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Clinical dimensions along the non-fluent
variant primary progressive aphasia
spectrum

Ignacio Il1dn-Gala,»*> Diego L. Lorca-Puls,*> ®Boon Lead Tee,* Zoe Ezzes,*
Jessica de Leon,* Zachary A. Miller,* Sara Rubio-Guerra,' Miguel Santos-Santos,*
David Gémez-Andrés,® (Lea T. Grinberg,>*’ (Salvatore Spina,* Joel H. Kramer,*
Lisa D. Wauters,® Maya L. Henry,® Adam L. Boxer,* Howard J. Rosen,* ®Bruce L. Miller,*
William W. Seeley,* Maria Luisa Mandelli* and Maria Luisa Gorno-Tempini*

It is debated whether primary progressive apraxia of speech (PPAOS) and progressive agrammatic aphasia (PAA) be-
long to the same clinical spectrum, traditionally termed non-fluent/agrammatic variant primary progressive aphasia
(nfvPPA), or exist as two completely distinct syndromic entities with specific pathologic/prognostic correlates. We
analysed speech, language and disease severity features in a comprehensive cohort of patients with progressive
motor speech impairment and/or agrammatism to ascertain evidence of naturally occurring, clinically meaningful
non-overlapping syndromic entities (e.g. PPAOS and PAA) in our data. We also assessed if data-driven latent clinical
dimensions with aetiologic/prognostic value could be identified.

Weincluded 98 participants, 43 of whom had an autopsy-confirmed neuropathological diagnosis. Speech pathologists
assessed motor speech features indicative of dysarthria and apraxia of speech (AOS). Quantitative expressive/recep-
tive agrammatism measures were obtained and compared with healthy controls. Baseline and longitudinal disease
severity was evaluated using the Clinical Dementia Rating Sum of Boxes (CDR-SB). We investigated the data’s cluster-
ing tendency and cluster stability to form robust symptom clusters and employed principal component analysis to
extract data-driven latent clinical dimensions (LCD). The longitudinal CDR-SB change was estimated using linear
mixed-effects models. Of the participants included in this study, 93 conformed to previously reported clinical profiles
(75 with AOS and agrammatism, 12 PPAOS and six PAA). The remaining five participants were characterized by non-
fluent speech, executive dysfunction and dysarthria without apraxia of speech or frank agrammatism. No baseline
clinical features differentiated between frontotemporal lobar degeneration neuropathological subgroups. The
Hopkins statistic demonstrated a low cluster tendency in the entire sample (0.45 with values near 0.5 indicating ran-
dom data). Cluster stability analyses showed that only two robust subgroups (differing in agrammatism, executive
dysfunction and overall disease severity) could be identified. Three data-driven components accounted for 71% of
the variance [(i) severity-agrammatism,; (ii) prominent AOS; and (iii) prominent dysarthria]. None of these data-driven
LCDs allowed an accurate prediction of neuropathology. The severity-agrammatism component was an independent
predictor of a faster CDR-SB increase in all the participants. Higher dysarthria severity, reduced words per minute and
expressive and receptive agrammatism severity at baseline independently predicted accelerated disease progression.
Our findings indicate that PPAOS and PAA, rather than exist as completely distinct syndromic entities, constitute a
clinical continuum. In our cohort, splitting the nfvPPA spectrum into separate clinical phenotypes did not improve
clinical-pathological correlations, stressing the need for new biological markers and consensus regarding updated ter-
minology and clinical classification.
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Introduction

The non-fluent/agrammatic variant of primary progressive aphasia
(nfvPPA) is a neurodegenerative clinical syndrome currently de-
fined by effortful speech [mainly caused by apraxia of speech
(AOS)], and varying degrees of expressive agrammatism." Effortful
speech and expressive agrammatism in the setting of relatively
spared single-word comprehension and object knowledge re-
present the two core features of nfvPPA and can appear combined
orinisolation.? But, in addition to AOS and agrammatic production
errors, a wide range of changes in motor speech and grammar abil-
ities can be noted in nfvPPA, and these features frequently overlap
with other cognitive, speech and language deficits, like dysarthria
or executive dysfunction.® Importantly, previous studies have
documented the existence of distinguishable speech-language pro-
files in patients with nfvPPA arising from the differential expres-
sion of AOS versus expressive agrammatism.*” For example, the
term ‘progressive agrammatic aphasia’ or ‘agrammatic variant
PPA’*® has been used to refer to patients with expressive agramma-
tism as the most prominent presenting symptom in the absence of
AOS. In contrast, patients exhibiting AOS as the most salient clinic-
al feature without clear concomitant aphasia (including expressive
agrammatism) have been ascribed the term ‘primary progressive
apraxia of speech’ (PPAOS).® Some authors suggest that PPAOS
and progressive agrammatic aphasia (PAA) should be considered
separate syndromic entities because they may have specific aetio-
logic and prognostic features. However, existing evidence does not
clearly indicate whether these phenotypes represent a clinical con-
tinuum or exist as distinct syndromic entities with specific anatom-
ical, pathological and prognostic correlates. It remains unclear
whether syndromic definitions or data-driven approaches will sig-
nificantly improve clinical-pathological correlations and disease
progression.® Finally, to date, the most successful speech therapy
approach to nfvPPA rehabilitation'® targets both motor speech
and grammar symptoms. This approach is justified by evidence
from longitudinal studies showing that, even in cases where AOS
and agrammatism initially present in isolation, they eventually co-
occur as the disease progresses.

From a pathological perspective, large autopsy-proven studies
have shown that patients presenting with both AOS and agramma-
tism, PPAOS and PAA are typically associated with progressive
supranuclear palsy (PSP) and corticobasal degeneration (CBD).*
But, less frequently, these phenotypes are also the clinical presen-
tation of Pick’s disease,' or other frontotemporal lobar degener-
ation (FTLD) subtypes, like the phosphorylated 43-kDa TAR
DNA-binding protein inclusions (FTLD-TDP) subtypes.'® Current
syndromic classifications have proven helpful in discriminating be-
tween patients with FTLD versus Alzheimer’s disease,'*'> but
have failed to predict FTLD subtypes (i.e. PSP versus CBD) or longi-
tudinal decline at the single-subject level.'* Refining the classifica-
tion of patients within the nfvPPA-spectrum could improve
clinical-pathological correlations'® and the prediction of progres-
sion rate, both of which are essential steps to designing successful
trials targeting molecular mechanisms of pathology."”

Data-driven classifications allow the recognition of individual
differences within phenotypes and may provide valuable insights
for the refinement of diagnostic labels and the development of pre-
cision medicine approaches.'® Unfortunately, previous studies ex-
ploring data-driven subtypes of nfvPPA were limited by their
relatively small sample size and lack of longitudinal and autopsy
data.'®?° In this study, we aimed to characterize the speech, lan-
guage and cognitive features among patients with a broad spec-
trum of non-fluent speech and/or language impairments and
explore the existence of data-driven latent clinical dimensions
(LCD) with aetiologic and/or prognostic value.

We hypothesize that PAA and PPAOS represent a clinical con-
tinuum encompassing several endophenotypes with prognostic
implications that could be useful to improve clinical-pathological
correlations.

Material and methods

We searched the Memory and Aging Center of the University of
California, San Francisco (MAC-UCSF) database to identify
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participants that satisfied the following inclusion criteria: (i) com-
pletion of a comprehensive speech-language assessment (includ-
ing connected speech samples)?; (ii) met at least one of the two
core criteria of nfvPPA (namely, AOS or expressive agrammatism)
at the moment of their speech and language assessment; and
(iii) a clinical syndrome dominated by speech or language symp-
toms. Importantly, participants in this study were not required to ex-
hibit prominent aphasia at the time of diagnosis. Consequently,
participants not meeting the core diagnostic criteria for PPA%?
may have satisfied previous definitions of PPAOS.° In addition,
some patients, who were considered to have mild expressive agram-
matism at the moment of their clinical assessment, may not strictly
meet the operational definition of expressive agrammatism used in
this study (see later further details). We applied the same criteria as
in Lorca-Puls et al.* to exclude participants at an advanced disease
stage [i.e. those with a Mini-Mental State Examination (MMSE)*
score < 10 or, alternatively, a Clinical Dementia Rating (CDR)** global
score > 3] because their inclusion could bias the results. We also ex-
cluded participants meeting diagnostic criteria for the logopenic or
semantic variants of PPA, or with prominent behavioural or motor
symptoms meeting diagnostic criteria for the behavioural variant
of frontotemporal dementia (FTD), PSP or CBD.**?® The diagnosis
of all participants was imaging-supported and vascular disease
was ruled out. Ninety-eight participants recruited at MAC-UCSF be-
tween September 1999 and January 2021 were included in the study.
In participants with multiple clinical assessments, we selected the
first visit with a complete speech-language assessment because clin-
ical features of FTLD-related syndromes tend to converge with dis-
ease progression.’

A neuropathological evaluation was available in a subgroup of the
participants (n=43). Neuropathological diagnoses and genetic
analyses were performed as previously described.”’® Briefly,
participants were classified post-mortem into FTLD major molecu-
lar classes and subtypes, and genetic screening was conducted for
mutations known to cause autosomal dominant FTLD or
Alzheimer’s disease in the participants giving their informed
consent.”

All participants underwent a complete clinical history, physical
examination and neuropsychological evaluation. We used a previ-
ously reported battery of neuropsychological tests to assess major
cognitive domains. In addition, all participants underwent a com-
prehensive standardized speech and language assessment, as pre-
viously described.®**> The CDR [available for 95 (97%) of the
participants at baseline] and the CDR Staging Instrument PLUS
National Alzheimer’s Coordinating Center Behavior and Language
Domains [CDR plus NACC FTLD, available for 84 (86%) of the parti-
cipants at baseline] were adopted as general measures of disease
severity.?*** The MMSE was also recorded at baseline and used as
a general measure of cognitive impairment.?* We also report the es-
timated age at symptom onset, sex, years of education and age at
diagnosis. In participants with more than one visit, the longitudinal
decline was characterized using the CDR sum-of-boxes (CDR-SB)
when available. In longitudinal analyses, the CDR-SB was priori-
tized over the CDR plus NACC FTLD sum-of-boxes (CDR plus
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NACC FTLD-SB) because the former resulted in fewer missing
values.

To elicit a wide range of motor speech behaviours, the participant
was asked, as part of our motor speech evaluation (MSE),* to com-
plete a collection of tasks such as vowel prolongation, alternating
motion rate, sequential motion rate, multiple repetitions of mono-
syllabic words, multiple repetitions of multisyllabic words, repeti-
tion of words of increasing length, and the reading of a brief,
phonetically balanced paragraph. Based on the observed motor
speech ability of the patient, a certified speech-language patholo-
gist assigned a clinical severity rating for AOS and separately for
dysarthria on a scale from 0 (within normal limits) to 7 (profound).
A list of deviant motor speech characteristics used to perceptually
judge the presence and severity of AOS and/or dysarthria is pro-
vided in Supplementary Table 1. Of note, inter-rater reliability for
two independent raters (Z.E. and L.D.W., both of whom are certified
speech-language pathologists) was established in a subset of 15 pa-
tients (15% of the sample) that were quasi-randomly selected ac-
cording to diagnostic classification and severity. Relative to the
first independent rater, this analysis yielded an intraclass correl-
ation coefficient (ICC) of 0.86 for AOS and 0.81 for dysarthria. As
for the second independent rater, ICCs were 0.85 for AOS and 0.77
for dysarthria. According to the guidelines for interpreting ICCs
provided by Cicchetti, these results indicate excellent inter-rater
agreement.”

To further characterize grammar processing abilities, we enriched
the standard speech and language protocol with additional quanti-
tative measures of syntactic ability and speech fluency by analysing
connected speech samples of the participants. To assess expressive
agrammatism, the participant was prompted to describe a visual
scene in as much detail as possible by using sentences.
Audio-recorded connected speech samples describing the ‘picnic’
scene from the Western Aphasia Battery®® were sent to www.
saltsoftware.com for transcription, coding and analysis. By running
the coded transcripts through the Systematic Analysis of Language
Transcripts (SALT) software, a set of measures was generated, of
which we selected exclusively those capturing the accuracy and
complexity of the sentences produced by the patient (consistent
with the definition of expressive agrammatism) and the number
of words per minute as a general measure of speech fluency/rate.
Four SALT-derived measurements were assessed: (i) % utterances
with omission and/or commission errors (%UtWErrors), a measure
of morphosyntactic accuracy that captures missing function/con-
tent words, omitted bound morphemes, inappropriate word choice,
and/or incorrect morphosyntactic form; (ii) mean length of utter-
ance (MLU), a measure of morphosyntactic complexity that cap-
tures mean sentence length in words; (iii) subordination index
(SI), a measure of morphosyntactic complexity that captures the ra-
tio of the total number of clauses to the total number of utterances;
and (iv) words per minute (WPM) as a general measure of speech
fluency. Only complete (not abandoned or interrupted), intelligible
(without any unintelligible segments) and verbal utterances (that
contained at least one verbalized word) contributed to the calcula-
tion of these quantitative, continuous measures.
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To assess receptive agrammatism, the participant was prompted to
complete either of two auditory sentence-to-picture matching
tasks that are part of our comprehensive speech-language assess-
ment battery. The first task involved a representative range of sen-
tence types, varying in both length and complexity, taken from the
Curtiss Yamada Comprehensive Language Evaluation (CYCLE), as
previously reported.*” Each patient was instructed to match the
meaning of an auditorily-presented sentence with the correspond-
ing line drawing in a three- or four-picture array. The second task
was loosely based on the first and has been previously described.>®
To reduce the number of participants with missing data for recep-
tive agrammatism, we also considered the syntax comprehension
score from our bedside neuropsychological battery. This score in-
cludes five sentences from the Boston Diagnostic Aphasia
Examination, ranges from 0 (worst) to 5, and was moderately corre-
lated with the other sentence comprehension tasks (rho=0.650,
P <0.001).

Because speech and language impairment could impact neuro-
psychological performance in tests with a high verbal load, we dis-
tinguish between verbal and non-verbal tests when defining the
different cognitive domains. Hence, memory was assessed with
the delayed recognition of words from the California Verbal
Learning Test®® and the delayed recall of the Benson figure.*
Visuospatial ability was assessed with the number location subtest
of the visual object space perception battery and the copy of the
Benson figure.*® Verbal measures of executive dysfunction in-
cluded reverse digit span and the Stroop test,*’ while non-verbal
measures included the design fluency subscale of the
Delis-Kaplan Executive Function Scale and the number of correct
trials in 1 min from the modified Trail-making Test.**** Naming
and word comprehension were assessed with the 15-item version
of the Boston Naming Test,** and the Peabody Picture Vocabulary
Test, respectively. Repetition was assessed with the Western
Aphasia Battery (WAB). The caregiver-distress scores of the
Neuropsychiatric Inventory (NPI) were recorded to characterize be-
havioural changes.*® Motor changes were characterized with the
Progressive Supranuclear Palsy Rating Scale (PSPRS, available in
58 participants)*® and the Unified Parkinson’s Disease Rating
Scale part III (UPDRS-III, available in 47 participants).*” We also re-
corded the existence of oculomotor dysfunction (at least mild slow-
ing of vertical saccades) and postural instability (at least three to
five steps in the pull test).

To create a single index of expressive grammar ability, the
%UtWErrors, MLU and SI scores were combined after their normal-
ization. Similarly, scores from the two sentence comprehension
tasks included in our speech-language assessment battery were
combined with the syntax comprehension score from the bedside
neuropsychological battery to create an index of receptive gram-
mar ability. In addition, cognitive variables measuring non-
overlapping neuropsychological domains were grouped based on
a priori knowledge from the authors and their observed correlation.
These domains include: (i) verbal measures of executive function
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(reverse digit span and the Stroop test); (ii) non-verbal measures
of executive function (design fluency subscale of the Delis-Kaplan
Executive Function Scale, and the number of correct trials in
1 min at the modified Trail-making Test); (iii) verbal and non-verbal
measures of memory (the California Verbal Learning Test and the
delayed recall of the Benson figure); and (iv) non-verbal measures
of visuospatial function (the number location subtest of the visual
object space perception battery and the copy of the Benton figure).
The Z-scores of variables within the same domain were averaged to
maximize the number of participants with at least one measure-
ment for each clinical domain. By grouping variables taxing similar
neuropsychological domains, we avoided both data imputations
and the exclusion of participants with missing data in a few
variables.

MSE ratings for AOS or dysarthria >0, as judged by a certified
speech-language pathologist, were considered impaired. However,
the performance of an individual patient on the picture description
and sentence comprehension tasks cannot be labelled as ‘impaired’
without reference to a normative sample of neurologically intact
controls. For these tasks, we used a previously validated Bayesian
method to determine if a patient’s task performance fell within
the impaired range (while covarying out the effects of age, sex and
years of education).*® SALT-derived measures of expressive agram-
matism (%UtWErrors, MLU and SI) and WPM were considered indi-
vidually relative to a group of 18 neurologically intact controls. For
receptive agrammatism, we used for comparison a group of 10
neurologically intact controls who completed the first sentence-to-
picture matching task and another group of 26 neurologically intact
controls who completed the second sentence-to-picture matching
task, both from our comprehensive speech-language assessment
battery. Detailed characteristics of these controls can be found in
Supplementary Table 2. For the syntax comprehension score and
individual neuropsychological measurements, we resorted to previ-
ously published normative data to calculate age- and education-
adjusted Z-scores.*” Consistent with previous studies, Z-scores
<—1.5 were considered abnormal.* The output of these analyses al-
lowed us to obtain a conservative estimate of the frequency of oc-
currence of expressive and receptive agrammatism across
patients. For each clinical domain, a patient was labelled as having
impaired performance if one or more of the scores assigned to that
domain were abnormal (e.g. we considered that a patient had evi-
dence of expressive agrammatism if either %UtWErrors, MLU or SI
were impaired). We used Venn diagrams to illustrate the frequency
and partial overlap of distinct deficits.

Participants with AOS but without expressive agrammatism were
classified as PPAOS, while participants with expressive agramma-
tism but without AOS were classified as PAA, according to previous
work.>® Participants with both AOS and expressive or receptive
agrammatism meeting current consensus criteria® were classified
as AOS + agrammatism. Five participants characterized by reduced
speech fluency and dysarthria in the absence of AOS and quantita-
tive evidence of agrammatism remained unclassifiable and were
therefore assigned to a fourth group named ‘non/fluent dysarthric’
(nf-Dysarthric). However, we highlight that all five participants in
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this group were reported to exhibit subtle features consistent with
the presence of a mild form of expressive agrammatism as clinically
rated, thus meeting diagnostic criteria for nfvPPA.

To characterize patterns of performance across participants, we
employed a hierarchical heat map—a visualization technique re-
nowned for its efficacy in discerning clusters of participants and
distinct clinical features, especially within the realm of heteroge-
neous diseases.’® This heat map displays a colour-coded matrix re-
presenting individual data juxtaposed with clinical features. The
participants and the clinical features are organized using hierarch-
ical clustering, ensuring closely related entities are juxtaposed for
clearer pattern recognition. For the generation of this heat map,
our initial step involved computing an Euclidean distance matrix
encompassing all the pivotal speech, language and cognitive me-
trics outlined in this research. Subsequently, leveraging the ‘com-
plete’ linkage method for hierarchical clustering, we processed
the data using the ‘hclust’ function from the ‘stats’ package (version
4.1.1). To evaluate the clusterability of the dataset, we represented
the similarity matrix, which is a visual method of how naturally the
data fall into distinct groups.

We also quantified the overall clustering tendency of raw (non-
binary) data with the Hopkins statistic (‘factoextra’ package,
v1.0.7),”” to determine if participants within the nfvPPA-spectrum
tended to cluster into distinct naturally occurring, clinically mean-
ingful subgroups (i.e. a non-random structure). The Hopkins statis-
tic represents the probability that a given dataset is generated by a
uniform or random data distribution®* (values close to 0.5 indicate a
low clustering tendency), while values far >0.5 and close to 1 sug-
gest the existence of robust clusters.

To evaluate the robustness and reliability of multiple k-means clus-
tering, we used the bootstrap resampling technique (i.e. sampling
with replacement) from the ‘fpc’ package in R. Specifically, we gen-
erated 100 bootstrap samples from a subsample of our dataset
without missing values [n=90 (92% of the total sample)] (refer to
the ‘Principal component analysis’ section for further details],
where each sample was drawn with replacement. For each re-
sampled dataset, the k-means clustering algorithm was applied
to determine a pre-specified number of clusters, with the aim of
comparing these clusters to those derived from the original dataset.
The stability of the clustering solution was quantified using the
Jaccard coefficient, which measures the similarity between two
sets. In this context, it assessed the degree of overlap between clus-
ters identified in the original data and those from the bootstrap
samples. The value of the Jaccard coefficient ranges between 0
and 1, where 0 indicates no similarity between the resampled and
the original dataset and 1, an absolute overlap. Additionally, we
monitored the frequency with which each cluster dissolved (com-
pletely disappeared) or was recovered (identified with a compos-
ition closely resembling its structure in the original dataset)
across the bootstrap samples.>?

We then performed a principal component analysis (PCA) as a data-
driven approach to extract new LCDs. Because PCA and k-means
clustering cannot be performed in samples containing missing
data, we considered a subsample of participants without missing
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values for k-means clustering and PCA analyses to avoid data im-
putation as a source of bias. This subsample included 90 partici-
pants (92% of the total sample). Importantly, we employed PCA
despite the observed low clustering tendency of the dataset be-
cause the existence (or lack) of naturally occurring, clinically mean-
ingful symptom clusters in a dataset does not equate to the
existence (or lack) of underlying clinical dimensions with aetio-
logic/prognostic value and vice versa. Based on Bartlett’s test of
sphericity, the Kaiser-Meyer-Olkin value, and a priori knowledge
from the researchers, the following relevant features were entered
into the PCA: AOS, dysarthria, speech fluency (WPM), expressive
agrammatism index, receptive agrammatism index, the non-verbal
and verbal executive function indexes, and CDR-SB. By selecting
these variables, the Bartlett’s test of sphericity [?(10)=50.7,
P <0.001] and the Kaiser-Meyer-Olkin value (0.71) indicated that
the sample size and the correlation between the selected variables
were suitable for PCA analysis.**** Conversely, when including a
higher number of features, the Bartlett’s test of sphericity and the
Kaiser-Meyer-Olkin discouraged PCA analyses. Three components
were selected based on Cattell’s criteria.>® To explore the potential
value of data-driven LCDs to differentiate underlying aetiology in
our patient sample, we explored if the individual loadings of the ex-
tracted components (i.e. LCDs) allowed the discrimination between
neuropathological subtypes in the subgroup of participants with
autopsy data.

Next, we investigated longitudinal decline with linear mixed-
effects models. In longitudinal studies, linear mixed-effects models
have proven to be powerful tools for identifying variables where
baseline values are associated with different rates of change in clin-
ical decline.*® We fitted a linear mixed-effects model controlling for
age, sex and the most relevant clinical features to estimate clinical
decline over time (as measured by CDR-SB or CDR plus NACC
FTLD-SB) across our patient sample. We also fitted a linear
mixed-effects model controlling for age, sex and individual load-
ings for LCDs derived from the PCA. All linear mixed-effects models
included a random patient-specific intercept and a random patient-
specific slope. These random effects account for patient heterogen-
eity in baseline CDR-SB (or CDR plus NACC FTLD-SB) and its rate of
change that is not explained by the predictors in the model. A term
for clinical feature x time interaction was used to study the associ-
ation between the baseline clinical feature and CDR-SB (or CDR plus
NACC FTLD-SB) over time. As in similar previous studies,”” all linear
mixed models were designed with a compound symmetry covari-
ance structure (owing to the relative homogeneity in the covariance
of effects). Of note, we obtained the same results when linear mixed
models were fitted with unstructured covariance.

The study was approved by the Institutional Review Board of UCSF
and was conducted following the Declaration of Helsinki. All parti-
cipants gave their written informed consent to participate in the
study.

We compared the raw clinical measurements between clinical sub-
groups in the whole sample using t-test or Kruskal-Wallis test for
continuous variables and the chi-square test for categorical data.
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We also compared the main clinical features between the groups of
participants with and without autopsy data to verify that partici-
pants without autopsy data were clinically similar to those with a
definitive neuropathological diagnosis. Next, in the subgroup of
participants with an autopsy-proven diagnosis, we compared the
clinical features between neuropathological categories with atleast
three participants (namely, PSP, CBD, Pick’s disease and FTLD-TDP
type B). To support the definition of speech, language and cognitive
domains, we explored the relationship between speech, language
and cognitive measures with Spearman’s correlation (refer to the
‘Definition of speech, language and cognitive domains’ section for
further details). Statistical significance for all tests was set at 5%
(«=0.05), all statistical tests were two-sided, and all group compar-
isons were corrected for multiple comparisons using the false dis-
covery rate. All statistical analyses were conducted in R v4.1.1.

Results

Table 1 shows the demographics and main clinical, genetic and
neuropathological features of the 98 participants included in this
study. The mean (standard deviation, SD) age at diagnosis was 68.0
(7.1) and 63 participants (64%) were female. The mean (SD) time
from estimated symptom onset to diagnosis was 4.3 (2.0) years and
almost 50% of the participants had a global score on the CDR plus
NACCFTLD of 0.5 (indicating a mild/prodromal stage). Only six parti-
cipants had a global score on the CDR plus NACC FTLD of 2
(Supplementary Table 3). A definitive neuropathological diagnosis
was available in 43 participants (44% of the sample). CBD and PSP
were the two most frequently observed neuropathological diagnoses
[n=17 (40%) and n=11 (26%), respectively]. However, 15 (34%) had
other neuropathological diagnoses (Table 1). A pathogenic
mutation in the GRN gene was found in five (5%) of the participants
(three of whom had autopsy confirmation of FTLD-TDP type A). Of
note, participants with autopsy did not differ in terms of age at symp-
tom onset, age at MR, sex distribution, years of education, handed-
ness distribution, disease severity, and NPI total score from
participants without an autopsy-proven diagnosis (Supplementary
Tables 5 and 6)

As expected, the core features of nfvPPA were observed in a high
proportion of participants (Supplementary Table 7). AOS and ex-
pressive agrammatism were present in 89% and 70% of the partici-
pants, respectively. Reduced speech fluency (WPM) and reduced
phonemic (letter) fluency were also frequently observed (89% and
84%, respectively). Overall, Fig. 1 illustrates the significant overlap
between the main speech, language and cognitive features of parti-
cipants within the nfvPPA-spectrum. Motor speech deficits (either
AOS or dysarthria) were noted in 97% of the participants (Fig. 14),
while agrammatism (either expressive or receptive) was observed
in 85% (Fig. 1B). Notably, deficits in executive function were also de-
tected in 66% of the participants when using non-verbal tests
(Supplementary Table 7).

Across the nfvPPA-spectrum, 75 participants (77%) had both AOS
and agrammatism (either expressive or receptive), 12 participants
(12%) had AOS without agrammatism (PPAOS), while six
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participants (6%) had expressive agrammatism without AOS
(PAA) (Table 1). Five participants (5%) did not exhibit AOS or quan-
titative evidence of agrammatism, as operationally defined in this
study. Instead, they were characterized by the presence of dimin-
ished speech fluency, dysarthria and executive dysfunction
(Supplementary Table 7). These participants were assigned to a
fourth group named ‘non/fluent dysarthric’ (nf-Dysarthric).
Notably, all these phenotypes did not differ regarding UPDRS-III
and PSPRS total scores or the frequency of oculomotor dysfunction
or postural instability (Supplementary Table 4).

As shown in Table 1, the AOS +agrammatism, PPAOS, PPA and
nf-Dysarthric subgroups did not differ in terms of age at diagnosis
and estimated time from symptom onset to diagnosis. However,
participants in the PPAOS group achieved better general cognitive
performance (Table 1 and Supplementary Table 8). Crucially, the
AOS + agrammatism, PPAOS, PAA and nf-Dysarthric subgroups
were comparable regarding their neuropathological correlates
(Table 1). Similarly, none of the baseline clinical features discrimi-
nated between FTLD subgroups after accounting for multiple com-
parisons (Supplementary Table 9).

Next, we explored the existence of naturally occurring, clinically
meaningful symptom clusters across our patient group. The visual
inspection of the clustered heat map and the similarity matrix failed
to reveal non-overlapping clusters of participants based on their
major clinical features (Fig. 2 and Supplementary Fig. 1). As shown
in Fig. 2, despite the absence of subgroups with clear-cut boundar-
ies, participants clustered in the first arm of the tree map (in the
upper part of the heat map) appeared to be less impaired in mea-
sures of expressive and receptive agrammatism, executive function
and verbal fluency than the participants included within the second
arm of the heat map (lower part of the heat map). The low clustering
tendency was also supported by the Hopkins statistic (0.454, P <
0.001). We also confirmed that neuropathological subtypes were
similarly distributed along the nfvPPA-spectrum rather than asso-
ciated with specific clinical phenotypes, as illustrated in Fig. 2.

We then assessed the cluster stability of the k-means clustering so-
lution. We tested the clustering stability for multiple pre-specified
numbers of clusters. When we pre-specified the existence of two
clusters, cluster formation showed notably consistent stability.
But, while the first cluster was recovered with high fidelity in 98%
of the bootstrap samples, the second cluster’s exact composition
was consistent with the original solution in 82% of the resamples.
This indicates that while both clusters were reliably present, the se-
cond cluster showed more variation in its composition across boot-
strap samples relative to the original solution. Clustering was
mainly driven by severity (Supplementary Tables 10 and 11). The
first cluster group was characterized by reduced verbal fluency,
agrammatism (both expressive and receptive), executive dysfunc-
tion and higher disease severity (as measured by the CDR-SB),
and the second group was characterized by the opposite pattern.
Notably, solutions showed extreme instability when we pre-
specified more than two clusters (Supplementary Table 12).
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Table 1 Demographic and clinical characteristics of participants
Characteristic n All participants, Clinical subgroups P-value
n=98
nfvPPA, PPAOS, Non-fluent PAA,
n=75 n=12 dysarthric, n=5 n=6
Age at diagnosis, years 98 68.0 (7.1) 68.7 (7.0) 64.2 (8.7) 68.9 (4.8) 66.2 (5.7) 0.5
Age at estimated symptom onset, years 83 63.1(7.1) 63.7 (7.1) 58.1(7.8) 65.6 (4.7) 61.7 (6.0) 0.5
Time from estimated symptom onset 83 4.3 (2.0) 4.4 (1.9) 3.3(1.9) 3.3(1.7) 4.5 (2.5) 0.5
to diagnosis, years
Biological sex 98 - - 0.9
Female - 63/98 (64%) 49/75 (65%) 8/12( %) 3/5 (60%) 3/6 (50%) -
Male - 35/98 (36%) 26/75 (35%) 4/12 (33%) 2/5 (40%) 3/6 (50%) -
Years of education 98 16.2 (3.2) 16.3 (3.1) 15.2 (2.9) 15.0 ( .0) 18.0 (5.2) 0.7
Handness 98 - - - 0.8
Right-handed - 86/98 (88%) 64/75 (85%)  12/12 (100%) 5/5 (100%) 5/6 (83%) -
Left-handed - 11/98 (11%) 10/75 (13%) 0/12 (0%) 0/5 (0%) 1/6 (17%) -
Ambidextrous - 1/98 (1.0%) 1/75 (1.3%) 0/12 (0%) 0/5 (0%) 0/6 (0%)
MMSE/30 92 25 6(4.1) 25 3 (4.0) 29.0 (0.9) 27.0 (2.3) 22.8 (6.4) 0.02
CDR® Sum of Boxes 95 .9 (1.8) .9 (1.9) 1.0 (1.2) 2.7 (1.5) 2.5(1.9) 0.5
CDR® plus NACC FTLD-SB 84 6(2.4) 6(2.6) 2.6 (1.3) 45 (2.0) 45 (2.0) 0.5
Global score CDR® plus NACC FTLD 84 - - 0.9
0.5 - 40/84 (48%) 32/64 (50%) 5/10 (50%) 1/4 (25%) 2/6 (33°/) -
1 - 38/84 (45%) 26/64 (41%) 5/10 (50%) 3/4 (75%) 4/6 (67%) -
2 - 6/84 (7.1%) 6/64 (9.4%)  0/10 (0%) 0/4 (0%) 0/6 (0%) -
NPI total score 88 14.9 (13.0) 14.9 (13.3) 10 7 (10.6) 22.2 (10.3) 17.0 (16.9) 0.5
UPDRS-III, total score 47 14.7 (11.3) 14.4 (11.3) .0 (1.4) 18.0 (3.0) 19.8 (13.8) 0.5
PSPRS, total score 57 12.4 (10.1) 12.8 (10.2) 9 (5.8) 22.0 (18 4) 14.0 (10 2) 0.5
Mutation 98 - - 0.9
No mutation - 79/98 (81%) 59/75 (79%) 9/12 (75%) 5/5 (1007) 6/6 (100%) -
Not screened - 16/98 (16%) 13/75 (17%) 3/12 (25%) 0/5 (0%) 0/6 (0%) -
GRN - 3/98 (3.1%) 3/75 (4.0%) 0/12 (0%) 0/5 ( 0/6 ( %) -
Neuropathological diagnosis 43 - - 0.7
Corticobasal degeneration - 17/43 (40%) 14/33 (42%) 1/3 (33%) 0/3 (O%) 2/4 (50%) -
Progressive supranuclear palsy - 11/43 (26%) 6/33 (18%) 1/3 (33%) 3/3 (100%) 1/4 (25%) -
Pick’s disease - 7/43 (16%) 5/33 (15%) 1/3 (33%) 0/3 (0%) 1/4 (25%) -
FTLD-TDP type A - 4/43 (9.3%) 4/33 (12%) 0/3 (0%) 0/3 (0%) 0/4 (0%) -
Other pathologies - 4/43 (9.3%) 4/33 (12%) 0/3 (0%) 0/3 (0%) 0/4 (0%) -

Unless otherwise indicated, results are expressed as mean (standard deviation, SD). The P-values are adjusted for multiple comparisons (false discovery rate, FDR) and

statistically significant P-values are highlighted in bold. The ‘non-fluent dysarthric’ subgroup included five participants with reduced speech fluency, executive dysfunction and
dysarthria but without apraxia of speech or quantitative evidence of expressive agrammatism. ‘Other pathologies’ included one participant with an unclassifiable tauopathy,
one participant with Alzheimer’s disease, one with mixed Alzheimer’s disease and corticobasal degeneration, and one with FTLD-TDP type B. CDR = Clinical Dementia Rating;
FTLD = frontotemporal lobar degeneration; MMSE = Mini-Mental State Examination; nfvPPA = non-fluent/agrammatic variant primary progressive aphasia; PPAOS = primary
progressive apraxia of speech; PAA = primary agrammatic aphasia; NPI = neuropsychiatric inventory; PSPRS = progressive supranuclear palsy rating scale; UPDRS-III = Unified

Parkinson’s Disease Rating Scale part III.

Because classifying participants into discrete clinical entities (i.e.
syndromes) based on major speech and language characteristics
was not useful for identifying the underlying pathology in our sam-
ple, we explored if PCA could unveil LCDs with aetiologic value.
Three LCDs explained 72% of the variance in the dataset. As shown
in Fig. 3, the first component explained 37% of the variance and re-
flected reduced speech fluency (WPM), executive dysfunction (both
verbal and non-verbal), agrammatism (both expressive and recep-
tive) and overall cognitive and functional impairment (as measured
by the CDR-SB). The second component explained 19% of the vari-
ance and was defined by prominent AOS with dysarthria and lesser
cognitive and functional impairment. The third component ex-
plained 12% of the variance and was mainly associated with dys-
arthria but not AOS.

Next, we explored the neuropathological correlates of the three
LCDs (from the PCA) in the subgroup of participants with autopsy

data. As shown in Fig. 4, the first and second dimensions did not
yield significant differences between the neuropathological sub-
groups. However, the LCD reflecting prominent dysarthria was sig-
nificantly reduced in participants with PSP when compared to
participants with CBD, Pick’s disease or FTLD-TDP type A.

When considering baseline raw data, higher scores for dysarthria,
reduced speech fluency (WPM) and higher expressive and receptive
agrammatism were associated with an increased rate of clinical de-
cline as measured with both the CDR-SB and the CDR plus NACC
FTLD-SB (Supplementary Table 13). When considering the compo-
nents derived from the PCA (Fig. 5A and Supplementary Table 14),
only the LCD characterized by higher disease severity and worst
agrammatism was associated with an increased rate of clinical de-
cline (Fig. 5B). Of note, the LCD characterized by prominent AOS
was associated with lower disease severity at baseline, supporting
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Figure 1 Frequency of main clinical features. Frequency of main clinical features in the 98 participants included in this study. Venn diagram illustrat-
ing the overlap between motor speech impairment, agrammatism (either expressive or receptive) and reduced speech fluency (A), apraxia of speech,
dysarthria, expressive and receptive agrammatism, and reduced speech fluency (words per minute, WPM) (B). Only one participant was not found to
have impaired performance according to the thresholds defined in this study in any of the main clinical features included in this figure. This participant
was diagnosed with non-fluent/agrammatic variant primary progressive aphasia (nfvPPA) because the treating physician noted mild expressive

agrammatism.

the view that participants with relatively isolated AOS are typically
diagnosed at an earlier disease stage than the rest of the
participants.

Discussion

In this study, we leveraged a large cohort of participants within the
nfvPPA-spectrum to examine the presence of robust endopheno-
types and their potential to enhance clinical-pathological correla-
tions and disease progression. Our findings indicate that this
clinical entity embodies a continuous spectrum of substantially
overlapping cognitive, speech and language characteristics.
Although data-driven exploration of LCDs did not prove beneficial
in predicting the underlying pathology, the clinical dimension
characterized by reduced speech fluency (WPM), agrammatism
and increased cognitive and functional impairments emerged as
a significant predictor of faster rate of decline.

A noteworthy aspect of the present study involves the objective
quantification of expressive and receptive agrammatism in an ex-
tensive cohort of participants within the nfvPPA-spectrum. Our re-
sults suggest that agrammatism plays an important prognostic
role, but the multifaceted nature of grammatical processing ren-
ders it challenging to assess in routine clinical practice. The ab-
sence of standardized tests for evaluating expressive and
receptive agrammatism and discrepancies in defining the thresh-
old for ‘significant’ agrammatism may account for the variation
in reported prevalence observed in prior studies. In our sample,
up to 85% of participants demonstrated varying degrees of expres-
sive or receptive agrammatism. Concurrently, motor speech defi-
cits, such as AOS or dysarthria, were nearly universal. Consistent
with previous studies, we also identified participants with motor
speech deficits but without objective evidence of expressive agram-
matism (as defined in this study). Some of these participants exhib-
ited marked AOS, while others were characterized by reduced
speech fluency, executive dysfunction and dysarthria. This latter
group was predominantly observed in patients with PSP, with 3/3

(100%) of participants in this group having autopsy-confirmed
PSP. We recognize that subtle differences in the subjective evalu-
ation of AOS and dysarthria (Supplementary Table 1) may influence
participant classification; for example, it is unclear if some of these
participants could have been diagnosed with the prosodic subtype
AOS by other research groups. Further studies are therefore needed
to investigate the degree to which the classification of AOS (includ-
ing potential subtypes) and dysarthria, based on expert-driven
auditory-perceptual assessments, can be replicated across various
research centres and countries.

Another critical finding of our study is that participants within
the nfvPPA-spectrum cannot be robustly clustered into multiple
clear-cut clinical syndromes with sharp boundaries but rather fall
along a clinical spectrum with substantial overlap behaviourally
and pathologically. When we assessed cluster stability, we were
only able to robustly assign the participants to two putative groups:
one group characterized by reduced verbal fluency, agrammatism
(both expressive and receptive), executive dysfunction and higher
disease severity (as measured by the CDR-SB), and a second group
showing the opposite pattern. Notably, the clinical profile of these
two groups was strongly aligned with loadings of the PCA-derived
LCD characterized by reduced verbal fluency, higher agrammatism
and disease severity. This LCD was an important prognostic factor
in the context of the nfvPPA clinical continuum. Critically, these
findings support the view that reduced speech fluency, executive
dysfunction and general functional impairment should be consid-
ered in tandem with agrammatism to stratify participants based
on their expected progression rate. Such stratification may reduce
the heterogeneity of participants in future trials and reduce sample
size requirements.*®

The association between faster disease progression and partici-
pants presenting with marked agrammatism is also relevant for
interpreting previous studies. For example, in keeping with our re-
sults, it has been reported that patients with prominent expressive
agrammatism in the absence of AOS (referred to as ‘primary agram-
matic aphasia’, PAA) display faster disease progression and more
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Figure 2 Clustered heat map of all participants. The clustered heat map illustrates the lack of robust clinical clusters within the nfvPPA-spectrum. The
first unlabelled column relates to the neuropathological data of each participant [pink = no autopsy available; red = corticobasal degeneration (CBD);
dark blue = progressive supranuclear palsy (PSP); green = Pick’s disease; light blue = frontotemporal lobar degeneration characterized by phosphory-
lated 43-kDa TAR DNA-binding protein inclusions (FTLD-TDP) type A; purple = other pathologies]. Each labelled column represents its corresponding
clinical feature, and each row represents a participant. The scores for all clinical features have been scaled to allow their comparison. The participants
and the variables have been ordered based on similarity, as illustrated by dendrograms on the top (variables) and left (participants). CDR-SB = Clinical
Dementia Rating Sum of Boxes; CYCLE = Curtiss Yamada Comprehensive Language Evaluation; DKEFS = Delis-Kaplan Executive Function Scale; MSE =
motor speech evaluation; SALT = Systematic Analysis of Language Transcripts.

widespread neurodegeneration during follow-up.® Conversely, par-
ticipants in our sample classified as PPAOS (AOS in the absence of
expressive agrammatism) showed milder disease severity than
the rest of the participants. This finding suggests that participants
with relatively isolated AOS may be diagnosed at an earlier disease
stage than those with relatively isolated agrammatism. This is an
important observation because disease progression has been
shown to accelerate with increasing disease severity in FTLD.*®
Thus, patients diagnosed at a more advanced disease stage are ex-
pected to deteriorate faster than those diagnosed at an earlier dis-
ease stage. Accordingly, our results support the view that patients

with significant agrammatism at diagnosis may be at a more ad-
vanced disease stage and are thus expected to deteriorate faster.
Of note, validated staging tools, such as the CDR® plus NACC
FTLD-SB, are more likely to yield reproducible results than the
widely adopted ‘estimated time from symptom onset’, which is a
retrospective measure influenced by recall bias, patient anosogno-
sia and other patient- and clinician-related factors.*

Consistent with the lack of robust clustering tendency in our
large and representative sample, we showed that classifying parti-
cipants into supposedly clear-cut clinical phenotypes (AOS+
agrammatism, PPAOS, PAA, etc.)) failed to predict underlying
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Figure 3 Characterization of latent clinical dimensions derived from principal component analysis. In all panels, the x- and y-axes represent one of the
three latent clinical dimensions (or ‘clinical components’) derived from principal component analysis (PCA). The percentage of variance explained by
each component is shown in parentheses. In A and B, the value at the x- and y-axes represent the standardized coefficient (relative weight) of the com-
ponents derived from PCA (higher values indicating a more substantial contribution to a given component). Each variable included in the PCA is repre-
sented by an arrow whose orthogonal projection to the x- and the y-axes indicates its standardized coefficient for the corresponding component.
(A) The relative contribution of each variable to Component 1 (characterized by agrammatism, reduced verbal fluency and higher disease severity)
and Component 2 (represented by prominent apraxia of speech and less disease severity and executive dysfunction). (B) The relative contribution
of each variable to Component 2 and Component 3 (characterized by prominent dysarthria with less apraxia of speech). (C and D) The individual load-
ings for each component (lower individual loadings representing more impaired performance). Each participant’s neuropathological diagnosis (if avail-
able) is shown in the legend of C and D. For each neuropathological category, the centroid of the ellipse encompassing each group is represented by the
biggest symbol. Notably, the distribution of individual loadings did not reveal clusters of participants but rather a widespread distribution. (C and D)
The x- and y-axes represent the individual loading for one of the three components derived from PCA in C and D. CDR-SB = Clinical Dementia Rating
sum-of-boxes; CYCLE = Curtiss Yamada Comprehensive Language Evaluation; DKEFS = Delis-Kaplan Executive Function Scale; FTLD-TDP type A=
frontotemporal lobar degeneration characterized by phosphorylated 43-kDa TAR DNA-binding protein inclusions; LCD =latent clinical dimension,;
MSE = motor speech evaluation; SALT = Systematic Analysis of Language Transcripts.

pathology, as did the two robust data-driven subgroups derived clinical-pathological correlations and prediction of disease pro-
using a k-means clustering approach. This finding prompted the in- gression. Our data-driven approach in the nfvPPA-spectrum con-
vestigation of data-driven latent clinical components to improve trasts with subjective expert-based perceptual classifications and
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Figure 4 Neuropathological correlates of data-driven latent clinical dimensions. Subject-specific loading for each latent clinical component was avail-
able in 90 participants from the total sample and 36 participants with neuropathological diagnoses. D1 = latent clinical dimension 1; D2 =latent clinical

dimension 2; D3 =latent clinical dimension 3.

provides valuable information to interpret previous studies.” We
found that the LCD characterized by prominent dysarthria distin-
guished participants with underlying PSP from those with other
neuropathological subtypes. This finding is in line with previous
studies from our group.’* But we also observed substantial overlap
between clinical features, which, alone, did not allow the prediction
of underlying aetiology at the single-subject level. It should be noted
that segregating participants according to their clinical profile for
treatment purposes may still be useful, as different patients may
benefit from some speech therapy interventions depending on their

characteristic deficits.®® However, most current approaches include
strategies for both motor speech and grammatical deficits that are
likely to co-occur during the course of the disease.

As expected, the nfvPPA-spectrum was associated with multiple
neuropathological diagnoses. Consistent with previous studies, 4R
tauopathies (particularly PSP) were frequently observed in partici-
pants with AOSbut notagrammatism. However, both the clinical sub-
groups and the LCDs defined in this study did not allow the robust
discrimination of neuropathological subtypes. Thus, findings of the
present study discourage the use of clinical phenotypes falling within
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Figure 5 Baseline predictors of faster longitudinal decline. (A) Spaghetti plot representing longitudinal data. (B-D) CDR-SB estimates were obtained
from linear mixed-effects models as a function of individual loading for Components 1, 2 and 3. For illustrative purposes, we show the CDR-SB esti-
mates for each tercile. Error bars represent 95% confidence intervals and lower values for each latent clinical component represent more impaired per-
formance. D1 =component 1; D2 = component 2; D3 = component 3; CDR-SB = Clinical Dementia Rating Sum of Boxes.

the nfvPPA-spectrum to predict underlying neuropathology. Moving
forward, it may be more fruitful to direct efforts toward unravelling
the potential of biomarkers in elucidating the underlying neuropath-
ology and the longitudinal course of progression in patients within
the nfvPPA-spectrum. Notably, future studies should assess the po-
tential of emerging biofluid and imaging biomarkers to improve
clinical-pathological correlations.*>%2

Taken together, our results do not support the view that the
nfvPPA-spectrum can be robustly split into clear-cut syndromic en-
tities (i.e. PPAOS versus PAA) or that these supposedly clear-cut
clinical phenotypes allow discrimination between FTLD patho-
logical subtypes. A current challenge to the field is that
FTLD-related syndromes are largely overlapping and many pa-
tients may meet diagnostic criteria for more than one syndrome.>
For example, the distribution of different neuropathological en-
tities in our cohort is very similar to that reported in a cohort of
PPAOS patients (Supplementary Fig. 2), suggesting that these two
diagnostic labels are largely overlapping.® In addition, participants
within the nfvPPA-spectrum may also display motor symptoms or
signs (mild oculomotor dysfunction or postural instability) and
could also meet updated diagnostic criteria for PSP or CBD.®*®*

More work is thus needed to implement multidimensional classifi-
cation schemes that incorporate imaging and fluid biomarkers in
an attempt to advance toward precision medicine approaches to
pharmacological treatment.?”+¢>

Reinterpreting non-fluent/agrammatic variant
primary progressive aphasia as a spectrum disorder

Our recent examination of brain-behaviour relationships in the
nfvPPA-spectrum revealed that the neural correlates of AOS and
expressive agrammatism lie next to each other in the left posterior
inferior frontal lobe, explaining why these two symptoms do not al-
ways co-occur.?? But, given the spatial proximity of their neural
substrates, patients presenting with relatively isolated AOS or ex-
pressive agrammatism are expected to represent the exception ra-
ther than the rule. Notably, the phenotypic overlap within the
nfvPPA-spectrum is only expected to increase with disease progres-
sion, thereby blurring diagnostic boundaries.

Consistent with Lorca-Puls et al.,?* this study illustrates that pa-
tients within the nfvPPA-spectrum fall along a clinical spectrum
with substantial overlap. However, this does not negate the
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presence of phenotypic variation within nfvPPA; on the contrary,
we embrace this heterogeneity while at the same time highlighting
the fact that substantial phenotypic overlap also exists. To recon-
cile both phenomena, we propose that nfvPPA is best conceptua-
lized as a spectrum disorder that exhibits graded distinctions but
not sharp boundaries. Importantly, given that the primary symp-
tomatology at diagnosis may still be useful to treatment ap-
proaches and inform prognosis, we suggest that a two-level
diagnostic scheme is most appropriate, where the first level estab-
lishes whether the behavioural phenotype falls within the nfvPPA
spectrum and then the second level records other prominent clin-
ical or biomarker features with potential prognostic or aetiologic
value (e.g. general measures of disease severity, agrammatism or
midbrain atrophy). This diagnostic scheme effectively conveys
that multiple speech-language profiles belong to the same clinical
spectrum without neglecting their graded distinctions and un-
necessarily adding an extra layer of complexity by introducing
other diagnostic labels.

This study has some limitations. For example, a definitive neuro-
pathological diagnosis was only available in a relatively small num-
ber of participants (n=43). Yet, to our knowledge, our study still
represents the largest series of cases with autopsy data, amounting
to nearly half of the total sample. In addition, the measures we de-
rived for expressive agrammatism (from a quantitative linguistic
analysis of connected speech samples) may miss some cases with
milder/subtler forms of expressive agrammatism that trained ex-
perts could detect. Our study may also have incorporated partici-
pants with neuropsychiatric or motor symptoms exceeding the
customary threshold for PPA diagnosis. However, in all cases, the
treating physician considered that speech and/or language deficits
dominated the clinical picture. While this approach enabled the in-
clusion of a broader spectrum of patients, it might render the PPA
phenotype in our sample ‘less pure’ (albeit more representative).
Conversely, our sample was characterized by a fairly large propor-
tion of prodromal and mild cases compared to other multicentre co-
horts, suggesting that our inclusion criteria did not bias the patient
sample towards participants in advanced stages of the disease.”®
Finally, we acknowledge that the presence or absence of AOS and
dysarthria was exclusively ascertained on the basis of an expert-
dependent auditory-perceptual assessment of motor speech ability.
Future studies should investigate the potential of more refined
quantitative measures derived from expert-independent auto-
mated speech analyses.

Conclusion

In our cohort, splitting the nfvPPA-spectrum into different clinical
phenotypes based on its major clinical features does not improve
clinical-pathological correlations, stressing the need for new bio-
logical markers and consensus regarding updated terminology
and clinical classification.
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