in PPA using
a similar approach, aiming to answer two questions. First, as compared with controls,
do patients in the mild stages of each of the three PPA variants exhibit reduced abil-
ity to convey information in a picture description task? Secondly, if multiple variants
exhibit an impairment, do different factors contribute to the reduction in speech informa-
tiveness? In particular, we aimed to replicate the Berube et al. (2019) [21] method and
compare it with our own proposed method of examining content production in naturalistic
speech. Prior studies on svPPA have reported lower speech rate [17,23–27] but similar
total numbers of words produced [18], with the important observation of fewer nouns
and frequent semantic errors [17,18,23,24], in the presence of relative preservation of syn-
tactic abilities [24,27]. Semantic variant PPA patients tend to produce words with higher
frequency and less specificity [8,17,18,23,28]. With respect to lvPPA, which is perhaps the
least well-understood variant, prior studies have observed lower speech rate [17,18,24],
fewer open-class words [17,24], frequent phonemic errors [17,18,24], as well as numerous
false starts and filled pauses [17,18]. As in svPPA, syntactic abilities appear to be largely
preserved [18,24]. Finally, prior studies have reported that the speech of nfvPPA patients is
slower [17,18,29–31] and contains fewer words [17,18,23,24,28], contains errors in closed-
class words [25,26,32], syntactic agreement errors [26,28], few or no complex syntactic
structures [26,28], and also exhibits lower narrative coherence [24,26,27].

These findings, combined with clinical observation, led us to formulate the following
hypotheses: With regard to the first research question, we expected to find differences
among the three variants in the patients’ ability to convey information relevant to the
picture. The speech of svPPA patients was predicted to demonstrate reduced informa-
tion content with each individual showing some degree of impairment; lvPPA patients’
information content was predicted to be reduced as a group but also to exhibit variabil-
ity within the group, with some patients showing preserved informativeness of speech;
finally, the nfvPPA group was predicted to show preserved informativeness, with few,
if any, individuals demonstrating impairment. With regard to the second research question,
svPPA patients were predicted to produce an abnormally high number of self-referential
tangents and empty utterances in addition to reduced information content, whereas lvPPA
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patients were predicted to produce a high number of empty utterances and false starts in
addition to reduced information content.

2. Materials and Methods
2.1. Participants

Data analyzed in this study were obtained from 101 participants, including 70 patients
with a diagnosis of PPA and 31 age-matched controls. The PPA patients participated in
this study as part of the Massachusetts General Hospital Frontotemporal Disorders Unit
longitudinal PPA cohort study. Participants in this cohort underwent a comprehensive
clinical evaluation as previously described [7,10]. The evaluation included a structured
interview by a neurologist or psychiatrist covering cognition, mood/behavior, sensorimotor
function, and daily activities; a neurologic examination, including office-based cognitive
testing (for cases in this report, performed by B.C.D.); a speech-language assessment by a
speech-language pathologist (for cases in this report, performed by C.C., M.Q., or D.H.),
including the Progressive Aphasia Severity Scale (PASS) to specifically assess language
impairment relative to a patient’s premorbid baseline [10]; and an MRI scan with T1- and
T2-weighted sequences inspected visually by a neurologist. For all cases included here,
visual inspection of the clinical MRI identified an atrophy pattern consistent with that
typically seen in each PPA variant and ruled out other causes of focal brain damage [6].

For each participant, a clinician also performed a structured interview with an infor-
mant who knew the participant well (e.g., a spouse), augmented with standard question-
naires. For the participants in this report, the protocol included the National Alzheimer’s
Coordinating Center (NACC) Uniform Data Set measures (using version 2.0 for 65 of
the assessments, version 3.0 for the remaining 5), including Clinical Dementia Rating
(CDR) scale supplementary language box ratings [10,33]. As part of the standard battery,
connected speech samples were elicited through the Western Aphasia Battery–Revised
(WAB-R) “Picnic Scene” task [34].

Individuals selected for this study had been diagnosed with imaging-supported
svPPA, lvPPA, or nfvPPA according to consensus diagnostic criteria [3,6]. All participants
and their care partners denied a pre-existing psychiatric disorder, other neurological dis-
order, or developmental cognitive disorder. Given the focus on mild PPA in the current
study, we excluded participants with CDR language box scores above 1 (0 = normal lan-
guage, 0.5 = very mild language impairment, 1 = mild language impairment, 2 = moderate
language impairment, and 3 = severe language impairment). The PPA patient sample in-
cluded 19 svPPA patients (mean age 69.6, SD 8.35, 11 females), 26 lvPPA patients (mean age
70.2, SD 7.17, 12 females), and 25 nfvPPA patients (mean age 68.2, SD 8.28, 15 females)
(see Table 1 for further demographic information).

Table 1. Summary demographic information and clinical characteristics for the participants included in this study
(see Appendix A Table A1 for participant-specific characteristics).

PPA (N = 70) Healthy Controls

svPPA
(N = 19)

lvPPA
(N = 26)

nfvPPA
(N = 25)

(HC)
(N = 31)

Age at testing, years (SD) 69.7 (8.35) 70.2 (7.17) 68.2 (8.28) 63.4 (8.20)
Female, n (%) 11.0 (57.8) 12.0 (46.2) 15.0 (60.0) 17.0 (54.8)

Education, years (SD) 16.2 (2.30) 15.7 (2.38) 15.5 (2.73) 14.9 (1.83)
CDR language (SD), n = 0.5 0.71 (0.25), 11 0.71 (0.25), 15 0.66 (0.24), 17 –

PASS sum of boxes (SD) 3.50 (1.30) 4.04 (1.25) 3.82 (1.26) –

Data were also analyzed from thirty-one age-matched healthy controls, with no self-
reported history of neurologic or psychiatric disorders, who participated in a longitudinal
study conducted at the Speech and Feeding Disorders Laboratory at the MGH Institute
of Health Professions (mean age 63.4, SD 8., 17 females). All participants in both samples
were right-handed native English speakers. All participants (and their care partners for
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PPA patients) gave written informed consent in accordance with guidelines established by
the Mass General Brigham Healthcare System Institutional Review Boards which govern
human subjects research at Massachusetts General Hospital (protocol no. 2015P001363,
protocol no. 2012P000432, protocol no. 2016P001421, protocol no. 2019P003391, protocol no.
2016P001594, and protocol no. 2013P001746). No significant between-group differences
(svPPA, lvPPA, nfvPPA, and HC) were observed in sex or education level. The control
group was observed to be younger than the lvPPA (p = 0.01) and nfvPPA (p = 0.004) groups.
In the comparison of the PPA variants, no significant between-group differences (svPPA,
lvPPA, and nfvPPA) were observed for the CDR language or PASS sum of boxes scores.

2.2. Speech Sample Collection

As part of their standard assessment, all PPA participants completed speech elicitation
tasks including the WAB-R [24] Picnic Scene task; the connected speech samples obtained
from this task were analyzed for the present study. Participants were presented the picture
and prompted to provide a description of what they saw. Audio recordings were collected
using a handheld Zoom H4N Recorder (Hauppauge, NY, USA) or an Olympus VN-702PC
Voice Recorder (Center Valley, PA, USA) in a quiet room. For participants included in this
analysis, the average speech sample durations were 73.7 s for svPPA (SD 28.0 s), 81.7 s (s)
for lvPPA (SD 28.9 s), 104s for nfvPPA (SD 53.4 s), and 48.9 s for HC (SD 11.3 s).

2.3. Speech Sample Transcription and Basic Coding

Following data collection, speech samples were uploaded to a local hard drive on an
encrypted device and preprocessed in Audacity® Version 2.4.1 [35] to remove all clinician
speech and background noise. Then, speech samples were transcribed and double-checked
by two blinded (to diagnostic group) listeners. Inconsistencies in transcription were dis-
cussed and fixed upon consensus. Because the focus of the current study was on functional
communication, phonemic errors (additions, omissions, and substitutions) where the in-
tended word was clear were corrected during transcription (e.g., if the participant said,
“they are sitting on a splanket” blanket was transcribed). Unrecognizable words were
counted as empty words. Phonemic clusters followed by self-corrections or rerouting were
counted as false starts. The average number of utterances (defined as any verbalization
attempt, i.e., single words, including filler words, and false starts) was 135 for svPPA
(SD 53.6), 135 for lvPPA (SD 60.3), 97.1 for nfvPPA (SD 34.1), and 150 for healthy controls
(SD 65.9).

2.4. Content Unit (CUs) Coding

In order to analyze the informativeness of speech production, we followed the ap-
proach outlined by Berube et al. (2019) (see [36] for earlier work using this and related
approaches). Using the healthy control samples, first, we created a corpus of 64 content
units (CUs) (Table 2). A CU is defined as a unique concept. These concepts can correspond
to an object/entity, an action, a property, or more abstract notions, such as spatial relations.
A core motivation for the construct of CUs is to abstract over the potentially variable verbal
descriptions that can be used for the same referent (e.g., “man”, “dad”, and “pops” all
referring to a male individual). Following Berube et al. (2019) [21], the set of 64 CUs only
included CUs that were each mentioned by at least three healthy controls. Then, we de-
termined the number of CUs within each speech sample for all four groups. If a speech
sample contained a CU more than once (even if the later occurrences used a different verbal
description), only a single occurrence was counted. There were no penalties for the absence
of any CUs.
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Table 2. The complete set of 64 content units (CUs) identified in our healthy control sample (n = 31) based on Berube
et al.’s (2019) methods [21]. The number of healthy control participants who produced a given CU in a speech sample is
indicated in the “count” column. The unique referents for ambiguous CUs are represented in the “referent CU#” column,
designating the agents, actions, and properties that at least three healthy control participants referred to by naming a
particular CU.

Category CU # Referent CU# Count CU

Unambiguous
entities/objects/events

1 31 Kite

2 31 House, home, rental, cottage, cabin

3 31
Wine, drink, liquid, drinks, beverage, soda,

juice, champagne
4 30 Dog, puppy
5 29 Beach, sand
6 28 Sailboat, boat
7 28 Picnic, picnicking
8 27 Woman, mother, mom, wife, lady
9 26 Sandcastle(s), pile, castle

10 26 Water, lake, ocean, river, sea
11 26 Boy, son
12 24 Girl, daughter
13 21 Pier, dock
14 18 Book
15 18 Tree
16 16 Car
17 16 Driveway, path, road, street
18 15 Garage, parked (car)
19 15 Shoes, sandals, sneakers
20 13 Fish (noun)
21 13 Couple, two (people), parents
22 13 Radio, boombox
23 11 Flag, flagpole
24 11 Glass, cup, glasses
25 10 Blanket, carpet
26 8 Shovel
27 7 Pail, bucket
28 7 Sky, clouds
29 6 Fisherman
30 4 Nasket
31 3 (Man’s) glasses
32 3 Bottle, thermos

Unambiguous actions 33 31 Fishing, caught (a fish), catching (a fish)
34 31 Flying (a kite), pulling (a kite)

35 31
Building (a sandcastle), making (a sandcastle),

playing (in the sand), built a sandcastle
36 26 Reading
37 21 Pouring

38 18
Enjoying, relaxing, happy, having a good time,

relaxed, (having) fun
39 17 (Dog is) chasing, (dog is) following, chased
40 8 Sailing, cruising

Unambiguous properties 41 17 Beautiful, idyllic, nice, lovely, pleasant, calm
42 10 Big, large

Ambiguous-referent entities 43 31
Man, father, dad, gentleman, grandpa, husband,

hubby, pops

43a 42 18
43b 29 15
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Table 2. Cont.

Category CU # Referent CU# Count CU

44 No Pattern 31
Grass, yard, shrubbery, park, enclave, grassy, place,

bushes, environment, foliage, gable, hill,
mountains, scenery, spot, trees, forest

45 30
Someone, guy, fellow, somebody, person,

jabroni, adult

45a 11
45b 12
45c 42
45d 29

46 24 Family, people, everyone, families, occupants

46a 11, 12, 8, 42
46b 11, 12, 8, 42, 29
46c No Pattern

47 12
Inlet, lakeside, seashore, seaside, bay, oceanside,

shore, wharf

47a 58
47b 12
47c 29

48 8 Kid, kids, children

48a 11
48b 12

49 5 Shorts

49a 11
49b 8 + 42
49c 42

50 3 T-shirt

50a 11
50b 8

Ambiguous-referent actions 51 12 Running

51a 11
51b 4
51c 11 + 4

52 6 Sitting

52a 8
52b 42
52c 8 + 42

53 5 Wearing

53a 11
53b 8 + 42
53c 42
53d 29

54 15 4 Bloom, blossomed, blooming

Ambiguous-referent properties 55 27 Little, young, younger

55a 11
55b 12
55c 4
55d 2
55e 43
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Table 2. Cont.

Category CU # Referent CU# Count CU

Unambiguous but inferred
(not physically

present/abstract)
56 20

Summer, sun, sunny, summertime, weather, season,
spring, warm

57 16 Music, listening to (music), (playing) music
58 16 Day, afternoon, vacation, retreat
59 9 Scene, picture
60 9 Activities, recreational, sport
61 8 Outside
62 4 Breeze, windy
63 4 Sandwich(es), food

Ambiguous-referent
spatial relations

64 31
Across, around, background, behind, beside, close,
distance, distant, far, foreground, front, left, nearby,

next to, right, side

64a 2
64b 6
64c 11
64d 15
64e 23
64f 4
64g 21
64h 29
64i 43
64j 16
64k 22
64l 17

In addition to Berube et al.’s (2019) [21] CU coding method, we developed an ad-
justed method to account for some ambiguity in the meaning of some CUs and compared
the results of both methods. In particular, although the majority of CUs (42 of the 64,
#1–42) unambiguously refer to a particular object/entity, action, or property of a specific
object/entity in the picture (see Figure 1A for examples), the remaining 22 (#43–64) do not
unambiguously refer to a particular aspect of the picture. Nine of these 22 CUs (#55–63)
either refer to the scene overall or to concepts not physically present in the picture, in-
ferred based on the schema of a picnic event (e.g., CU #63 “sandwich”, which is not actually
present) or abstract in nature (e.g., CU #57 “music”). The remaining 13 CUs (#43–54, 64)
are ambiguous with respect to which aspect(s) of the picture they refer to: in 2 CUs (#44,
54), the speech output does not help disambiguate the identity/scope of the referent (e.g.,
CU #44 “grass”/“yard”/“shrubbery”, and so forth), but in the remaining 12 CUs (#43,
45–53, 64), the speech output disambiguates toward one of two or more possible referents.
For example, CU #45 where, e.g., “fellow” can refer to one of three entities (the man reading
a book, the boy running with a kite, or the man fishing on the dock, see Figure 1B for exam-
ples), and based on the surrounding verbal context, it is possible to determine which of the
referents the speaker is talking about. In an alternative CU coding scheme (CU-uniqueref,
for ”unique referent”), for this set of 12 CUs we broke each CU down into further CUs
based on the referent in question. In this coding scheme, if the same word is used again
but now refers to a different object/entity, it is coded as a new CU. This alternative coding
method could reveal biases in terms of which objects/entities patients tend to refer to,
which may be different from the controls’ patterns and perhaps driven by the availability
of different words.
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Figure 1. Identifying the range of ambiguity of elements in the Western Aphasia Battery-Revised
(WAB-R) “Picnic Scene” task (Kertesz, 2007) [34]. In the study, the original WAB-R Picnic Scene was
used, but due to permissions issues, here, we use a freely available picture to illustrate non-exhaustive
examples of the range of ambiguity of possible referents in a picture description task. (A) The
examples highlighted here (CU #24 “glass,” CU #25 “blanket”, CU #30 “basket”) are unambiguous
entities similar to the ones found within the WAB-R Picnic Scene; (B) The examples highlighted here
(CU #44 “shrubbery” (red) and CU #45 “fellow” (blue)) demonstrate the possible range of referents
some CUs may represent. The image utilized for this example is freely available and reproduced
with permission from Vecteezy (https://www.vecteezy.com/free-vector/picnic-basket).

For each of these two coding methods (the original Berube et al. (2019) [21] method
and the CU-uniqueref method), we followed the original method by computing the total
number of verbal descriptions that corresponded to CUs; thus, each participant was scored
on the raw number of CUs. The counting of raw CUs in both the original method by Berube
and colleagues (2019) [21] and our own CU-uniqueref method are non-normalized, and thus
might be heavily influenced by sample length. This aspect of the CU coding process
must be acknowledged as nfvPPA participants have been shown to produce less speech
overall [17,18,23,24,28]. As such, between-group comparisons of the non-normalized
measures of raw CU counts must be interpreted with caution and motivate a further,
normalized analysis. For this reason, in contrast to the original Berube et al. (2019) [21]
method, we also computed informativeness, i.e., raw CU count/all utterances, which places
the raw CU count in the context of all the utterances produced by a given participant.
Then, we used this normalized informativeness measure for subsequent interpretation of
group differences.
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2.5. Self-Referential, Empty, or Other Atypical Speech

To investigate the second research question regarding additional elements of speech
samples that may contribute to reduced informativeness, such as self-referential or empty
speech, we analyzed the speech samples for 5 additional types of output. A coder blinded
to diagnostic group examined each sample for the presence of statements that (a) were
self-referential (e.g., “I hate fish, I don’t eat fish, my husband eats salmon all the time”
or “We have one of these”), (b) referred to inability to decipher the picture or retrieve
the right word (e.g., “I’m not quite sure what that person is” or “Can’t think of that”),
(c) were tangential to the contents of the picture (e.g., “Maybe an investor in a sailboat
company” or “You don’t take a picnic right next to your house usually”), (d) were ”empty”
speech (filler words or phrases, for example, e.g., “Uh no, yeah I guess”, “um, uh”),
or (e) were false starts (unsuccessful lexical retrieval attempts and meaningless phonemic
cluster productions). As with our measure of informativeness, the atypical speech analyses
were also normalized in that they were calculated as a proportion for every participant.
Controlling for speech sample length was an essential component in order to reduce bias
in our subgroup comparisons. Inter-rater reliability was assessed for 20 of the 101 of the
transcripts (five from each group), where the presence of a rating and rating type were
judged for every single word per transcript and was found to be 97%. Further examples of
these ratings can be seen in Figure 2.

Figure 2. Examples of speech excerpts that were coded as self-referential, reflecting inability to decipher the picture or
retrieve the right word, tangential, empty, or reflective of a false start.

2.6. Statistical Analysis

We descriptively compared the number of raw CUs and informativeness (CUs/all utter-
ances) across methods and between groups using both the original Berube et al. (2019) [21]
and the CU-uniqueref methods. Then, we conducted one-way ANOVAs to examine the
main effect of group on the number of CUs produced and the informativeness of speech
samples, followed up by post hoc t-tests and Hedges’ g effect sizes. Although length is a
confound that must be considered in the interpretation of these ANOVAs, these analyses
are still merited because there can be cases where even shorter sample lengths (as mea-
sured by total utterances) show relatively high numbers of CUs. Moreover, reduced sample
length does not necessarily lead to reduced CU counts. While our measure of informa-
tiveness is normalized, we stress that our raw CU results are non-normalized and need to
be interpreted with caution. To examine self-referential, empty, or other atypical speech,
we calculated the proportion of words rated as belonging to one of five categories (self-
referential, inability-related, tangential, empty speech, or false starts, see Section 2.5) relative
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to the total number of utterances. Then, we conducted one-way ANOVAs to examine the
main effect of group on these 5 types of output. As in the prior analysis, post hoc t-tests
and Hedge’s g effect sizes were calculated for every comparison. We set alpha at 0.05 and
corrected for multiple comparisons as described below for each analysis. Statistical analysis
was performed using R (Version 3.5.3 (2019-03-11)) [37].

3. Results
3.1. CUs and Informativeness

The complete sets of CUs generated for the original Berube et al. (2019) [21] and our
CU-uniqueref methods are shown in Table 2. In the original Berube et al. (2019) method,
we were able to generate 64 CUs. In the CU-uniqueref method, our specification of referents
added 35 additional possible CUs to be scored.

For 49 out of 101 transcripts (9 svPPA, 8 lvPPA, 8 nfvPPA, and 24 HC), the total
number of CU scores increased using the CU-uniqueref method relative to the Berube et al.
(2019) method [21]. For 87.8% of score changes, the increase was one or two points
(see Appendix B Table A2). Similarly, the informativeness scores of 49 out of 101 tran-
scripts (9 svPPA, 8 lvPPA, 8 nfvPPA, and 24 HC) increased with the CU-uniqueref method.
For 18.0% of score increases, the change in informativeness was greater than 1.5%.

There was a significant effect of group on the non-normalized raw CU production for
both the original (F(3, 97) = 36.2, p < 0.001) and CU-uniqueref (F(3, 97) = 35.6, p < 0.001)
methods (see Table 3). Post hoc comparisons were conducted using pairwise t-tests using
Bonferroni adjusted alpha levels of 0.008 (0.05/6) and reported alongside Hedges’ g effect
sizes. For both the original and CU-uniqueref methods, all three PPA variants demonstrated
impaired production of unique CUs relative to HCs (p < 0.001 and g > 1.28). The nfvPPA
participants produced fewer raw CUs than HCs, however, despite having the overall
shorter speech samples relative to the other groups, raw CU count production was higher
than that of the svPPA and lvPPA participants (ps < 0.005 and gs > 0.96, see Table 3).
Across methods, there were no significant differences between lvPPA and svPPA.

Table 3. The average CU and informativeness scores derived from both the original Berube et al. (2019) [21] and CU-
uniqueref methods for all participants.

Method Group CUs (SD)
CU Effect Size vs.
HCs (Hedge’s g)

Informativeness
(SD)

Informativeness
Effect Size vs.

HCs (Hedge’s g)

Original Berube et al.
(2019) [21]

HC 28.5 (6.46) - 20.9% (5.67) -

lvPPA 14.5 (5.81) ***� 2.25 11.7% (5.18) ***� 1.75
nfvPPA 20.3 (6.07) *** 1.28 23.1% (9.45) −0.29
svPPA 13.0 (5.67) ***� 2.47 11.1% (6.46) ***� 1.69

CU-uniqueref HC 30.0 (7.99) - 21.9% (5.87) -
lvPPA 14.8 (6.07) ***� 2.23 11.9% (5.26) ***� 1.86

nfvPPA 20.8 (6.19) *** 1.33 23.5% (9.31) −0.22
svPPA 13.7 (6.24) ***� 2.34 11.7% (7.02) ***� 1.65

*** p < 0.001 relative to HCs; � p < 0.005 relative to nfvPPA.

Similarly, we found a significant effect of group on our normalized measure of in-
formativeness (CUs/total utterances) for both the original (F(3, 97) = 20.6, p < 0.001) and
CU-uniqueref (F(3, 97) = 21.1, p < 0.001) methods. As hypothesized, post hoc comparisons
demonstrated that both svPPA and lvPPA exhibited impairment in the informativeness
of speech relative to HCs (p < 0.001 and g > 1.27) across methods, whereas the informa-
tiveness of speech by the nfvPPA group was not impaired relative to HCs (see Figure 3).
Across methods, the informativeness of nfvPPA output was greater than that of svPPA and
lvPPA (ps < 0.001 and gs > 1.40), but there were no significant differences between svPPA
and lvPPA. Contrary to one point in our first hypothesis, just as many individual lvPPA pa-
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tients exhibited impaired informativeness as did svPPA patients (i.e., approximately eight
or nine cases in each group fell within the 95% confidence interval for the HC distribution).

Figure 3. Illustrated here with the CU-uniqueref results, both the logopenic variant primary progressive aphasia
(lvPPA) and semantic variant (svPPA) exhibited reduced informativeness of speech relative to controls, whereas the
non-fluent/agrammatic variant (nfvPPA) group did not. The informativeness of speech output by the nfvPPA group was
greater than that of lvPPA and svPPA. The error bars represent the 95% confidence interval of the median for each group.
Significant differences are represented by asterisks (HC, black; nfvPPA, blue; *** p < 0.001).

3.2. Self-Referential, Empty, or Other Atypical Speech

There was a significant main effect of group for the proportion of statements that
were self-referential (F(3, 97) = 10.7, p < 0.001) or the statements in which the patient
described their inability to do the task (F(3, 97) = 14.5, p < 0.001), as well as empty
speech (F(3, 97) = 29.2, p < 0.001) and false starts (F(3, 97) = 17.9, p < 0.001) (see Figure 4
and Appendix C Table A3). A group effect for tangential statements was not present
(F(3, 97) = 2.42, p = 0.071). Post hoc comparisons demonstrated that, as hypothesized,
the speech samples of svPPA patients contained a greater proportion of self-referential
statements than HC, lvPPA, and nfvPPA (ps < 0.001 and gs > 0.94). There were no significant
differences among the HC, lvPPA, and nfvPPA groups (ps > 0.150). For statements about
inability, both svPPA and lvPPA made more comments about their own difficulties with the
task than nfvPPA (p < 0.001 and g > 1.09) and HC (ps < 0.001 and gs > 1.21), whereas nfvPPA
and HC did not differ (p = 0.790). Whereas the overall effect of group only trended towards
significance, svPPA produced numerically more tangential statements than HC (p = 0.058),
however, there were no differences among the lvPPA, nfvPPA, and HC groups (ps > 0.536).
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Figure 4. Relative to controls, the svPPA group exhibited more self-referential speech output and statements about inability,
whereas the lvPPA group also exhibited more statements about inability, empty speech, and false starts. The nfvPPA group
did not differ from HCs on any measure. The svPPA group exhibited more self-referential speech than lvPPA, whereas the
lvPPA group exhibited more empty speech and false starts than svPPA. There were no significant group differences for
tangential speech. The error bars represent one standard deviation from group means. Asterisks represent a significant
difference relative to another group (HC, black; svPPA, purple; lvPPA, red; nfvPPA, blue; *** p < 0.001).

With regard to empty speech, as hypothesized, lvPPA produced significantly more
empty output than HC (p < 0.001 and g > 1.29), svPPA and nfvPPA (ps < 0.001 and
g > 1.01), whereas svPPA (p = 0.046) and nfvPPA did not differ from HC (p = 0.115). Finally,
as hypothesized, lvPPA produced significantly more false starts than svPPA, nfvPPA,
and HC (ps < 0.001 and gs > 0.84), however, there were no significant differences between
svPPA and HC (p = 0.503), nfvPPA and HC (p = 0.043), nor svPPA and nfvPPA (p = 0.082).

4. Discussion

In this work, we asked two questions about functional communication in primary
progressive aphasia (PPA). First, we asked whether patients in the mild stages of each of the
three variants of PPA exhibit reduced ability to convey information in a picture description
task. Second, we examined whether the increased production of types of speech output
not directly relevant to the task may contribute to the reduction in speech informativeness.
In particular, we asked whether patients with one of the three variants of PPA differ with
respect to the production of self-referential, empty, or other atypical speech during this
task. Such characteristics are often observed by clinicians and investigators, but they have
not received sufficient attention in the prior literature.

To tackle the first question, we built on recent work by Berube et al. (2019) [21],
who collected speech samples from individuals with aphasia using a picture description
task and coded these for content units or CUs, i.e., concepts that are present in the output
of healthy controls. Using this approach, Berube et al. (2019) [21] reported fewer CUs in
the speech output of individuals with chronic stroke aphasia and of individuals with PPA.
We proposed an adjustment to the coding method (which we termed CU-uniqueref) to
disambiguate cases where the same CU could refer to one of multiple referents in the picture.
Then, we compared the results of both of these methods. Furthermore, an additional unique
contribution of our work was our normalized measure of informativeness, where we
took participant-specific sample length into account. Given that raw CU counts do not
account for semantically empty or irrelevant speech output, this measure more precisely
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targets functional communication ability as it reflects content efficiency. The reason this is
important is that, for example, if a patient says five words or phrases that correspond to
target concepts and nothing else, a listener could likely understand the patient’s point even
if the patient’s speech is relatively sparse as compared with normal speech. In contrast,
if another patient says five words or phrases that correspond to target concepts but also
produces twenty words or phrases that include false starts, statements about how they
cannot find the right word, and tangents, a listener would likely have greater difficulty
understanding that person’s point. Raw CU count would be the same between the two,
but the informativeness would be much lower in the second case.

We replicated Berube et al.’s finding that PPA patients produce fewer CUs than con-
trols [21]. Critically, as predicted, we observed important differences among the three
PPA variants in their ability to convey information relevant to the picture. In particular,
svPPA and lvPPA patients’ speech demonstrated reduced informativeness, although the
former group exhibited greater variability. The nfvPPA patients did not differ from controls
in informativeness. These results suggest that grammatical impairment (a core feature
of nfvPPA [6]) does not lead to a reduction in informativeness, whereas anomia (a core
feature of both lvPPA and svPPA) and semantic memory impairment (a core feature of
svPPA) likely do. Importantly, raw CU counts alone show reductions in all three variants
relative to controls, consistent with prior work [17–20]; nonetheless, the magnitude of raw
CUs produced by nfvPPA is still greater than for svPPA and lvPPA. Importantly, raw CU
counts must be interpreted with caution as they do not reflect sample length. The risk of
bias in the interpretation of raw CU counts motivated our measure of informativeness.
Informativeness, the proportion of CUs to total utterances, demonstrates that the relative
number of CUs that nfvPPA patients communicate is similar to that of healthy age-matched
adults (i.e., nfvPPA patients do not produce more non-content related speech than controls,
in contrast to the other two variants). While the content of nfvPPA speech samples were
not diluted by atypical speech patterns (i.e., empty speech or false starts), the omission
of closed-class words may have also contributed to preserved informativeness. This re-
sult speaks to the overall efficiency of nfvPPA speech relative to the other PPA variants.
While previous work has reported upon the relative paucity of output in nfvPPA relative to
the other variants [24,26,28], our results demonstrate that the amount of content relative to
total output (i.e., informativeness) is preserved. This finding aligns with a recent systematic
review [20], which concluded that word meanings and semantic structure appear to be
largely preserved in this PPA variant. In our view, these findings demonstrate the value of
examining both the raw volume of information, as well as the proportion of information
in PPA. In line with prior reports of reduced informativeness [24,27,28,38], we found a
reduction in informativeness in svPPA and lvPPA relative to controls and nfvPPA. These re-
sults are consistent with reports of reduced content word production in both of these
variants [17–20].

To address the second question about additional factors that contribute to reduced
informativeness of speech in svPPA and lvPPA, we quantified the presence of five types of
task-irrelevant speech output, i.e., self-referential speech, speech referring to one’s inability
to perform the task, tangential statements, empty speech, and false starts. As predicted,
svPPA patients produced a large number of self-referential utterances about their own
lives related to the scene depicted in the picture but tangential to the task, in addition
to statements about their inability to decipher the picture, retrieve a word, or accurately
describe a referent in the picture. Similar to svPPA, lvPPA patients produced many state-
ments related to their inability to perform the task, but in contrast to svPPA, they did
not produce self-referential statements, and instead had a large amount of empty (unin-
formative or indecipherable) speech (see Section 2.5 and Figure 2 for examples), as well
as numerous false starts. The latter were plausibly related to failed lexical retrieval at-
tempts. Thus, the reasons for reduced informativeness in these two variants are at least
partially dissociable. As for nfvPPA, where the level of informativeness was similar to that
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of controls, the production of task-irrelevant speech was also similar to that of controls,
both qualitatively and quantitatively.

A limitation of this work is that our naturalistic speech productions were prompted
through a visual aid, rather than an open-ended prompt. As such, our findings speak
to the informativeness of naturalistic speech within the constraints of a specific task.
As such, we were unable to examine either the cohesion or pragmatics of discourse [20,37].
Another limitation is that the length of the speech samples varied by variant and by
participant, where the shortest were produced by the nfvPPA group. However, as our
primary measures of the proportion of content (informativeness) and atypical speech to
total output were normalized, we consider this to be a minor issue in the interpretation
of our results. Further consideration must be given to our methods of coding atypical
speech. While our inter-rater reliability was quite high, only 20% of the transcriptions
were cross-checked. This brings us to our final limitation, i.e., our methodology required
extensive hand-coding and could not be automated. Thus, the replication or upscaling
of our procedure with a larger sample size would be time-intensive for both the initial
coding and reliability checks. However, given the irregularities of speech output in PPA,
our hand-coding allowed for sensitivities to task-relevant speech, such as circumlocutions,
and empty speech at the phrase-level, features that are unique to the individual.

In conclusion, the current results demonstrate that functional communication assessed
in a task that closely approximates everyday interactions is not ubiquitously impaired
across the PPA variants in the mild stages of the disease. Whereas both svPPA and lvPPA
produce fewer CUs than controls, they each produce a larger amount of less meaningful
speech, the types of which are partially dissociable, leading to an overall reduction in the
informativeness of communication. In contrast, nfvPPA patients produce fewer CUs than
controls but the speech they produce is informative. These findings highlight the value of
assessing functional communication using paradigms that elicit naturalistic speech, and the
utility of scoring the reductions in task-relevant speech output and also the increases in
task-irrelevant speech output. Future directions of this work include a longitudinal analysis
of informativeness in naturalistic speech production to monitor changes in the different
variants as the disease progresses, and the potential application of this approach to evaluate
outcomes of speech-language therapy.

5. Conclusions

Naturalistic speech samples can be used to identify differences between PPA variants
and to shed light on the nature of language impairments. In the current study, we found
that the informativeness of speech varies across groups, and critically, the nfvPPA group
performed similarly to controls. Similarly, atypical patterns of speech vary across the
PPA variants, where the nfvPPA group performs similarly to controls, whereas there are
differences between lvPPA and svPPA.
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Appendix A

Table A1. Participant-specific demographic information.

Group Participant Sex Age Highest Educational Degree CDR: Language
PASS Sum

of Boxes

Semantic variant PPA svPPA 1 F 68 Master’s 1 6
svPPA 2 F 62 Bachelor’s 1 3
svPPA 3 F 53 Bachelor’s 0.5 3
svPPA 4 F 64 High School 0.5 3.5
svPPA 5 M 54 Master’s 0.5 1.5
svPPA 6 M 59 Bachelor’s 0.5 3
svPPA 7 M 83 Bachelor’s 0.5 5
svPPA 8 F 63 Bachelor’s 1 4.5
svPPA 9 M 80 Bachelor’s 0.5 2

svPPA 10 F 63 High School 0.5 4
svPPA 11 F 70 Master’s 0.5 4.5
svPPA 12 M 65 Bachelor’s 1 5
svPPA 13 M 81 Bachelor’s 0.5 3
svPPA 14 M 64 Doctorate 1 5
svPPA 15 F 54 Doctorate 1 3
svPPA 16 F 74 Bachelor’s 0.5 2.5
svPPA 17 F 72 High School 0.5 4
svPPA 18 F 65 Bachelor’s 1 3
svPPA 19 M 68 Master’s 1 1

Logopenic variant PPA lvPPA 1 M 68 Bachelor’s 1 5
lvPPA 2 F 68 High School 0.5 3.5
lvPPA 3 M 79 High School 0.5 3
lvPPA 4 M 71 Master’s 0.5 0.5
lvPPA 5 M 71 Master’s 0.5 3.5
lvPPA 6 M 79 Master’s 1 3.5
lvPPA 7 F 59 Bachelor’s 1 6
lvPPA 8 F 70 Associate’s 1 5
lvPPA 9 F 59 Master’s 1 6
lvPPA 10 F 64 Bachelor’s 0.5 5
lvPPA 11 M 71 Master’s 1 3.5
lvPPA 12 M 72 High School 1 5
lvPPA 13 F 53 Bachelor’s 0.5 4.5
lvPPA 14 F 68 High School 1 3
lvPPA 15 F 75 High School 0.5 5
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Table A1. Cont.

Group Participant Sex Age Highest Educational Degree CDR: Language
PASS Sum

of Boxes

lvPPA 16 M 79 Bachelor’s 0.5 4
lvPPA 17 F 70 Bachelor’s 0.5 3.5
lvPPA 18 F 69 Bachelor’s 0.5 3
lvPPA 19 M 75 Bachelor’s 1 5
lvPPA 20 M 76 Master’s 0.5 3.5
lvPPA 21 F 78 Master’s 0.5 5
lvPPA 22 F 55 High School 0.5 5
lvPPA 23 M 69 Doctorate 0.5 3
lvPPA 24 M 72 Master’s 1 4
lvPPA 25 M 73 Bachelor’s 1 5
lvPPA 26 M 69 Bachelor’s 0.5 2

Non-fluent variant PPA nfvPPA 1 F 72 Bachelor’s 0.5 3.5
nfvPPA 2 M 64 Bachelor’s 0.5 5.5
nfvPPA 3 F 69 Master’s 1 3
nfvPPA 4 F 74 Bachelor’s 0.5 5
nfvPPA 5 M 60 Bachelor’s 1 5
nfvPPA 6 M 63 Bachelor’s 0.5 4
nfvPPA 7 M 70 Doctorate 0.5 2
nfvPPA 8 F 69 Master’s 1 3
nfvPPA 9 F 63 High School 0.5 4

nfvPPA 10 M 68 Bachelor’s 1 4
nfvPPA 11 F 75 Doctorate 0.5 2
nfvPPA 12 M 67 Bachelor’s 0.5 3.5
nfvPPA 13 F 65 Bachelor’s 0.5 5.5
nfvPPA 14 F 79 High School 0.5 5.5
nfvPPA 15 M 55 Master’s 0.5 3
nfvPPA 16 M 80 Master’s 0.5 3
nfvPPA 17 F 71 Master’s 0.5 1
nfvPPA 18 F 78 High School 0.5 3.5
nfvPPA 19 M 69 Bachelor’s 1 5
nfvPPA 20 F 75 High School 0.5 3.5
nfvPPA 21 F 79 High School 0.5 5
nfvPPA 22 F 82 High School 1 6
nfvPPA 23 M 77 High School 0.5 3
nfvPPA 24 F 74 High School 1 4
nfvPPA 25 F 62 Master’s 1 3

Healthy Controls HC 1 F 61 Bachelor’s
HC 2 F 61 High School
HC 3 M 53 Bachelor’s
HC 4 F 50 High School
HC 5 M 52 Bachelor’s
HC 6 M 51 Bachelor’s
HC 7 M 68 Bachelor’s
HC 8 F 71 Bachelor’s
HC 9 F 71 Bachelor’s
HC 10 M 62 High School
HC 11 F 71 Bachelor’s
HC 12 F 68 Bachelor’s
HC 13 M 69 Bachelor’s
HC 14 M 53 Bachelor’s
HC 15 F 55 Bachelor’s
HC 16 M 68 Bachelor’s
HC 17 F 66 High School
HC 18 M 65 Bachelor’s
HC 19 F 62 Bachelor’s
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Table A1. Cont.

Group Participant Sex Age Highest Educational Degree CDR: Language
PASS Sum

of Boxes

HC 20 F 66 Bachelor’s
HC 21 M 59 Bachelor’s
HC 22 F 57 High School
HC 23 M 54 Bachelor’s
HC 24 F 60 Bachelor’s
HC 25 F 72 High School
HC 26 M 73 Bachelor’s
HC 27 F 55 High School
HC 28 F 65 Bachelor’s
HC 29 F 63 Bachelor’s
HC 30 M 76 High School
HC 31 M 83 Bachelor’s

Appendix B

Table A2. The number of participants whose score increased by 1-4 points with the CU-uniqueref method.

Group 0 pt. 1 pt. 2 pt. 3 pt. 4 pt. No. Participants Changed

HC 7 9 11 2 2 24
lvPPA 18 7 0 1 0 8

nfvPPA 17 4 4 0 0 8
svPPA 10 6 2 1 0 9

Appendix C

Table A3. The proportion of self-referential and other off-topic or empty speech.

Group
Self-

Referential
Statements

SD
Ability

Statements
SD

Tangential
Statements

SD
Empty
Speech

SD False Starts SD

HC 0.016 0.037 0.005 0.013 0.003 0.012 0.051 0.042 0.006 0.009
lvPPA 0.006 0.016 0.053 0.056 0.005 0.017 0.198 0.072 0.053 0.032

nfvPPA 0.004 0.016 0.007 0.019 0.009 0.036 0.074 0.061 0.023 0.038
svPPA 0.127 0.183 0.070 0.067 0.024 0.043 0.100 0.075 0.008 0.011
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