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ABSTRACT

Background: Engaging in conversational and story-telling discourse involves an interplay of
language and cognitive skills, including working memory, attention, and inference-mak-
ing. Primary progressive aphasia (PPA) provides a model for exploring discourse, as both
language and cognitive abilities change over time with changes in cortical atrophy. Here,
associations between morphosyntactic discourse skills and patterns of cortical atrophy are
measured over time in nonfluent (nfv), logopenic (lv) and semantic (sv) variants of PPA.
Method: Participants were 27 individuals with nfvPPA (M = 66.6 years + 8.3), 30 IvPPA (M =
66.7 + 7.3), 33 svPPA (M = 64.8 + 6.7), and 36 healthy controls (HC; M = 65.5 + 6.8). Picture
descriptions were analysed for word density and diversity, sentence complexity, well-
formedness, and fluency annually for up to three timepoints. Associations between lan-
guage measures and cortical thickness on structural MRI scans were analysed.

Results: At timepoint 1, nfvPPA performed below other groups on most measures; IvPPA
were differentiated from svPPA on fluency measures only. Longitudinally, utterance length
declined in all variants. For nfvPPA, this was linked with reduced sentence complexity and
cortical atrophy in regions engaged by higher attentional demand. For IvPPA, it was linked
with increasing grammatical errors and atrophy extending into perisylvian language
network. No associations were identified for svPPA.

Conclusions: Findings provide insight into how discourse production is underpinned by a
network that extends beyond classic language regions, with morphosyntactic elements of
discourse associated in part with regions involved in domain-general cognitive skills such
as error-monitoring and elaborative encoding. Findings can also inform assessment,
prognosis, and intervention for communication through the PPA disease course.
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1. Introduction

Discourse is conceptualised as connected language that ex-
tends beyond individual words and single sentences, enabling
individuals to express coherent thoughts and ideas across
diverse communicative contexts (Kong, 2023). It affords
analysis of both microstructural linguistic (i.e., vocabulary,
morphology, syntax) and macrostructural discourse organi-
sation skills (e.g., cohesion and coherence across sentences).
Discourse-level tasks (e.g., describing scenes, telling stories, or
expressing opinions) are complex in their integration of
multiple cognitive processes (i.e., working memory, attention,
and inference-making; Federmeier et al.,, 2020). They have
been used as sensitive markers of change in the earliest stages
of neurodegeneration affecting core regions of the brain
involved in language as well as domain general cognitive
processes of attention, memory and executive function
(Themistocleous, 2023; Mueller, 2023). Not surprisingly,
discourse tasks have been used frequently to detect and
explore progressive changes in microstructural skills in in-
dividuals with Primary Progressive Aphasia (PPA), who expe-
rience progressive linguistic deterioration over time due to
frontotemporal or atypical Alzheimer's dementia (e.g., Leyton
et al, 2011). However, while PPA initially presents with
symptoms disproportionately affecting the language system,
and pathology in the classic left perysylvian language regions,
changes in cognitive abilities emerge over time and progress
alongside the language symptoms. This population, therefore,
provides a unique opportunity to study temporal associations
between microstructural linguistic skills, and cognitive skills
as pathology extends beyond the classic left perisylvian lan-
guage network. Examining the PPA profiles of change in
cortical atrophy and microstructural behaviour over time has
potential to reveal whether and how these core linguistic
skills may be influenced by cortical regions involved in more
domain-general cognitive processes.

PPA has three language variants typically caused by
different neurodegenerative pathology and tending to emerge
in different regions within the left hemisphere (Gorno-
Tempini et al., 2011). The nonfluent “agrammatic” variant
(nfvPPA) has been characterised by word-finding difficulty and
errors or simplification of morphology and syntax with early
atrophy observed in the left posterior inferior frontal region. It
frequently co-occurs with the motor speech disorder of
apraxia of speech, which causes distortions of speech sounds
and the intonational contour of speech (Duffy et al., 2014,
2021). The logopenic variant (IvPPA) shows word-finding dif-
ficulty accompanied by phonological processing and working
memory challenges. Memory span for sentence repetition is
reduced, and words often contain phonemic errors. It has
often been associated with pathology in and around the left
temporoparietal junction. The semantic variant (svPPA)

affects semantically-based word retrieval and comprehen-
sion, with early atrophy focused in the left anterior temporal
lobe. While agrammatism (i.e., impairment in production of
grammatical structures, including morphology and/or syntax)
is listed as a key diagnostic feature of nfvPPA (Gorno-Tempini
et al.,, 2011; Leyton et al., 2011), simplification or errors of
morphology and syntax have been reported in all three vari-
ants (Mack et al., 2021; Meteyard & Patterson, 2009; Sajjadi
et al,, 2012; Thompson et al.,, 2012; Wilson, Henry, et al,,
2010). Here, we explore longitudinal associations between
microstructural discourse components and distribution of
cortical atrophy, to gain insight into whether and how this
level of discourse production is underpinned by a network
that extends beyond classic language regions.

Selecting a discourse genre (e.g., expository, procedural or
narrative discourse) is essential in informing the selection of
measures, as these can help capture fine-grained linguistic
(i.e., microstructural) and/or broader discourse (i.e., macro-
structural) elements. According to Kintz (2023), monologic,
stimulus-based discourse can be characterised as narrative
(e.g., retelling the Cinderella story) or expository (e.g.,
describing a complex scene). Narrative discourse tasks are
defined by a temporal structure that contains a beginning,
middle and end, while engaging macro-level components,
cohesion and coherence across story elements. While expos-
itory monologues lack this temporal structure, they yield rich
microstructural metrics (Greenslade et al., 2024) which can
quantify linguistic changes across a range of complexity for
individuals with PPA. This makes expository monologues
more sensitive detectors of language decline, especially for
individuals whose cognitive profiles impair episodic memory
and sequencing skills (Kong et al., 2023). Therefore, such a
focused approach can help signal broader communicative
decline at the discourse level.

Previous studies of discourse production in PPA, in both
narrative and expository tasks, have focused on measurement
at the microstructural level, examining (i) lexical factors
(e.g., diversity of words, density of content, ratios of nouns to
verbs or open class to closed class words), (ii) morphosyntactic
factors (e.g., inflectional morphology, verb argument struc-
ture, number of dependent clauses per sentence as an index of
complexity, and presence of grammatical errors and (iii)
fluency (e.g., words per minute) (Marshall, 2011; Thompson &
Mack, 2014). An overview of common measures and associ-
ated findings is shown in Table 1. While these variables have
differentiated the three PPA variants in some studies, there
have been conflicting findings. Individuals with nfvPPA have
shown elevated noun:verb and/or open:closed class word ra-
tios, related to inefficient retrieval of verbs and grammatical
morphology (e.g., verb inflections, determiners, pronouns)
that defines agrammatism (Ash et al., 2013; Fraser et al., 2014;
Themistocleous et al., 2021; Thompson & Mack, 2014).


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cortex.2025.11.011

CORTEX 194 (2026) 121—142

123

Table 1 — Microstructural discourse measures (i.e., lexical, morphosyntactic, and fluency) reported in the literature to
differentiate the PPA variants and used in the current study.

Measure

Formulas®

Supporting studies

Lexical measures
Type:Token ratio

Propositional idea density

Noun:Verb ratio

Open:Closed class ratio

Morphosyntactic measures
Mean length of utterance in
morphemes (MLU)

Sentences with flawed
syntax (%)

Embedded

Clauses:Sentences
Ratio

Fluency measures

Words/Minute

Retracings

Repetitions

Number of unique words/total number of
words (lexical diversity)

Number of non-noun entities (verbs,
adjectives, adverbs, prepositions,
conjunctions)/total number of words

Number of nouns/number of verbs

Number of open class words/number of
closed class words

Total number of morphemes/total number of
utterances

Number of sentences with grammatical error/
number of sentences

Number of embedded clauses/number of
sentences (sentence complexity)

Total number of words/total length of audio
in minutes

Number of self-corrections or changes (e.g.,
“the boy ... girl is reaching up”)

Number of sequentially repeated words/
phrases (e.g., “boy ... boy”)

Correlates with grammatical deficits; can be a
consequence of relying on limited
morphosyntactic structures (Fraser et al.,
2014).

Lower density in general cognitive decline
(Engelman et al., 2010; Harrag et al., 2024);
may differentiate nfvPPA® from other variants
(Themistocleous et al., 2021).

Higher ratio (verb retrieval impairment) in
nfvPPA; lower ratio (noun retrieval
impairment) in svPPA® and IvPPA® (Ash et al.,,
2013; Farogi-Shah et al., 2020; Thompson

et al., 2012; Wilson et al., 2010).

Higher ratio (fewer closed class words) in
nfvPPA; lower ratio (fewer open class words)
in svPPA and IvPPA (Ash et al.,, 2013; Faroqi-
Shah et al., 2020; Fraser et al., 2014).

Lower in nfvPPA; may be reduced in all
variants relative to healthy controls (Ash

et al., 2006, 2013; Graham et al.,

2016; Thompson et al., 2012; Wilson et al.,
2010).

Higher proportion of ungrammatical
sentences in nfvPPA and lvPPA than svPPA or
controls (Lavoie et al., 2021; Mack et al., 2021).
Declines with healthy aging and typical
dementia (Kemper et al., 2001); reduced in
nfvPPA relative to other PPA variants (Ash

et al., 2013; Fraser et al., 2014; Sajjadi et al.,
2012, Wilson et al., 2010).

Correlated in nfvPPA with grammaticality/
sentence complexity (Ash et al., 2019;
Gunawardena et al., 2010) and presence of
motor speech disorder (i.e., apraxia,
dysarthria; Duffy, 2014).

Correlated with syntactic errors in IvPPA
(Wilson et al., 2012).

Differentiates PPA from healthy controls and
those with mild cognitive impairment
(Faroqi-Shah et al., 2020).

& MacWhinney, 2000.
b

nfvPPA = nonfluent variant of primary progressive aphasia, IVPPA = logopenic variant, svPPA = semantic variant.

Consistent with degradation of the semantic system, cases
with svPPA typically have shown a reduced noun:verb ratio
against other variants and healthy controls (Themistocleous
et al,, 2021; Thompson et al., 2012; Thompson & Mack, 2014).
Open:closed class word ratio has been elevated in both nfvPPA
and IvPPA relative to svPPA in some studies (Thompson et al,,
2012). Individuals with nfvPPA tend to show reduced length of
sentences, fewer dependent clauses per sentence and, in
some studies, more sentences containing grammatical errors
(Ash et al., 2013, 2019; Faroqi-Shah et al., 2020; Fraser et al.,
2014; Lorca-Puls et al, 2023; Thompson & Mack, 2014;
Wilson, Dronkers, et al., 2010). While individuals with IvPPA
and svPPA are often reported to have performance similar to

healthy controls (Ash et al., 2013, 2019; Meteyard & Patterson,
2009; Sajjadi et al., 2012; Thompson et al., 2012; Thompson &
Mack, 2014; Wilson, Dronkers, et al., 2010), IvPPA and nfvPPA
are not always well differentiated on these measures. Fluency
is typically lowest in nfvPPA (Ash et al., 2013; Faroqgi-Shah
et al.,, 2020; Thompson et al., 2012; Thompson & Mack, 2014)
but also reduced in lvPPA and svPPA compared with healthy
controls (Ash et al., 2013; Sajjadi et al., 2012; Thompson et al.,
2012; Wilson, Henry, et al., 2010), likely related to inefficient
word retrieval. Equivocal findings across studies, with at times
limited differentiation of the PPA variants, could have several
sources. Small sample sizes, initial diagnostic uncertainty of
participants, and small samples of language are common
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problems in studies of PPA, which is a rare condition requiring
sample collection over many years and, therefore, often
retrospective study designs.

Despite some studies reporting limited utility of micro-
structural measures in differentiating between PPA subtypes,
the existing literature reveals correlations between specific
language patterns and regions of cortical involvement across
PPA variants and healthy controls. The inferior frontal gyrus
(i.e., BA44/45 or Broca's area) is a key node within the distrib-
uted language network (Hickok & Poeppel, 2004; Kemmerer,
2022) that is strongly associated with production and process-
ing of morphology and syntax, particularly activation of verbs
and their arguments for sentence generation (Botha & Josephs,
2019). Consistent with this, verb-related deficits (e.g., verb in-
flection errors, shorter utterances, and paucity of embedded
clause structures) in nfvPPA have been associated with atrophy
in left posterior inferior frontal cortex (Ash et al., 2013, 2019;
Deleon et al.,, 2012; Lorca-Puls et al., 2023; Thompson et al,,
2013). However, Wilson, Dronkers, et al. (2010) reported, for
nfvPPA, that superior and middle temporal lobe also play roles
in verb and noun retrieval for sentence construction. Also,
reduced utterance length and sentence well-formedness have
been observed in IvPPA and svPPA and associated with atrophy
in different cortical regions: left inferior parietal and superior
temporal areas in IvPPA and left temporal, orbital frontal, and
insula regions in svPPA (Ash et al., 2013). For these two variants,
word retrieval difficulties disproportionately affect nouns,
rather than verbs, and are related to activation of phonological
or semantic representations, respectively. For individuals with
IvPPA, impaired phonological short-term memory has been
implicated as the cause of grammatical errors (Mack et al., 2021,
Mesulam, Coventry, Rader, et al., 2021). As noted, the micro-
structural linguistic characteristics and changes in the three
PPA variants are likely arising for different reasons and con-
founding interpretation. Studies of the microstructural change
in discourse across the PPA, variants have almost exclusively,
used cross-sectional designs. In the few longitudinal studies
reporting microstructural measures and cortical integrity,
nfvPPA and lvPPA have not been well-differentiated over time
(Ash et al., 2019; Rogalski et al., 2011; Rohrer et al., 2009). This
may be due to blurring of the boundaries between the variants
as pathology extends throughout the language network or
beyond canonical language regions. Ash et al. (2019) tested
participants twice over an average 26 months and noted that
percent of sentences with grammatical errors rose significantly
and words produced per minute fell over time for all PPA var-
iants. Both nfvPPA and svPPA groups used fewer complex
sentences over time, while the IvPPA group remained stable on
this measure. Ash et al. (2019) found an association between
increased grammatical errors in sentences and increased
cortical thinning in multiple regions (i.e., left frontal opercu-
lum/anterior insula, left middle/posterior insula, left inferior
temporal gyrus, bilateral superior and middle temporal cortex;
right posterior temporal and opercular cortex). No relationships
were detected for the number of sentences with embedded
clauses and words per minute. Participants were pooled, across
variant, for brain-behaviour analyses due to small sample
sizes. Further, it has been reported that pathology in the PPA
variants invariably extends over time into right homologues
(e.g., Kumfor et al.,, 2016; Landin-Romero et al., 2021; Leyton

et al,, 2019) and there is little known about the impact of this
contralateral damage on grammatical profiles in the three PPA
variants. In summary, the microstructural language measures
used to date may not be sufficiently sensitive or specific to
isolate morphosyntactic impairment from lexical or other
cognitive changes in PPA. Also, small sample sizes (i.e., fewer
than 15 per variant) have prevented analysis of variant-specific
brain-behaviour relationships over time.

1.1. Purpose

Examining associations between these linguistic behaviours
and regions of cortical atrophy, and how these might change
longitudinally with the differing spread of atrophy across PPA
variants, could shed light on the contribution of broader
domain-general cognitive processes in generating the micro-
structural elements of discourse. The current study aimed to
explore longitudinal changes in discourse-level lexical, mor-
phosyntactic, and fluency measures, and associated changes
in cortical integrity, in a large sample of individuals spanning
the three clinical variants of PPA. We hypothesised that, at the
first timepoint, (a) the nfvPPA group would produce fewer
words per minute, have shorter utterance length, higher
noun:verb and open:closed class word ratios and lower
grammatical accuracy and complexity than the lvPPA and
svPPA and healthy control groups, and (b) the IvPPA and svPPA
groups would produce fewer words per minute, have shorter
utterance length, lower noun:verb ratio and lower grammat-
ical accuracy than healthy controls, and (c) measures of lan-
guage impairment would associate with atrophy distributed
in the canonical regions for the three variants. Further, we
hypothesised that, longitudinally, (d) the nfvPPA group would
deteriorate over time on the measures of verb retrieval and
sentence complexity associated with increased atrophy in the
left posterior inferior frontal region and extension to the right
homologue, (e) the IvPPA and svPPA groups would show
greater decrement on lexical and semantic measures associ-
ated with increased atrophy in regions along the ventral
pathway (Hickok & Poeppel, 2004) and right homologues, and
(f) as individuals with IvPPA can show spread of atrophy along
the dorsal pathway, it is also hypothesised that associations
between new regions of frontal atrophy and measures of verb
retrieval and sentence complexity would emerge for this
group (Mandelli et al., 2023). Overall, these longitudinal
behavioural and brain imaging analyses have potential to
reveal associations between domain-general cognitive pro-
cesses and the ability to produce microstructural linguistic
components within this discourse-level production task.

2. Methods

This study was approved by the Human Research Ethics
Committee of the South Eastern Sydney Local Area Health
District (HREC 10/126) and the Human Research Ethics Com-
mittee of the University of Sydney (HREC 2020/224 and 2020/
408). All participants or their person responsible provided
written informed consent in accordance with the Declaration
of Helsinki. Participants volunteered their time and were
reimbursed for travel costs.
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Table 2 — Baseline demographics and diagnostic assessments for participants with nonfluent (nfv), logopenic (lv) and
semantic (sv) variants of primary progressive aphasia (PPA) and healthy controls (HC).

Variable nfvPPA IvPPA svPPA HC (n = 36) Test p Post-hoc
(n=27) (n = 30) (n =33)
Sex (Male: Female) 9:18 16:14 17:16 20:16 3.58* 31 N/A
Age at visit (year) 66.1 (12.9) 67.5 (8.0) 63.3 (10.6) 66.4 (5.3) 2.21° .53 N/A
Education (year) 11.0 (4.0) 12.0 (4.8) 12.0 (4.0) 14.0 (2.6) 10.14° .02 nfvPPA < HC
First language English 26/27 30/30 29/33 36/36 8.48% .04 svPPA < HC
Disease duration (year) 3.2 (2.5) 2.4 (2.5) 3.5(2.5) N/A 4.77° .09 N/A
Addenbrooke's cognitive examination — III
Total (/100) 81.2 (7.4) 68.6 (12.5)  59.0 (18.1) 94.5 (4.3) 85.36° <001  svPPA < nfvPPA < HC
IvPPA < HC
Attention (/18) 16.0 (2.0) 14.0 (2.4) 15.4 (2.6) 18.0 (1.0) 5217 <001  IvPPA < nfvPPA < HC
svPPA < HC
Memory (/26) 23.0 (4.5) 15.5 (6.8) 12.0 (9.0) 25.0 (3.0) 73.00° <001  IvPPA, svPPA < HC, nfvPPA
Fluency (/14) 6.0 (3.5) 5.0 (4.0) 4.0 (4.0) 12.0 (2.0) 73.56" <.001 nfvPPA, IvPPA, svPPA < HC
Language (/26) 22.0 (3.4) 20.1 (3.5) 13.0 (6.7) 26.0 (1.0) 80.61° <001  svPPA < nfvPPA, IvPPA < HC
Visuospatial (/16) 15.0 (3.0) 14.0 (3.0) 16.0 (2.0) 16.0 (1.0) 22.89° <001  IvPPA < HC, svPPA
Clinical dementia rating sum of boxes
1.3 (2.0) 1.8 (2.4) 3.0 (3.8) 0 (.5) 4218” <001  HC < nfvPPA < svPPA
HC < IvPPA
Sydney language battery®
Naming (/30) 23.0 (5.5) 18.5 (7.8) 5.0 (4.5) 27.0 (2.0) 92.49° <.001 svPPA < lvPPA, nfvPPA < HC
Semantic association (/30) 28.0 (4.0) 26.5 (2.0) 20.0 (10.3) 29.0 (1.0) 58.00° <.001 svPPA < IvPPA < HC
svPPA < nfvPPA
Comprehension (/30) 29.0 (2.0) 27.0 (3.8) 20.0 (13.5) 30.0 (1.0) 57.48° <.001 svPPA < IvPPA < HC
svPPA < nfvPPA
Repetition (/30) 25.0 (7.0) 28.0 (3.0) 29.0 (2.0) 30.0 (.0) 57.50° <001  IvPPA, svPPA < HC

nfvPPA < HC, svPPA

Note. Medians (IQR); N/A = not applicable.
& Chi-square test.

b Kruskal Wallis test, posthoc Dunn's Test with Bonferroni correction.

¢ Total score <84/100 indicates impairment, score >88/100 indicates normal range (So et al., 2018).

4 Sum of Boxes score for non-language sections of the test.
€ Savage et al. (2013).

2.1. Participants

Data from 90 participants with PPA, assessed by FRONTIER, the
Frontotemporal Dementia Research Group in Sydney Australia
between 2008 and 2023, were included in the study. All partic-
ipants received an expert consensus diagnosis of PPA according
to current consensus criteria (Gorno-Tempini et al., 2011) based
on neurological and neuropsychological clinical examination.
Of the included participants, 27 were diagnosed with nfvPPA, 33
with left hemisphere svPPA, and 30 with IvPPA. Participants
with PPA met inclusion criteria if they had: 1) received a clinical
diagnosis of PPA, 2) had self/family-report of premorbid fluency
in English, 3) completed the ‘Cookie Theft’ spoken picture
description task at least once, but possibly more than once
during annual follow-up assessments, each with an audio-
recording, and 4) undergone a T1-weighted MRI scan within 3
months of each picture description sample. Participants were
excluded based on: 1) evidence of severely reduced verbal
output or mutism, 2) past history of stroke, epilepsy, alco-
holism, and significant traumatic brain imagery, 3) MRI scans
affected by movement or other abnormality, 4) a moderate to
severe Clinical Dementia Rating (CDR) score (Hughes et al,,
1982), 5) unintelligible speech, such that a discourse sample
could not be reliably transcribed, 6) presence of other neuro-
logical disorders, such as supranuclear palsy or corticobasal

syndrome, 7) audio-recording of the ‘Cookie Theft’ picture
description language sample missing or corrupted, 8) record of
developmental language or learning disorder, and (9) <10 years
of formal education. An additional 36 age-matched healthy
controls (HC) were recruited from the FRONTIER healthy con-
trol registry. Healthy controls were subject to the same inclu-
sion and exclusion criteria, with the exception that they must
not have a diagnosis of PPA and must have achieved a total
score within the normal range of >88/100 on the Addenbrooke's
Cognitive Examination (ACE) (Mioshi et al., 2006; So et al., 2018).

All participants had undergone comprehensive clinical,
neurological and neuropsychological assessment, along with
structural brain MRI, at the first timepoint when a Cookie
Theft picture description sample was available (see Table 2;
hereto referred to as baseline) and at each subsequent time-
point. General cognitive functioning (i.e., attention, memory,
verbal fluency, language, and visuospatial skills) was assessed
using either the ACE-R (Mioshi et al., 2006) or ACE-III (Hsieh
et al., 2013). ACE-R scores were converted to ACE-III scores
prior to analysis (So et al., 2018). The CDR (Hughes et al., 1982)
measured functional capacity in daily life. To support differ-
ential diagnosis of PPA variants, the Sydney Language Battery
(SYDBAT) (Savage et al., 2013) was used to assess single-word
naming, comprehension, repetition and semantic associa-
tions. Note that diagnosis is, at times, uncertain at first
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assessment but confirmed at later timepoints. The final
consensus diagnosis was used to categorise participants.
While some participants contributed only one timepoint for a
discourse sample, they attended FRONTIER more than once,
so this method of diagnosis still applied.

Apraxia of speech is commonly reported in individuals with
nfvPPA (Duffy et al, 2021). Its presence was objectively
measured at baseline using the pairwise variability index (PVI)
and polysyllabic word duration (Ballard et al., 2014; Cordella
et al., 2017; Landin-Romero et al.,, 2021; Vergis et al., 2014), to
determine the need to factor AOS presence into analyses of
language metrics. PVI quantifies the relative duration of vowels
in the first two syllables of 3-syllables words with weak-strong
stress (e.g., banana, tomato), with a median PVI value < 100
being associated with presence of apraxia of speech. As average
word duration (i.e., articulation rate) for these polysyllabic
words has also been explored as an index of progressive apraxia
of speech (Cordella et al., 2017), it is reported for transparency.

2.2.  Assessment of discourse

The ‘Cookie Theft’ picture description task was used to elicit
samples of monologue discourse (Goodglass et al., 2001). Partic-
ipants were instructed to describe a black and white line drawing
of a domestic scene. Only general prompting was provided, such
as “What else?” and “Anything else you can describe?”. No
duration restrictions were enforced, ending only when the
participant confirmed that they had nothing else to describe.

Samples were audio-recorded using a Marantz PMD660 or
Zoom HNB8 digital recorder in.wav format at 44 kHz sampling
rate, the microphone placed within 30 cm of the mouth. Samples
were transcribed by qualified speech pathologists experienced
in Computerised Language ANalysis (CLAN) conventions and
blinded to diagnosis.’ The CHAT software program was used for
transcription, and the CLAN program was used to analyse the
transcriptions (MacWhinney, 2000). CLAN's linguistic coding
system was used to mark specific word- and sentence-level
grammatical errors (e.g., omission of ‘-ed’ on past tense verbs).
The MOR command was used to automatically tag and catego-
rise all morphemes (e.g., nouns, verbs, pronouns, plural “-s”,
past tense “-ed”). Two CLAN automated evaluation routines
were then run on all transcribed and coded samples: EVAL and
the Northwestern Narrative Language Analysis (C-NNLA). Ten
measures, previously reported to be sensitive to discourse
changes in PPA, were extracted (see in Table 1).

Between 10% and 20% of samples per group were randomly
selected and transcribed by a second rater, blind to the first
rater's transcription, to establish reliability on language
measures. High inter-rater reliability was achieved with intra-
class correlation values ranging from .80 for ratio of embedded
clauses:sentences (95% CI .64 to .89) to .96 for words per
minute (95% CI .92 to .98). Discrepancies were discussed and
resolved through consensus.

! Transcripts can be accessed for research purposes by con-
tacting FRONTIER through the website www.frontier.org and
upon provision of ethical approvals from the researcher's aca-
demic institution.

2.3. Brain imaging acquisition and preprocessing

Whole-brain MRI scans were acquired from participants
annually at either one, two or three timepoints, using a Philips
Achieva (125/188 scans, 66.5%) or GE Discovery 3.0T MRI scan-
ner (63/188 scans, 33.5%) with standard 8-channel head coil.
Two whole-brain 3D T1-weighted structural MRI sequences
were acquired during each visit with the following parameters:
200 slices, slice thickness 1 mm, in-plane resolution 1 x 1 mm,
in-plane matrix 256 x 256, flip angle o = 8°, and echo time/
repetition time of 2.6/5.8 msec on the Philips and 2.4/6.6 on the
GE; equivalent acquisition parameters after comprehensive
harmonisation of sequences for both machines. After visual
comparison for quality and motion artifact, the sequence with
the best quality selected for further processing.

Scans were processed using the FreeSurfer v6.0 imaging
analysis package (http://surfernmr.mgh.harvard.edu/). The
“recon-all” pipeline in FreeSurfer was utilized for cortical
reconstruction and volumetric segmentation of the T1-
weighted images (Fischl & Dale, 2000). For each participant
in the study, a longitudinal, unbiased within-subject template
was created using robust, reverse consistent registration be-
tween time points (Reuter et al., 2010). This template was used
to enhance reliability (Reuter & Fischl, 2011), allowing for the
parcellation of gyral and sulcal units (Desikan et al., 2006;
Fischl et al., 2004) to generate maps of curvature and sulcal
depth. Cortical thickness was measured as the shortest dis-
tance between the grey/CSF and grey/white boundaries at
each vertex on the brain's surface (Fischl & Dale, 2000). To
improve the signal-to-noise ratio and reduce the impact of
imperfect cortical alignment, cortical thickness measure-
ments were smoothed using a 20 mm full-width at half-height
Gaussian kernel in all analyses (Lerch & Evans, 2005). All scans
were visually inspected for segmentation and parcellation
errors; none required manual correction or exclusion.

2.4. Statistical analyses

Language data were analysed using SPSS Statistics, version 28.0
(IBM). Initially, variables were checked for normality, and either
parametric or nonparametric analysis of variance was
employed to identify baseline group differences for each
dependent variable. Posthoc pairwise comparisons were con-
ducted using Sidak or Independent samples tests, respectively.
Next, we selected only those language variables for which the
nfvPPA group's baseline performance was significantly
different to the other PPA groups. These variables were then
analysed with Linear Mixed Effects (LME) modelling to explore
longitudinal effects (see Supplementary Materials for syntax).
LME modelling accommodates missing data, variations in
event timing across participants, and single time points,
ensuring optimal use of all available data. The model included
fixed effects for diagnostic group, time, and their interaction
term. The random effect of participants accounted for baseline
variability, assuming independence among participants and
applying a random intercept model. Residual errors and
random intercepts for each participant at baseline were
assumed to be normally distributed. For each language mea-
sure showing a significant effect, posthoc pairwise compari-
sons were performed. As healthy controls volunteering at
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FRONTIER are not routinely tested over multiple years, this
group was not included in the longitudinal modelling. Variables
of interest from these analyses were then selected to explore
associations with cortical atrophy at baseline and over time.
Whole-brain differences in cortical thickness for each pa-
tient group (nfvPPA, IvPPA, and svPPA) at baseline were initially
examined using vertex-wise general linear models (GLM).
These models included cortical thickness as the dependent
variable and group (patient or healthy control) as the inde-
pendent variable. Analyses were run using standard pre-
processing in FreeSurfer, which accounts for brain volume
differences when comparing cortical thickness between
groups. Vertex-wise GLMs were also employed to investigate
brain-behaviour associations at baseline within each patient
group, with cortical thickness as the dependent variable and
each language measure as a covariate in separate models.
Healthy control data were incorporated into each baseline as-
sociation model to increase the number and distribution of data
points, thereby enhancing the power to detect associations.
Annualized rates of change in cortical thickness within each
patient group were examined using vertex-wise comparisons
with the Spatiotemporal LME Matlab tools (Bernal-Rusiel,
Greve, et al., 2013; Bernal-Rusiel, Reuter, et al., 2013). Spatio-
temporal models of cortical atrophy were fitted with the
following fixed effects: (i) time from baseline MRI acquisition,
(ii) language measure, and (iii) the interaction between time
and language measure. The intercept was included as a
random effect. Null hypotheses of no effect of time on cortical
thickness and no time by language measure interaction (i.e., no
change in brain-behaviour association over time) were tested.
The statistical threshold for all neuroimaging analyses was
set at p < .005 uncorrected, with a conservative cluster extent
threshold of k > 100 mm? to balance the risks of Type I and
Type II errors. This approach circumvented software limita-
tions that necessitate a false discovery rate correction for
multiple comparisons per hemisphere. Such corrections can
complicate the interpretation of whole-brain cortical changes
across different group comparisons, due to differing inter-
hemispheric thresholds (Landin-Romero & Piguet, 2017).

3. Results

As shown in Table 2, the PPA groups were matched at baseline
for sex ratio, age at first visit, years of education, and patient/
family-reported disease duration. The groups differed in pro-
portion reporting a non-English first language, due to 5/33
participants in the svPPA group but one or none in the other
groups. Scores on the ACE, SYDBAT, and CDR tests showed

Table 3 — Number of participants with discourse language
assessments (MRI scans) for the nonfluent (nfvPPA),
logopenic (lvPPA), and semantic (svPPA) variants of
primary progressive aphasia and healthy controls (HC)
across the three timepoints.

Timepoint nfvPPA IvPPA svPPA HC Total
1-baseline 27 (25) 30(28) 33(30) 36(36) 126 (119)
2 12(10) 20(18) 19(18) Nil 51 (46)

3 5(3) 10 (10) 10(10)  Nil 25 (22)
Total 44 (38)  60(56) 62(58) 36(36) 202 (188)

group differences consistent with PPA diagnostic profiles (see
Table 1). Mean PVI value and word duration for the nfvPPA
group were in the normal range (PVL: M = 109.34, SD = 26.82;
word duration: M = 718.03 msec [4.17 syllables/sec],
SD = 186.82); with 7/27 of nfvPPA participants having a PVI
value < 100 indicating concomitant apraxia of speech.

Of the 90 cases with PPA, 51/90 (56.7%) were available for
testing at time point 2 and 25/51 (49.0%; 27.8% of baseline
sample) at time point 3 (see Table 3). The 36 control partici-
pants were tested at baseline only. Thus, a total of 202
discourse language assessments were analysed and 188 MRI
scans were available for analysis (93.1% of assessment ses-
sions). Demographics, neuropsychological test data, and
Cookie Theft language data for individual participants across
all timepoints are provided in Supplementary Materials).

3.1. Baseline analyses

3.1.1. Discourse measures

Baseline differences between PPA groups and HC for each of
the 10 language measures are summarised in Table 4. The
nfvPPA group were differentiated from the other three groups,
with large effect sizes, on seven of the 10 measures (see Fig. 1,
time point 0 for comparison across PPA groups). Type:token
ratio, retracing, and repetition were non-discriminatory. The
nfvPPA group were characterized by the lowest idea density,
highest proportion of nouns to verbs and open class to closed
class words; lowest mean length of utterance, highest percent
of sentences with flawed syntax, fewest embedded clauses;
and fewest words produced per minute. For the nfvPPA group,
word duration and PVI were explored to determine whether
presence of apraxia of speech may be associated with lan-
guage performance. While these two measures were signifi-
cantly correlated with each other (r = —.60, p = .001), they were
not correlated with any language or fluency variable (all p
values > .1) and, therefore, were not explored further (see also
Wilson, Henry, et al., 2010). The IvPPA group was distin-
guished from the svPPA group and HC by two fluency mea-
sures: they produced fewer words per minute and had more
word/phrase repetitions. As a group, they also exhibited
shorter utterance lengths compared to the HC group. How-
ever, they did not significantly differ from the svPPA group on
any lexical measures used in this discourse-level analysis,
despite the SYDBAT revealing clear differences in single-word
naming, comprehension, and semantic association.

3.1.2. Neuroimaging measures

Baseline neuroimaging analyses showed the expected distri-
butions of reduced cortical thickness consistent with PPA
diagnosis (Gorno-Tempini et al., 2011) (Fig. 2, left panel). Sig-
nificant clusters in nfvPPA were in left pars opercularis (BA44),
caudal middle frontal, and medial superior frontal regions. In
IvPPA, clusters were confined to the left hemisphere, focused
on the ventral pathway from the temporoparietal junction
through to anterior temporal pole. Additional small clusters
were noted in the vicinity of left BA44/left pars triangularis
(BA45), medial superior frontal, and posterior cingulate cortex.
In svPPA, clusters were found in the left superior, middle and
inferior temporal cortices, left insula cortex, and right anterior
temporal pole.
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Table 4 — Baseline differences between groups for each language measure.

Measures nfvPPA IvPPA svPPA HC n2% F statistic p-value Sidak post-hoc test
n =27 n =30 n =33 n =36

Word density/diversity

Propositional idea density .35 (.05) .43 (.05) 42 (.05) 42 (.04) 279 15.71 <.001 nfvPPA < IvPPA, svPPA, HC

Type:Token ratio 65 (.12) .60 (.10) 60 (.12) .58 (.10) 047  1.99 118 —

Noun:Verb ratio 1.65 (.43) 1.22 (.54) 1.16 (.46) 1.40 (.41) 140 661 <.001 nfvPPA > IvPPA, SVPPA

Open:Closed class ratio 1.18 (.47) .89 (.15) 91 (.22) .97 (.20) 138 6.47 <.001 nfvPPA > IvPPA, svPPA, HC

Sentence structure

Mean length of 811 (3.19) 11.04 (453) 11.54 (4.65) 13.96 (4.49) .191  9.59 <.001 nfvPPA < svPPA, HC
utterance in IvPPA < HC
morphemes

% sentences with 35.31(28.20) 19.99 (14.07) 14.20 (15.76) 8.30 (9.25) 220 11.39 <.001 nfvPPA > IvPPA, svPPA, HC
flawed syntax

Embedded clauses: .29 (.35) .61 (.44) .672 (.38) .84 (.40) 199 10.03 <.001 nfvPPA < IvPPA, svPPA, HC
Sentence

Fluency

Words per minute 49.46 (22.93) 86.97 (31.68) 113.00 (37.60) 130.53 (28.68) .495 39.86 <.001 nfvPPA < IvPPA < svPPA, HC

Retracing 211(2.03) 247 (2.64) 1.82 (2.08) 1.47 (1.92) 029 123 300 -

Repetition 178 (2.21) 3.03(3.43) 1.36 (1.88) .67 (1.10) .133 6.22 <.001 IvPPA > svPPA, HC

Note. Data shown are mean and standard deviation.

# Cohen's effect size; values above .01 are small, above .06 medium, and above .14 large (Cohen, 1988).

3.1.3.  Relationships between discourse and neuroimaging 3.2. Longitudinal analyses
measures

Associations between regions of cortical thinning and the four
language measures of interest were explored within each PPA
group, at baseline and longitudinally. Associations for idea
density are shown in Fig. 3, mean length of utterance in Fig. 4,
embedded clauses:sentences in Fig. 5, and percentage of
flawed sentences in Fig. 6.

At baseline, for the nfvPPA group, reduced cortical thick-
ness in the left medial superior frontal cortex was associated
with reduced idea density, utterance length, ratio of
embedded clauses: sentences, and with higher percentage of
flawed sentences. Higher percentage of flawed sentences was
also associated with reduced cortical thickness in right medial
superior frontal cortex and posterior cingulate cortex.

In IvPPA, reduced utterance length was associated with
clusters of reduced cortical thickness in left temporoparietal
junction, inferior frontal (BA44/45) cortex, and left medial
posterior cingulate, as well as a small cluster on the back of
the right superior temporal cortex on the lateral surface.
Higher percentage of flawed sentences was also linked to
reduced cortical thickness in left temporoparietal junction, as
well as damage in middle-inferior temporal cortices, medially
in anterior and posterior cingulate cortices, and in superior
frontal gyrus. Ratio of idea density and embedded clauses:
sentence were not associated with any regions of atrophy in
this group and no substantive associations were found with
right hemisphere regions.

In svPPA, reduced utterance length showed associations
with reduced cortical thickness in the left hemisphere only
with scattered clusters in inferior and middle temporal
cortices, anterior inferior frontal cortex, and medially in the
middle/posterior cingulate cortex. No other measures showed
associations with regions of atrophy for this group.

3.2.1. Discourse measures

In longitudinal analyses comparing the three PPA groups, all
variables showed a significant main effect of group. Mean
length of utterance and words per minute exhibited a main
effectof time (Table 5, Fig. 1) and only mean length of utterance
demonstrated a significant group-by-time interaction (F = 3.89,
p=.024) (Fig. 1d). Utterance length remained stable over time in
SVPPA (p = .813) but declined in nfvPPA and IvPPA (p = .009 and
p = .003, respectively). NfvPPA showed significantly lower ut-
terance length atbaseline and the second time point compared
to IvPPA and svPPA. LvPPA was no longer differentiated from
nfvPPA at the second follow up, and both groups had signifi-
cantly lower utterance lengths compared to svPPA. To under-
stand the factors influencing utterance length, we examined
the effect of time within each PPA group including a broader set
of language variables (Table 6, Fig. 1). In nfvPPA, declining ut-
terance length was accompanied by declining sentence
complexity (i.e., fewer embedded clauses in sentences;
p = .026). In IvPPA, it was associated with an increasing per-
centage of flawed sentences (p = .045). Words uttered per
minute also deteriorated over time across all three PPA groups.
The only other significant change over time was observed in
svPPA, which unexpectedly showed increasing idea density.
Based on these findings, we selected idea density, mean length
of utterance, embedded clauses per sentence, and percentage
of flawed sentences for further analysis exploring brain-
behaviour associations for each of the three variants.

3.2.2. Neuroimaging measures

Longitudinal changes are shown in Fig. 2 (right panel) (see
Supplementary Materials for the extracted cortical thick-
ness data used in analyses). The nfvPPA group showed
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Fig. 1 — Measures differentiating the nonfluent variant of primary progressive aphasia (nfvPPA) from the logopenic (IvPPA)
and semantic variants (svPPA) at baseline, modeling the trajectory over the three timepoints. Measures shown are a)
propositional idea density, b) noun:verb ratio, c) open:closed class word ratio, d) mean length of utterance (MLU) in
morphemes, e) percentage of sentences with flawed syntax, f) embedded clauses: sentences ratio, and g) fluency, in words
per minute. The key to significant effects is shown on each graph.

further decline in brain regions identified at baseline,
including left posterior inferior frontal (BA44) and caudal

middle frontal and peri-insular regions. Over time, cortical
thinning emerged in left middle inferior temporal and
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Fig. 2 — Baseline (left) and longitudinal (right) patterns of cortical thinning in nfvPPA (top), IvPPA (middle) and svPPA (bottom)
relative to healthy controls (HC). Left hemisphere on the left and medial surface on bottom for each PPA variant, smoothed at
20 FWHM, showing clusters with p < .005 (uncorrected for multiple comparisons) and size >100 mm?

posterior parietal regions, as well as mirroring of left hemi-
sphere patterns of atrophy on the right, affecting motor
cortices, temporoparietal junction, and middle-inferior
temporal areas. In contrast, medial cortices appeared rela-
tively stable. The IvPPA group showed ongoing decline
affecting anterior left temporal lobe, temporoparietal junc-
tion and, to a lesser degree, decline in left middle frontal and
pars opercularis areas. Motor regions remained relatively
stable. Medially, ongoing atrophy was seen in the precuneus
and left posterior cingulate cortex with new extension into
the right hemisphere that mirrored baseline left-sided atro-
phy. The svPPA group showed decline along an anterior-
posterior gradient from left anterior and middle temporal
regions toward temporoparietal junction, and superiorly into
insular and inferior frontal cortices. Medially on the left,
orbitofrontal atrophy was evident and progression posteri-
orly toward fusiform gyrus and precuneus. There was mir-
roring of baseline atrophy into the right hemisphere with

decline in the entire temporal region, including medially in
entorhinal and posterior cingulate cortices.

3.2.3. Relationships between discourse and neuroimaging
measures

Longitudinally, associations between declining language skills
and regions of cortical thinning varied across PPA variants. In
nfvPPA, declining utterance length was not associated with a
specific neurological region. However, a decreasing ratio of
embedded clauses:sentences was correlated with deteriora-
tion in the left caudal middle frontal cortex. The IvPPA group
showed a more complex picture. Declining utterance length
was associated with deterioration in the right inferior-anterior
temporal cortex, while increased percentage of sentences
with flawed syntax was associated with atrophy in the left
supramarginal gyrus, a small cluster in the middle temporal
gyrus, and right anterior temporal and posterior middle tem-
poral cortices. For the svPPA group, idea density was the only
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Fig. 3 — Baseline (left) and longitudinal (right) associations between idea density and cortical thinning in nfvPPA (top), IvPPA
(middle) and svPPA (bottom). Left hemisphere on the left and medial surface on bottom for each PPA variant, smoothed at 20
FWHM, showing clusters with p < .005 (uncorrected for multiple comparisons) and size >100 mm?2

language measure declining over time, yet no reliable asso-
ciations with regions of cortical thinning over time were
detected.

4, Discussion

Primary progressive aphasia (PPA) begins as a predominantly
language-based impairment but, over time, other cognitive
changes develop across its three variants, making it a
powerful model for exploring the interactions between
cognitive and linguistic processes employed in discourse. This
study is the largest to date to explore longitudinal changes in
discourse-level lexical, morphosyntactic, and fluency mea-
sures, and associated changes in cortical thickness, across the
three variants of primary progressive aphasia (PPA). These
selected metrics offer sensitivity to cognitive-linguistic

decline even when surface-level discourse overall appears
relatively preserved. Robust group differences in language
skills were observed at baseline and over time, along with
different patterns of association between language changes
and grey-matter degeneration. All groups showed shortening
utterance lengths over time, consistent with increasing diffi-
culty generating spoken language. However, in nfvPPA, this
was alongside declining sentence complexity that was asso-
ciated with reduced cortical thickness outside the traditional
perisylvian language network, in frontal regions engaged by
tasks of higher cognitive attention and error monitoring. In
IvPPA, it was linked with increasing grammatical errors in
sentences and atrophy was observed to extend along both
ventral and dorsal pathways. This implied worsening of
phonological processing and working memory skills and
emergence of grammatical and semantic processing deficits.
In both nfvPPA and lvPPA, cortical regions involved in
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Fig. 4 — Baseline (left) and longitudinal (right) associations between mean length of utterance in morphemes (MLU) and
cortical thinning in nfvPPA (top), IvPPA (middle) and svPPA (bottom). Left hemisphere on the left and medial surface on
bottom for each PPA variant, smoothed at 20 FWHM, showing clusters with p < .005 (uncorrected for multiple comparisons)

and size >100 mm?.

cognitive memory, attentional, and/or executive functioning
systems were associated with ability to produce microstruc-
tural behaviours at the discourse level. No associations were
found for the svPPA group between the microstructural lan-
guage measures used here and regions of cortical thinning
over time, with further research needed to understand the
mechanism underlying the discourse changes in this group.

In the following sections, we will discuss the findings by
PPA variant. First, we will interpret the findings relative to
previous studies of PPA to explore consistencies and de-
partures from these studies given the larger sample size
studied here and the contribution of longitudinal data. Sec-
ond, we will consider how these findings can inform our un-
derstanding of production of microstructural language in
discourse more generally.

4.1. Discourse simplification and economy of effort in
nfuPPA
4.1.1. Baseline discourse and neuroimaging

As predicted, individuals with nfvPPA exhibited higher noun:-
verb and open:closed class word ratios, and lower grammatical
accuracy and complexity relative to those with IvPPA, svPPA and
healthy control groups at baseline. Low proportional idea den-
sity supported an overall reduction in content words, that some
have attributed to production of fewer verbs and reduced ut-
terance length in nfvPPA (Themistocleous et al., 2021; Faroqi-
Shah et al., 2020; Fraser et al., 2014). In the present study, the
nfvPPA group showed the most severely reduced utterance
length and sentence complexity, and the highest rate of gram-
matical errors. Unsurprisingly, their fluency was impacted, with
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Fig. 5 — Baseline (left) and longitudinal (right) associations between embedded clauses:sentences (i.e., sentence complexity)
and cortical thinning in nfvPPA (top), IvPPA (middle) and svPPA (bottom). Left hemisphere on the left and medial surface on
bottom for each PPA variant, smoothed at 20 FWHM, showing clusters with p < .005 (uncorrected for multiple comparisons)

and size >100 mm?.

a speaking rate about one third that of healthy controls.
Together, these findings suggest a breakdown in verb retrieval,
in turn reducing utterance length and complexity when
attempting to produce coherent connected speech. Ultimately,
this cluster of symptoms at baseline, supports use of the term
“agrammatism”, which traditionally has been associated with
damage to the left inferior posterior frontal lobe (BA44/45). Since
this term can oversimplify the complex nature of language
impairment in PPA and present itself as a single deficit, we refer
toithere as a cluster of symptoms such as reduced verb retrieval
and sentence complexity that impact discourse. Further, there
are conflicting reports that other word and sentence metrics
such as noun:verb ratio and sentence well-formedness or
complexity may not be discriminatory (Ash et al., 2013, 2019;
Wilson, Henry, et al., 2010). These, however, may relate more

to sample size differences across studies; with similar findings
to ours being reported by Farogi-Shah et al. (2020).

Lower idea density, utterance length, number of
embedded clauses, and higher rate of flawed sentences in the
nfvPPA group were associated with decreased cortical
thickness in the left frontal lobe at baseline. However, the
specific region implicated was medial superior frontal cortex
rather than the classic inferior posterior frontal regions
linked to agrammatism. The right medial superior frontal
cortex and posterior cingulate cortex were also associated
with higher rates of flawed sentences. The medial superior
frontal cortex includes the supplementary motor and pre-
supplementary motor areas, which are linked with move-
ment skills as well as cognitive control and decision making,
performance monitoring, and syntactic processing (Europa
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Fig. 6 — Baseline (left) and longitudinal (right) associations between percentage of flawed sentences and cortical thinning in
nfvPPA (top), IvPPA (middle) and svPPA (bottom). Left hemisphere on the left and medial surface on bottom for each PPA
variant, smoothed at 20 FWHM, showing clusters with p < .005 (uncorrected for multiple comparisons) and size >100 mm?.

Table 5 — Longitudinal LME models comparing language measures between groups across timepoints, for measures that
differentiated the nonfluent variant of primary progressive aphasia (nfvPPA) from other PPA variants at baseline.

Variable Group Main Effect Time Main Effect Group x Time Interaction
F p-value F p-value F p-value
Lexical
Propositional idea density 19.82 <.001 31 .579 2.67 .073
Noun:Verb ratio 9.87 <.001 1.85 177 .35 .709
Open: Closed class word ratio 4.52 .013 .81 371 1.91 .153
Morphosyntactic
Mean length of utterance in morphemes 5.78 .004 10.23 .002 3.89 .024
% sentences with flawed syntax 10.70 <.001 3.38 .069 1.34 .265
Embedded clauses: Sentence 9.27 <.001 2.88 .093 1.08 344
Fluency
Words per minute 32.06 <.001 23.48 <.001 12 .886

Note. Values in bold font are statistically significant.
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Table 6 — Longitudinal LME models showing the effect of time for each language measure within nonfluent (nfvPPA),
logopenic (IvPPA), and semantic (svPPA) variants of primary progressive aphasia.

Measure nfvPPA IvPPA svPPA
t  p-value Difference t  p-value Difference t  p-value Difference
in EMM*® in EMM? in EMM?

Lexical

Propositional idea density .54 .591 .005 -1.41 .165 —-.011 2.26 .029 .013

Noun: Verb ratio —.88 .387 -.114 .09 .928 -.01 -1.49 144 —.081

Open: Closed class word ratio 1.10 .281 .106 —-.07 281 .00 -1.36 .182 —.03
Morphosyntactic

Mean length of utterance in morphemes -2.83  .009 —1.437 -3.23 .003 -1.393 24 .813 111

% sentences with flawed syntax .70 492 3.288 2.05 .045 5.867 —.05 .957 —.086

Embedded clauses: Sentence -2.38  .026 —.101 —-.95 .350 —.062 —-.02 .983 .004
Fluency

Words per minute —4.99 <.001 —11.638 —2.56 .015 -9.155 -2.70 .010 —9.401

Note. Highlighted values represent statistical significance at p < .05.

& EMM = Estimated Marginal Means, difference in EMM is the amount that the variable increases/decreases for each PPA group per year per the

model.

et al.,, 2019; Newman et al., 2001; Ni et al., 2000; Ridderinkhof
et al., 2004; Zhang et al., 2011). Interestingly, this region has
been implicated in progressive grammatical impairment as
reported by multiple studies (Europa et al., 2019; Newman
et al., 2001; Shetreet & Friedmann, 2014; Wilson, Dronkers,
et al., 2010). For example, Wilson, Dronkers, et al. (2010) re-
ported that well-formed sentences and use of embedded
clauses in nfvPPA were associated with the more traditional
left posterior inferior frontal regions but identified additional
involvement of supplementary motor area. Similarly, Europa
et al. (2019) and Newman et al. (2001) reported activation of
the medial superior frontal gyrus involving syntactic
complexity and violations, supporting a role in procedural
monitoring and discourse-level integration. Further, the
posterior cingulate cortex also plays a role in higher-order
cognitive functions such as error monitoring and executive
control (Raichle et al., 2001). These studies indicate a central
role for these regions in tasks, across multiple modalities,
that engage higher cognitive attention and effort. Critically,
they support a role of domain-general cognitive processes in
generating the semantic, morphological and syntactic com-
ponents for expository discourse. This is significant given
that expository discourse is perhaps one of the least complex
discourse tasks, that does not invoke the higher cognitive
demand of other discourse forms that require temporal
sequencing, coherence and cohesion across each story
element. These baseline findings, therefore, predict a longi-
tudinal course for nfvPPA patients that will diverge from the
traditional non-progressive form of agrammatism, revealing
a progressive disruption of cognitive-linguistic networks that
will continually degrade discourse integrity and its micro-
structural components in ways not observable in stroke-
related conditions.

4.1.2. Longitudinal discourse and neuroimaging

We predicted that the nfvPPA group would deteriorate over
time on metrics associated with sentence structure such as
ability to retrieve verbs (i.e., noun:verb ratio) and sentence
complexity (i.e., embedded clauses:sentences). We also pre-
dicted that these language changes would be associated with

increasing atrophy in the left posterior inferior frontal region
and emerging in the right homologue. These hypotheses were
partially supported. Over time, utterance length in nfvPPA
declined at a faster rate compared with the IvPPA and svPPA
groups and this was associated with reduced sentence
complexity for this group. This finding of declining sentence
complexity has been previously reported (Thompson et al,
1997; Thompson & Mack, 2014; Wilson, Dronkers, et al., 2010)
and attributed, in part, to verb retrieval deficits (Montembeault
et al,, 2018; Thompson & Mack, 2014), given that complex
sentences must contain more than one verb phrase. Our results
suggest that declining sentence complexity may be linked to
overall word retrieval deficits, given that verb retrieval did not
decline more rapidly than noun retrieval in our study.

Given that declining utterance length in nfvPPA was not
consistently correlated with cortical changes over time, and
utterance length declined in all variants, it is a less specific
and sensitive measure likely influenced by several linguistic
and non-linguistic factors. In nfvPPA specifically, decreasing
utterance length was correlated with decreasing sentence
complexity, and the latter was associated with decline in the
left caudal middle frontal region (Husa et al., 2017). This region
has previously been implicated in nfvPPA for maintaining
syntactic rules essential for constructing complex sentences
(Kielar et al., 2011; Tetzloff et al., 2018). In healthy adults,
greater grey matter volume in the left caudal middle frontal
region has also been linked to the use of self-initiated elabo-
rative encoding strategies. These are general high-effort
cognitive processes recruited in generating structured
discourse and personal narratives. Conversely, reduced grey
matter volume in the middle frontal gyrus is, in part, corre-
lated with apathy in the frontotemporal dementias that un-
derlie nfvPPA (Eslinger et al., 2012; Le Heron et al., 2018; Rosen
et al., 2005; Zamboni et al., 2008). These findings again suggest
that simplification of language in nfvPPA may not only reflect
syntactic degradation but also dampening of lexical activa-
tion; potentially associated with emerging apathy and
reduced engagement of high-effort cognitive strategies that
support elaboration of detail and structure needed to
construct multi-sentence discourse.
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Based on our findings, we suggest the term “agrammatism”
from the field of stroke-related aphasia has caused confusion in
the effort to understand the contributing factors in the devo-
lution of language in the PPAs. However, these differences
across populations provide the opportunity for discovery. The
emergence of pathology in our nfvPPA participants is in regions
of domain-specific language networks, rather than in regions
following the vasculature. This results in potential differences
in PPA symptoms from stroke-related agrammatism from the
outset. Second, the progressive spreading nature of the disease
results in different distributions of neural damage to those
observed after stroke, with pathology travelling between re-
gions of high connectivity that implicate language and non-
language functions. This can complicate the symptom profile
with time, as observed here for the nfvPPA group, but enable
discovery of dependencies across inter-connected systems.
Third, the gradual (mal)adaptation made by each individual to
the changes in their language skill, over years, interact with and
potentially obscure some aphasia symptoms (see Mesulam,
Coventry, Bigio, et al., 2021). This adaptation must result in
quite different manifestations of deficits and compensations in
comparison to the adaptation/compensation that emerges
from an instantaneous, catastrophic change in language ability
seen post-stroke. As such, the findings presented here suggest
that individuals with nfvPPA demonstrate some symptoms of
classical agrammatism but, with progression, show a complex
interplay between damage to key language regions and regions
that support high-effort cognitive strategies necessary for
discourse-level integration. Therefore, the term “agramma-
tism”, referring to loss of grammatical knowledge or ability, is
misaligned with our current understanding of the network-
level nature of microstructural language decline in PPA.

4.2. Influence of dorsal stream degeneration and
working memory on discourse in [lvPPA

4.2.1. Baseline discourse and neuroimaging
Our second hypothesis proposed that the IvPPA group would
demonstrate poorer performance on lexical-semantic mea-
sures of word density and diversity, relative to healthy controls,
rather than morphosyntactic changes. At baseline, the IvPPA
group showed shorter utterance length than controls. They
produced fewer words per minute and higher number of word/
phrase repetitions than both svPPA and controls, but sentence
complexity and grammaticality did not differentiate these three
groups, supporting a predominantly lexical deficit in IvPPA as
well as in svPPA. The higher number of word/phrase repetitions
can also be interpreted in support of this finding. We suggest
that spontaneous repetitions in discourse may be potential
markers of instability within the phonological loop, supported
by the imaging findings below (also see Santi et al., 2024).
Baseline neuroimaging analysis of the IvPPA group showed
atrophy already extending beyond the left temporoparietal
junction toward regions affected in the other two variants.
Clusters were identified along the ventral pathway from
temporoparietal junction to anterior temporal pole, but also
along the dorsal pathway into BA44/45. Despite this, the
baseline language profile was still distinct from the other

variants. The reduction in utterance length in the IvPPA group
was significantly associated with clusters of atrophy distrib-
uted across multiple cortical regions, including left tempor-
oparietal junction, inferior frontal (BA44/45) cortex, and left
medial posterior cingulate, as well as a small cluster on the
lateral surface of the right superior posterior temporal gyrus,
but not the emerging atrophy in the anterior temporal pole.
This implies that utterance length in this variant was affected
by lexical retrieval and phonological working memory (Dial
et al., 2021; Mesulam, 2013; Rohrer et al., 2010; Stark et al.,
2019; Whitwell et al., 2015) as well as sentence formulation
and coherence (Leech & Sharp, 2014), but not with deteriora-
tion in the semantic network. While this group were not yet
differentiated from controls and the svPPA group on per-
centage of grammatically flawed sentences, this behaviour
was associated with atrophy distributed across left tempor-
oparietal junction, middle-inferior temporal cortices, medial
anterior and posterior cingulate cortices, and superior frontal
gyrus. These baseline associations imply that strain to mul-
tiple processes can manifest as sentence formulation diffi-
culties in discourse. Presumably, disruptions in phonological
working memory and inefficient phonological retrieval
causing word/phrase repetitions interfere with sentence
formulation and possibly error monitoring/detection.

4.2.2. Longitudinal discourse and neuroimaging

It was predicted that the IvPPA group would show greater
decrement over time on word-level measures of lexical and
semantic processing, with atrophy extending along the
ventral pathway and into right temporo-parietal and temporal
homologues, respectively. It was also predicted that atrophy
would spread along the dorsal pathway revealing new asso-
ciations between frontal atrophy and measures of verb
retrieval and sentence complexity. Consistent with this, the
IvPPA group's decline in utterance length was associated with
increased percentage of grammatically flawed sentences and
the lvPPA and svPPA groups gradually separated on the
sentence-level measures of utterance length and flawed syn-
tax. However, neither of these behaviours was associated with
worsening atrophy in BA44/45, suggesting fundamental mor-
phosyntactic skills were relatively spared. Declining utterance
length was associated with deterioration in the right inferior-
anterior temporal cortex, suggesting a worsening of semantic
processing ability (Conca et al.,, 2022; Leyton et al., 2015; Rice
et al., 2015). On the other hand, increasingly flawed syntax
was associated with atrophy in the left supramarginal gyrus, a
small cluster in the middle temporal gyrus, and right anterior
temporal and posterior middle temporal cortices. As in base-
line, the mechanism appears more related to declining verbal
working memory ability (Deschamps et al., 2014; Oberhuber
et al., 2016; Whitwell et al., 2015) with additional emerging
impairment in semantic processing (Davey et al., 2016). While
the cortical atrophy and brain-behaviour associations in the
IvPPA group were focused largely within the language
network, findings again support the notion that formulation
of grammatical structures in sentences and discourse is sub-
served by a distributed network, with breakdowns arising at
multiple potential sites.
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4.3. Compensatory discourse mechanisms in suPPA

4.3.1. Baseline discourse and neuroimaging

The svPPA group did not significantly differ from controls on
any of our language measures, which did not support our sec-
ond hypothesis of lower performance on semantic measures.
This was despite participants with svPPA possessing the lowest
scores on the ACE language subtest and the SYDBAT picture
naming, word comprehension and semantic association sub-
tests (see Table 2) indicative of semantic impairment. This
demonstrates the importance of assessing spoken language
skills across multiple contexts, as structured test batteries
reveal deficits when stimulus-response requirements are
tightly constrained. Discourse tasks, such as the Cookie Theft,
remove many of these constraints and evaluate how flexible an
individual can be in drawing upon intact and residual skills to
express thoughts and ideas (see Kong, 2023). However, this
study's focus was on microstructural discourse measures to
capture parallel linguistic and cognitive changes in all variants.
As such, we did not use macrostructural discourse-level mea-
sures such as main concept analysis (Dalton & Richardson,
2019) and productivity, completeness and elaboration of
sequential story elements. It is expected that these measures
would also show variant-specific profiles and provide greater
insight into the quality of the story-telling in each variant
(Coelho, 2002; Greenslade et al., 2024).

Although average utterance length for the svPPA group was
not significantly lower than controls, it was associated with
atrophy in left hemisphere temporal regions, anterior inferior
frontal cortex, and medial middle-posterior cingulate cortex.
These findings reveal the influence of impaired semantic pro-
cessing on discourse production, even when surface level
discourse structure and fluency may appear relatively pre-
served. This can be attributed to the nature of discourse tasks
as they permit elaboration and the opportunity to explore se-
mantic error patterns in tasks with different language and
processing demands. Additionally, looking across the three PPA
variants, it is clear that utterance length is affected by a variety
of factors. It is associated with the inferior frontal language area
in nfvPPA (i.e., sentence formulation), temporo-parietal lan-
guage area in IvPPA (i.e., lexical processing), and the temporal
regions in svPPA (i.e., semantic processing). As such, utterance
length is a marker of discourse integrity but, by itself, is not
practically or theoretically informative in differentiating PPA
variants. On the other hand, these findings highlight the
diverse and distributed suite of skills that must be coordinated
in the process of generating the microstructural components of
discourse.

4.3.2. Longitudinal discourse and neuroimaging

It was predicted that the svPPA group would show deteriora-
tion on semantic measures associated with increased atrophy
along the ventral pathway (Hickok & Poeppel, 2004) and right
homologues. Contrary to expectation, the svPPA group expe-
rienced an increase in propositional idea density over time. In
the context of their relatively stable noun:verb and open:-
closed class word ratios, this could be associated with
increased circumlocution, wherein individuals provide more

descriptive content when specific words cannot be retrieved
(Mesulam, Coventry, Bigio, et al., 2021). Consistent with an
explanation of a more functional or compensatory response to
the semantic word retrieval deficit in svPPA, the change in
idea density observed in our sample was not associated with
atrophic changes. Gallant et al. (2019), in a study comparing
individuals with Alzheimer's dementia or mild cognitive
impairment, noted that moderate semantic impairment tends
to enable contentful (i.e., “precise”) circumlocutions while
more severe impairment leads to “vague” circumlocutions. A
detailed analysis of word retrieval error types and behaviours
was beyond the scope of this study. However, this finding
highlights the importance of evaluating linguistic skills across
multiple contexts to reveal core deficits (e.g., naming tasks) as
well as their functional consequences for daily communica-
tion (e.g., discourse tasks). While our findings are amplified in
our svPPA group due to underlying pathology, they shed light
on universal compensatory mechanisms used in discourse by
healthy ageing individuals. Hardy et al. (2020) found that older
adults were more vulnerable to errors during word retrieval,
although the integrity of syntactic frames and scaffolds
remained relatively preserved. Additional evidence has sup-
ported a shift towards top-down processing in healthy older
individuals that further promotes dependence on circumloc-
utory language (Payne & Silcox, 2019).

4.4. Limitations and future directions

While PPA is a valuable model for examining relationships
between cognition and language in discourse production, there
are limitations. PPA is a relatively rare condition and, as such,
most studies are retrospective in nature. The discourse lan-
guage analysis here was limited to the Cookie Theft picture
description. While this task elicits several story elements, it
typically elicits a shorter language sample with limited story
grammar in comparison to other discourse tasks such as telling
the stories of Cinderella (Thompson et al., 1997) or ‘Frog, Where
Are You’ (Mayer, 1969). Therefore, prospective longitudinal
studies should collect samples using a range of discourse gen-
res (Kintz, 2023), considering both microstructural and macro-
structural analyses for a more comprehensive picture of
cognitive-linguistic interactions over time. These limitations
may have impacted our ability to detect between-group dif-
ferences in language performance. While beyond the scope of
the current study, complementing micro- and macro-structural
analyses should provide insight into the quality of the story-
telling and ability to participate in the broad range of
discourse contexts people encounter daily (Coelho, 2002;
Greenslade et al., 2024).

While our language analyses used standard CLAN pro-
tocols, these include a subset of all possible microstructural
discourse measures. It was beyond the scope of the current
study to quantify additional behaviours such as abandoned
versus completed utterances, morpheme substitution versus
omission, verb argument structure, and type of paraphasias.
As such, our analysis does not inform differentiation of
agrammatism from other disorders such as paragrammatism
(Wilson, Henry, et al.,, 2010), and mechanisms underlying
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these different behaviours. These metrics could be included
in future longitudinal discourse analysis studies. Despite this,
the measures of spoken language structure and complexity
used here (e.g., mean length of utterance, embedded clau-
ses:sentences, and percent of flawed sentences) were shown
to be highly correlated across these two discourse task types
of (Ash et al., 2013). Furthermore, comparing discourse level
language with constrained tasks that elicit specific morpho-
syntactic structures (Billette et al., 2015; Cupit et al., 2017,
Deleon et al., 2012) under varying cognitive load may pro-
vide new perspectives on cognitive-linguistic interactions
that are occurring in discourse. While these tasks sacrifice
ecological validity, potentially under-estimating functional
capacity, they provide detail across the spectrum of language
function and can inform theories of grammatical processing
and use.

4.5. Conclusions

This study is the largest to date to explore longitudinal
changes in discourse and associated changes in cortical
thickness, across the three PPA variants. Findings show that
longitudinal changes in sentence complexity and grammat-
ical errors in expository discourse production PPA are not
associated with traditional regions underpinning morpho-
syntactic processing. Rather, they are associated with
broader cognitive processes and with related lexical and se-
mantic processing. For nfvPPA, this evokes the earliest ac-
counts of agrammatism, which proposed that symptoms
were a consequence of an “economy of effort” strategy (e.g.,
Fedorenko et al., 2023). However, in individuals with stroke,
this strategy is proposed to compensate for a core morpho-
syntactic impairment, which contrasts with nfvPPA where it
may be due to a secondary deficit linked to processes
requiring higher cognitive effort. In nfvPPA and IvPPA,
grammatical changes over time reflected extension of pa-
thology both beyond and within the left perisylvian language
network, respectively, providing insight into how discourse
production is underpinned by a network that extends beyond
classic language regions and involves domain-general
cognitive processes such as error-monitoring and elabora-
tive encoding. From a clinical standpoint, while assessing
discourse may provide an estimate of functional language
capacity for daily communication needs in PPA, the mea-
sures we are currently using are not specific to the gram-
matical changes. Using more targeted and systematically
controlled elicitation tasks and measures, perhaps drawing
from the long history in stroke-related agrammatism
research (Feng et al., 2024), may enable us to better define
grammatical impairments across variants and more accu-
rately assign (or define) the label of agrammatism. From a
clinical standpoint, we have interventions that have positive
effect for prolonging spoken communication capacity in
nfvPPA (Wauters et al., 2024). With more in-depth knowledge
of the grammatical and contributing cognitive deficits in PPA,
we may be able to refine these interventions to improve
communication success.
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