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Abstract

Background: Early impairments in spoken discourse abilities have been identified in Alzheimer's
disease (AD). However, the impact of AD on spoken discourse and the associated neuroanatomical
correlates have mainly been studied in populations with higher levels of education, although
preliminary evidence seems to indicate that socioeconomic status (SES) and level of education have

an impact on spoken discourse.

Purpose: To analyze microstructural variables in spoken discourse in people with AD having low-
to-middle SES and low level of education, and to study their association with grey matter (GM)

density.

Method: Nine women with AD and 10 matched (age, SES, and education) women without brain
injury (WWBI) underwent a neuropsychological assessment, which included two spoken discourse
tasks, and structural magnetic resonance imaging. Microstructural variables were extracted from the
discourse samples using NILC-Metrix software. Brain density, measured by voxel-based
morphometry, was compared between groups, and then correlated with the differentiating

microstructural variables.

Results: The AD group produced a lower diversity of verbal time moods, fewer words and
sentences than WWBI, but a greater diversity of pronouns, prepositions and lexical richness. At the
neural level, the AD group presented a lower GM density bilaterally in the hippocampus, the
inferior temporal gyrus, and the anterior cingulate gyrus. Number of words and sentences produced
were associated with GM density in the left parahippocampal gyrus whereas the diversity of verbal

moods was associated with the basal ganglia and the anterior cingulate gyrus bilaterally.

Conclusions: The present findings are mainly consistent with previous studies conducted in groups
with higher levels of SES and education, but they suggest that atrophy in the left inferior temporal

gyrus could be critical in AD in populations with lower levels of SES and education. This research
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provides evidence on the importance of pursuing further studies including people with various SES

and education levels.

What is already known on this subject.

Spoken discourse has been shown to be affected in Alzheimer disease, but most studies have been

conducted on individuals with middle to high socioeconomic status and high educational levels.

‘What this study adds.

The study reports on microstructural measures of spoken discourse in groups of women in the early
stage of Alzheimer’s disease and healthy women, with low-to-middle socioeconomic status and

lower levels of education.

Clinical implications of this study.

This study highlights the importance of taking into consideration the socioeconomic status and
education level in spoken discourse analysis and in investigating the neural correlates of

Alzheimer’s disease.

Keywords: spoken discourse; microstructure; Alzheimer’s disease; brain density; low

socioeconomic status; low education level.

Introduction

Alzheimer’s disease (AD) is an irreversible neurocognitive disorder characterized by
progressive and degenerative cognitive impairment and widespread regional brain atrophy.
Forgetfulness and memory impairment are the initial clinical signs of AD, which can affect episodic
and semantic memory (Jahn, 2013). Episodic memory impairments have been shown to have a very
high predictive value of AD (Edmonds et al., 2015; Ewers et al., 2012) and have consequently been
the subject of many studies in AD. Language impairments have been identified as an early clinical
manifestation of AD because the presence of language impairments is consistently reported not only

in AD (Ahmed et al., 2013), but also in people with preclinical AD years before its diagnosis (Clark
4



et al., 2009; Taler & Phillips, 2008). Impairments in several aspects of language production have
been consistently reported in the lexical, semantic and pragmatic domains in the early phase of AD,
extending to syntax and articulation with the progression of the disease (Szatloczki et al., 2015).

Spoken discourse is among the most complex tasks of oral communication because it
requires the use and integration of different cognitive functions and language abilities to support the
production of multiple combinations of ideas. According to the broad scientific consensus,
discourse is defined as a component of language larger than an utterance or a sentence (Kong et al.,
2016). In fact, discourse is the most elaborate manifestation of human expressive language (Ska et
al., 2004). The study of expressive discourse is thus complex even in persons without neurological
impairments, given that it can be modulated by demographic variables (e.g., age, gender, and
education), cognitive variables (e.g., attention and executive functioning), and linguistic variables,
such as the type of discourse assessed and the extracted measures (AbdulSabur et al., 2014). To
date, over 536 measures of expressive discourse have been reported in the literature (Bryant et al.,
2016). They can be grouped into two types: analysis using qualitative scales (e.g., grammatical
form, presence of paraphasias) and quantification of micro- and macro-structural variables (Stark et
al., 2021). Microstructural measures focus on the linguistic microstructure and allow for a detailed
and often quantitative analysis of the different units within an utterance. The number of words per
sentence and the average length of utterances are examples of variables commonly used.
Macrostructural variables, on the other hand, allow us to situate the language in its context and to
focus on the meaning of the utterances and the relationship between them. Discourse structure,
cohesion, coherence, and informativeness are examples of macrostructural aspects. Micro- and
macro-structural measures are often combined to provide a more complete portrait of the
complexity of discourse skills (Marini et al., 2011).

Spoken discourse assessment and analysis are gaining widespread importance in clinical and
research practices in post-stroke aphasia (Stark et al., 2021), and more recently in AD (e.g., Filiou et

al., 2020; Mueller et al., 2018) because it allows the simultaneous assessment of several faculties,



such as language, memory, executive functions, in a more ecological way than tests targeting these
functions separately (Filiou et al., 2020). Linguistic discourse analysis assesses the relations
between language abilities which are otherwise classically analyzed by discrete language measures
(Prins & Bastiaanse, 2004). Therefore, it helps disentangle the underlying language aspects
impaired in AD (Ahmed & Garrard, 2012). Although discourse offers the advantage of allowing to
investigate all language domains in the same task, the scoping review of Filiou et al. (2020) showed
that most studies have focused on one or two domains. Language deficits are widely recognized in
AD and impairments in spoken discourse have been frequently reported in six different language
domains: 1) speech rate; 2) structural and syntactic measures; 3) lexical measures; 4) morphological
and inflectional measures; 5) semantic measures; and 6) measures of spontaneity and fluency
disruptions. Among the most consistent results, individuals with AD would have a slower speech
rate, and would produce fewer words (Petti et al., 2020) in terms of speech production compared to
people without brain damage. According to a recent systematic review on verb processing, persons
with AD tend to use simpler structures, but few grammatical errors (Williams et al., 2021) than
people without brain damage. As for lexical access difficulties, they are more pronounced for words
of lower lexical frequency, of shorter word length (e.g., Kavé & Goral, 2016), while there is also a
lower richness of vocabulary, as measured by type-token ratio (Bucks et al., 2000), Honoré’s index
(Bucks et al., 2000; Fraser et al., 2016) and Brunet’s index (Bucks et al., 2000). At the semantic
content level, the most discriminant measures have been observed with information content and
word finding delays (e.g., Nicholas et al., 1985), as early as the first stage of AD (e.g., Forbes-
McKay & Venneri, 2005). Verbal fluency is also decreased in AD, with higher rates of repetition,
modalization, hesitation, and unfilled pauses (Pistono et al., 2021). Pragmatic aspects have been less
systematically reported, but people with AD tend to show a decrease in global coherence (Dijkstra
et al., 2004) compared to people without brain damage, which has been positively correlated with
the semantic and episodic performance (Brandao et al., 2013). Nonetheless, results are still

inconsistent depending on several factors, including sample size, variables selected, variable



extraction method and task used to elicit discourse production (Filiou et al., 2020; Slegers et al.,
2018). Research on spoken discourse in AD and MCI would benefit from a more standardized and
psychometrically sound assessment, such as the effort made in post-stroke aphasia (Stark et al.,
2021, 2022), and from a multidimensional approach to have a more comprehensive understanding
of discourse abilities (Filiou et al., 2020; Slegers et al., 2018).

As defined previously, discourse, also called connected speech, refers to the continuous
production beyond the sentence level, which includes either unconstrained productions such as
conversation, or more constrained productions such as personal narratives (i.e., ask a person to
speak about a topic) and picture description (Armstrong, 2000). The most natural discourse genre is
conversation, but the interaction with another speaker and the high inter-individual variability of
spontaneous speech, inherent in a unique and personal complex cognitive task, complicates the
analysis and the comparisons across participants. On the other hand, a single picture description
task is a less natural discourse genre, but it has the advantage of being more predictable and is thus
easier to evaluate with standardized measures (Mueller et al., 2018). Unsurprisingly, the single-
picture description task has been the most used task in studies aiming at investigating connected
speech abilities in Mild Cognitive Impairment (MCI) and AD (Filiou et al., 2020). The use of
picture description has the advantage of reducing the demands on episodic memory because the
story is visually presented to the participant (Duong et al., 2003). Although less adopted in previous
studies in AD, the use of a sequence of actions has the advantage of requiring the participant to use
more cohesive devices to establish the relationship between the different events of the story
compared to a single-picture description task (Drummond et al., 2015). Interestingly, a study
comparing a group of French-speaking people without brain injury and AD participants reported
that discursive deficits were greater in a single-picture description task than in a multiple-picture
task (Duong et al., 2005). One possible explanation is that the use of multiple pictures supports a
better temporal organization of the story. The production of pauses has also been compared between

sequential picture description and memory-based narratives in a group of persons with AD and a



group of persons without brain injury (Pistono et al., 2019). More pauses were produced in
sequential picture description in the AD group, and these were correlated with the lexical content
index. On the other hand, pauses in the memory-based narratives were correlated with memory
performance in the AD group. Sequential picture description has also been used in a study
comparing the production of main concepts in people with AD (Kong et al., 2016). Presence,
completeness, accuracy, and efficiency of producing main concepts were significantly lower in AD
compared to people without brain injury. These previous findings support the importance of

investigating sequential picture description in AD.

The role of sociodemographic and sociocultural characteristics on AD and spoken discourse

AD is the most prevalent neurodegenerative disease in the world, but the prevalence varies
depending on the countries. According to a systematic review and meta-analysis (Prince et al.,
2013), the prevalence of AD in Latin America was estimated to be 8.5% in individuals 60 years and
older, which represents the highest rate in the world. Education level is among the environmental
factors that could account for the high prevalence in Latin America. According to the Pan American
Health Organization core indicators (PAHO, 2022), the mean education level of the population in
North America (i.e., Canada and the United States of America) in 2018 was of 13.7 years,
compared to 8.9 years in the Southern part of Latin America and 8.0 years in Brazil. Results
regarding the effect of education on the risk of dementia and Alzheimer’s disease were initially
inconsistent, but education has been identified as a modifiable risk factor for dementia by the 2017
Lancet Commission (Livingston et al., 2020). Socioeconomic status (SES) is also very different
between high-income countries and low-income and middle-income countries (LMIC). For
instance, the mean gross national income per capita is nearly nine times higher in North America
compared to Brazil, which was respectively $68189 US and $7720 in 2021 (PAHO, 2022).
Although dementia prevalence is higher in LMIC than in high-income countries, most studies
conducted to date have been conducted in higher-income countries. The same bias occurs in relation

to education, which is very much linked to SES. Studies have reported an increase in



neurocognitive processing as a function of higher educational levels (Cotrena et al., 2016). Borelli
et al. (2022) investigated the prevalence of subjective cognitive decline (SCD) in Brazil. They
reported that SCD was most strongly associated with Brown/Pardo and Black races, but also with
dementia-modifiable risk factors such as hearing loss, low education, and psychological distress.
Altogether, this suggests that it is crucial to pursue the effort to conduct studies on people from

LMIC as the results obtained from high-income countries may not be generalizable.

Regarding discourse abilities, knowledge of the topic (Shapiro, 2004) and of discourse genre
(narrative vs. expository; Clinton et al., 2020; Mar et al., 2021), literacy abilities (Mellard et al.,
2010), level of education (Mackenzie, 2000), age (Mackenzie, 2000; Martin et al., 2018) and
reading/writing habits (Martin et al., 2012) are variables that can influence discourse processing.
Studies in post-stroke aphasia have already associated SES with the severity of linguistic and
cognitive impairment and with patterns of recovery. For example, Song et al. (2017) conducted a
multinomial logistic model analysis which showed that low educational level and manual laboring
have a more significant impact on the functional outcome three months following an ischemic
stroke than does low-income level. Despite the relevance of studies on the impact of low education
level and low SES, such studies are still very scarce in people with AD. Moreover, according to a
scoping review on the methodology used to assess discourse production in MCI and AD (Filiou et
al., 2020), over 40% of the studies were conducted in English-speaking populations, which reflects
a substantial gap for the other languages, since the language spoken can have an impact on
discourse abilities (Mehler, 1994). Similarly, most studies on narrative comprehension have
been conducted with adults from high-income countries, where education levels are higher than in
LMIC according to the education index of the Human Development Reports (United Nations
Development Programme, 2020). Furthermore, some studies conducted in high-income countries
have been conducted in people with AD with higher levels of education (e.g., Drummond et al.,
2015). Since education and SES relate to cognitive (including linguistic) performance, those studies

may not be generalizable for people with lower levels of education and SES from LMIC. This lack



of linguistic diversity constitutes a barrier towards the discovery of globally equitable tests and
measures markers of brain healt early identification of neurodegenerative disorders such as AD s

AD (Garcia et al., 2023).

Structural correlates of AD and spoken discourse considering educational level and SES

According to a meta-analysis of voxel-based morphometry (VBM) studies in AD (Chapleau
etal., 2016), the classical early pattern of atrophy in AD starts in the hippocampus bilaterally and in
the posterior medial temporal regions, extending later to other cortical areas. Limbic regions and
specifically the left parahippocampal gyrus and left posterior cingulate gyrus (Wang et al., 2015) as
well as the bilateral hippocampus/amygdala complex (Frisoni, 2002) appear to be most affected by
AD. Several factors other than AD can also influence cortical density, such as education level
(Richards & Sacker, 2003), socioeconomic status and literacy (Manly et al., 2005). Education and
richness of cognitively stimulating life experiences have been shown to develop a cognitive reserve,
which is supported by an increase neurogenesis in the dentate gyrus, an increase neuronal plasticity,
and may be associated with increased cortical density (Stern et al., 1995). In fact, several studies
demonstrate the implication of the level of education and SES in the constitution of cognitive
reserve and by extension on cortical density (Stern, 2009). It is important to acknowledge that SES
is a complex proxy of cognitive reserve intrinsically related to other measures of cognitive reserve,
such as education, as already mentioned, and bilingualism (Bialystok, 2021), among others.
Therefore, education or SES are more difficult to examine as isolated factors. However, education
itself has been shown to be a determinant factor of brain size and volume in typical adulthood (Kim
et al., 2023). Early-life exposure to high education has been proposed to have a neuroprotective
effect on the aging brain against cortical thinning (Chen et al., 2019; Walhovd et al., 2023), as well
as in postponing dementia (Fratiglioni & Wang, 2007). Furthermore, the neuroprotective effect of
education against cortical thinning of the aging brain has shown a lifetime effect. For example,

Steffener (2021) demonstrated an effect of higher education in gray matter maintenance until later
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ages, while this protection declined year by year in late life in those individuals with greater levels
of education. Thus, the impact of education on a lifespan, mainly in later ages, needs to be more
fully addressed. Finally, sex differences have also been observed in terms of brain volume.
Compared to males, greater grey matter volume has been reported in females (Peng et al., 2016).
Similarly, cortical thickness has been reported to be thinner in males than in females, but the
differences due to sex were reduced in MCI and AD groups (Sangha et al., 2021). This is
particularly important considering that evidence suggests the prevalence of AD in females as

compared to males (Fratiglioni et al., 1997).

So far, only a limited number of studies have focused on the neural correlates of language
impairments in AD (Szatloczki et al., 2015). Previous studies have focused on episodic memory
with limited studies looking at language. Although changes in neural networks supporting language
processing have been reported (Mascali et al., 2018; Pistono et al., 2021), correlations between the
degree of connectivity in the language network (perisylvian cortex mainly) and language tasks are
less common. Among the few, a recent study showed that participants with AD performed similarly
to participants without neurological impairment in complex semantic and pragmatic tasks, despite
showing a typical pattern of temporo-parietal atrophy attributed to AD (Luzzi et al., 2020). Mascali
and colleagues (2018) did not find correlations between the brain activation of the language-related
areas and language tasks in a group of participants with mild AD, whereas Pistono and colleagues
(2021) found that increased connectivity along the left perisylvian cortices, more specifically
between the inferior frontal gyrus and the superior temporal gyrus, was correlated with the
performance in a sentence production task (i.e, production of a sentence using given words). This
evidence shows that a compensation in language abilities (at least at the macrostructural level) may
exist, even if neural changes take place in the population with AD. Spoken discourse tasks require
the combination of different aspects of language at the same time, at the general performance level
(e.g., pragmatics) but also at the microstructural level (e.g., syntactic variations), which makes them

ideal to identify subtle changes that otherwise would pass unnoticed until more severe impairments
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appear. Most importantly, these behavioral changes have not been associated with brain changes,
which leaves unanswered the question of whether this association could be a potential marker of

AD.

Purpose

The present study aims to extend our knowledge of the impact of AD on spoken discourse
abilities in people with low levels of education and middle-low to low SES. Considering the
underrepresentation of languages others than English in research of discourse abilities in AD, it is
critical to report on non-dominant languages in order to have a better understanding of the
linguistics specificities to minimize the global inequities. Thus, we aim to fill the gap by reporting
on a group of unilingual Brazilian Portuguese speakers. The objectives are twofold. First, we
examine whether there are differences on the microstructural characteristics of spoken discourse
between women with AD and women without brain injury (WWBI). Spoken discourse assessment
is relatively easy to do, cost-effective, and could improve the detection of AD in countries such as
Brazil where brain imaging is less easily available than in other countries. Based on recent
systematic (Slegers et al., 2018; Williams et al., 2021) and scoping (Filiou et al., 2020) reviews on
connected speech in participants with AD, we hypothesize that differences can be observed at the
lexical and the syntactic level, as well as in the amount of production. Second, we intend to explore
the association between the microstructural measures of spoken discourse and their structural
correlates in grey matter (GM). Previous studies have not yielded strong conclusions on the impact
of AD-related atrophy on discourse measures. The present exploratory study will help to develop

specific hypothesis which will be tested in future research.
Method
Participants

The study was approved by the Research Ethics Committee under report number 560.073,

CAAE registry number 21006913.0.0000.5336. Participation in the study was voluntary, and
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participants provided written informed consent before joining the study. Nineteen participants were
included in the study. The demographic and clinical variables of both groups are presented in Table
1. All participants were native Brazilian Portuguese speakers and did not speak other languages.
They were recruited at community centers, in an urban context in the southernmost state of Brazil.

Participants were from low to middle-to-low socioeconomic status.

Originally, both males and females were recruited for the study. A flow diagram of the
progress through the phases of the study (that is, enrolment, group allocation, and data analysis) is
reported in Supplementary Material 1. As reported in the diagram, a large majority of women were
recruited. Considering the potential role of sex on both the behavioral and neuroimaging results, we
decided to only report data from female participants. Thus, the group of people diagnosed with AD
consisted of nine female patients who attended the neurology service at a hospital affiliated to the
university where the study was registered. They were diagnosed at a mild AD stage (level 1)
according to the Clinical Dementia Rating (Morris, 1993) completed by a neurologist. Exclusion
criteria consisted of 1) a history of psychiatric disorder; 2) severe visual and auditory perceptual
deficit; 3) no previous neurological disorders (e.g., stroke, tumor, epilepsy, brain injury); 4) no
current or previous history of substance abuse, or dependence (alcohol, drugs, and
benzodiazepines); and 5) left-handedness or ambidexterity which was assessed using the Edinburgh

Handedness Inventory (Oldfield, 1971).

The WWBI group consisted of 11 female healthy participants recruited at community
centers. In addition to the exclusion criteria used with AD patients, WWBI were also excluded if
their score on the Mini-Mental State Examination (MMSE) was lower than the age and educational
specific cut-off score adapted for the Brazilian population (Brucki et al., 2003): illiterate = 20
points; 1-4 years of education = 25 points; 5-8 years of education = 26.5 points; 9-11 years of

education = 28 points; > 11years of education = 29 points).

Materials and procedures
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Sociodemographic questionnaires

As in our previous studies (Schneider et al., 2021, 2022), participants were also asked to
complete the Questiondrio de condigdo social, taken from Associagcdo Brasileira de Empresa e

Pesquisa (Abep, 2015) (https://www.abep.org/criterio-brasil), to measure the SES. The score is

calculated based on household characteristics, the education level of the head of household, and
consumer goods and amenities. It establishes the following cut-off points: lower SES =0 to 16;

middle = 17 to 28; upper middle = 29 to 44; upper = 45 to 100.

Moreover, participants completed a questionnaire (Pawlowski et al., 2012) measuring
reading and writing habits (RWH). Participants evaluated their frequency of reading different types
of printed and digital material, such as magazines, newspapers, books, social media, and the
frequency of writing notes, text messages, literary and/or non-literary texts, both weekly. Frequency
ratings of both reading and writing habits were scored using a four-point scale for each type of
material: daily (4 points); a few days a week (3 points); once a week (2 points); rarely (1 point), and

never (0 points), with a maximum score of 16 points for each modality (reading and writing).
Neuropsychological assessment

All participants took part in a larger study aiming to map age and dementia-related changes
in language processing. The episodic memory task from the Bateria de Avaliagdo da Linguagem no
Envelhecimento (BALE; Hiibner et al., 2019) consists of identifying and learning 16 figures from

different semantic categories of nouns, grouped in four charts with four items each, Mith three

recalls: two times free immediate recall plus cued immediate recall and a 20-minute delayed recall,
)While working memory was evaluated with the WAIS-III Digit Span and Backward Digit Span
subtests (Wechsler, 1997). The semantic knowledge task consists of completing and explaining the
meaning of three proverbs (6 points) and explaining the meaning of three metaphors (3 points), for
a maximum score of 9. The semantic association task is composed of 12 sets of pictures, each one

containing four stimuli: a prime picture on top and three possible targets below it. Participants point
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to the target picture, among the three options, that has the closest semantic relation to the prime one.
The maximum score for this task is 24, with a maximum of two points for each association trial
(two points for each correct association followed by the right explanation, one point for the correct
association but without the expected explanation; no points for an incorrect association between the
two chosen pictures). The naming task consists of 60 black and white drawings, balanced regarding
animate versus inanimate and high versus low-frequency items, presented in groups of four in an
A4 sheet. The total score for this task is 60, one point for each correct answer. The verbal semantic
fluency task consists of generating words for the animal category for one minute, while the verbal
phonemic fluency task consists of saying as many words as possible for one minute using the

phoneme /p/. These tasks are subtasks of BALE (Hiibner et al., 2019).

Discourse assessment

Spoken discourse was elicited with two tasks taken from BALE (Hiibner et al., 2019): (a) a
picture sequence task and (b) a free discourse task. The picture sequence task is known as “The dog
story”. Participants were asked to tell the story based on seven scenes, according to the following
instruction: “I will show you a story with scenes. Each scene is a moment in the story, which has a
beginning, middle, and end. I will ask you to take a good look at the scenes and try to understand
the story. Then, I am going to ask you to tell me this story as if you were going to tell it to a friend.
Are you ready? Can we start?”. The pictures were presented in the correct sequence and remained
in front of the participant so that s/he could observe them while telling the story. Participants were
given time to observe the scenes and, if necessary, the instruction was repeated. There was no time
limit for the accomplishment of the task. In the fiee discourse task, participants were asked to tell a
funny story, according to the following instruction: “I would like you to tell me a funny story that
happened to you, or that you witnessed, or that you were told. It cannot be a joke”. Completion of

the task had no time limit.

MRI protocol

15



One high-resolution three-dimensional (3D) T1-weighted scan was acquired on a GE
Healthcare 3.0T HDxt MRI scanner using an 8-channel skull coil. A Magnetization Prepared Rapid
Gradient Echo (MP-RAGE) sequence was acquired using these parameters: TR = 6272 msec, TE =

2255 msec, TI = 500 msec, voxel size = 1x1x1 mm3, matrix = 240 x 240, 196 slices.

Preprocessing

Discourse transcription and data extraction

All discourse samples were audio-recorded for later transcription. Transcriptions were made
by two independent researchers, and discrepancies between the two were resolved through
discussion. Transcriptions were segmented into utterances, in which a full stop marked the end of
each utterance, as proposed by Thompson et al. (2012), who define utterances as being a group of
words expressing a complete thought. Linguistic metrics were obtained from the two narratives
combined using the NILC-Metrix software (Leal et al., 2022), which is based on Coh-Metrix
(Aluisio, Sandra Maria et al., 2016; Graesser et al., 2004, 2011; Graesser & McNamara, 2011). The
software automatically generates 200 language metrics, including lexical and syntactic information,
readability and psycholinguistic measures, and metrics of referential and semantic cohesion. First,
all the measures related to the standard deviation (n = 10), minimum (n = 7) and maximum (n = 7)
values, measures (n = 24) subdivided for a more refined analysis (e.g., sentences with five clauses,
sentences with four clauses, sentences with one clause...) were excluded from the analysis. Then,
using the systematic review of Filiou et al. (2020), we reviewed all remaining measures and
excluded the less reported measures (e.g., grammatical particles ratio, ratios between subclasses of
word categories, etc.). Finally, the variance of the remaining 92 variables was then calculated, and
all measures with a variance of 0 were excluded. Thus, of the initial 200 variables, 171 variables

were excluded, which led to a total of 29 variables analyzed with NILC-Metrix.

Briefly, we analyzed nine different categories of measures: connector measures (connector

ratio), descriptive measures (sentences, words per sentence, words), lexical diversity (preposition
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diversity, pronoun diversity, relative clauses, indicative present ratio, noun diversity, type-to-token
ratio, content word diversity), psycholinguistic measures (concreteness mean, imageability mean,
age of acquisition mean, familiarity mean), readability measures (Brunet index, Honore’s index,
Flesch index), syntax complexity (Frazier, Yngve), temporal lexicon (verbal time mood diversity),
word frequency (content word frequency), word morphosyntactic information (verbs, noun ratio,
inflected verbs, pronoun ratio, infinitive verbs). Each feature is explained in detail, in Brazilian

Portuguese, on the NILC-Metrix website (http:/fw.nilc.icmc.usp.br:23380/nilcmetrix).

MRI preprocessing

First, the raw DICOM scans were converted into the Neuroimaging Informatics Technology

Initiative format (nifti) using MRIcroGL (https://www.nitrc.org/projects/mricrogl/) (Rorden &

Brett, 2000). Voxel-based morphometry (VBM) pre-processing was performed using the default

settings of the Computational Anatomy Toolbox (CAT12, version 12,

https://www.nitrc.org/projects/mricrogl/) (Rorden & Brett, 2000). Briefly, a spatially adaptive non-
local means denoising filter (Manjon et al., 2010) is applied and all 3D T1-weighted MRI scans are
normalized using an affine followed by non-linear registration, corrected for bias field in
homogeneities, and then segmented into grey matter, white matter, and cerebrospinal fluid
(Ashburner & Friston, 2005). Then, we used the Diffeomorphic Anatomic Registration Through
Exponentiated Lie algebra algorithm (DARTEL; Ashburner, 2007) to normalize the segmented
scans into a standard MNI space. The resulting images were visually inspected one by one using
MRIcroGL to exclude macroscopic segmentation errors. Finally, all images obtained from the
segmentation of normalized images were smoothed using the full-width-half-maximum (FWHM)

Gaussian kernel of 12 mm.) (Rorden & Brett, 2000).

Statistical analyses

Behavioral analyses

17



Statistical analysis was conducted using the Statistical Package for the Social Science
(SPSS) version 28.0.1.0 statistical software. An independent samples t-test was performed on the 29
remaining variables to highlight the variables that were significantly different in the AD compared
to the WWBI group. To avoid the inflation of Type I error rate, a Benjamini-Hochberg procedure
(Benjamini & Hochberg, 1995) was applied for the 29 comparisons, using a false discovery rate of

25%.
Neuroimaging analyses

In the first step, whole-brain statistical analyses were performed in SPM12 using the
smoothed GM maps to assess whole-brain effects. Second-level general linear models were
specified including the two groups (AD and WWBI) and total intracranial volume (TIV) as
covariate of no interest. In a second step, we performed a regression model, which included both the
AD and the WWBI groups, using the whole brain GM maps as well as the scores of the discursive
measures as a dependent outcome and TIV as covariate of no interest, to identify brain regions
where GM density reductions were associated with discursive performance. For both analyses, a
family-wise error (FWE) correction at p < .05 at the cluster level was applied, using an arbitrary
cluster-forming uncorrected threshold of p <.001. Additionally, effect sizes for significant

comparisons were calculated using the T-statistics (t) and the degrees of freedom (df) in

thei/t2 /(t? + df)) (Lukic et al., 2021). Anatomical labeling was performed at

Neuromorphometrics, Inc., following the methods described in Caviness et al.(1999)

Results
Participants

Table 1 presents demographic information and mean neuropsychological evaluation scores
for both AD and WWBI groups. Both groups of participants were matched for age, education, and

socioeconomic status as well as reading habits (all p > .05; see Table 1). However, a significant

18



difference was present regarding writing habits (t = - 2.38, p = .030), for which the WWBI group
reported to have more writing habits than the AD group. Regarding the neuropsychological
assessment, the most significant differences were observed between the two groups on the MMSE (t
=-5.950, p <.001) and on all episodic memory subtasks except for episodic memory cued (t = -
.53, p =.959), for which women diagnosed with AD had a lower performance than WWBI.
Significant differences were also observed on the Trail Making Test (Version A: t=3.07, p =.007,
Version B: t =3.00, p = .010), but there were no differences in the digit span tasks (all p > .05; see
Table 1). Differences were also observed between the two groups on the semantic verbal fluency (t
=-5.15, p <.001), phonemic verbal fluency (t = - 2.29, p = .038), and on the naming task (t = -
4.03, p =.001), for which women with AD had a lower performance than WWBI. Significant
differences were also observed on semantic association (U = 70.00, p = .043), but not on the
semantic knowledge tasks (composed by the proverbs and metaphors subtasks) (p > 0.05; see Table

1).
Discourse results

Mean and standard deviations (mean + SD), as well as the range for each group, are reported
in Supplementary Table 2 in addition to the statistical values of the tests. Only six variables showed
a significant difference between the two groups after the Benjamini-Hochberg FDR correction.
Figure 1 represents the variability of these variables. Namely, compared to the WWBI group, the
AD group produced fewer sentences (t = - 2.92, p = .010), fewer words (t = - 2.54, p = .021), and a
lower verbal time moods diversity t = - 3.00, p = .008), whereas they produced a greater diversity of
prepositions (t = - 2.39, p = .029) and of pronouns (t = 2.35, p = .031) and a greater lexical richness,

with a mean Brunet’s index lower than in the WWBI group (t=- 2.35, p =.031).

Imaging results

Identification of grey matter density differences between groups
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VBM analyses were computed to identify grey matter density differences between the
groups. Total intracranial volume was included as nuisance covariables to account for
interindividual differences. Significant differences are depicted in Figure 2. Women with AD
compared to WWBI showed a reduction in grey matter density in the left and right anterior
cingulate gyrus, left hippocampus, right hippocampus, and bilaterally in the inferior temporal gyrus.
No regions showed significant greater cortical density in the AD group compared to the WWBI
group.

Linear regression-based analysis of discursive variables

Regression-based analyses were computed, after controlling for TIV, between regional GM
volume as measured by whole-brain VBM and the discourse measures. The anatomical labeling of
the clusters is listed in Table 2. One significant cluster located in the left parahippocampal gyrus
(MNI 152 coordinates -24 -20 -33) was significantly and positively correlated with the number of
words produced (T = 5.39; k = 842) and the number of sentences (T = 6.11; k = 441). Grey matter
density was also positively correlated with verbal time mood diversity with a cluster located in the
left pallidum/amygdala gyrus (MNI 152 coordinates -18 -4 -9; T = 4.20; k = 382) as well as with a
cluster located in the anterior cingulate gyrus (MNI 152 coordinates 3 46 3; T =4.58, k =313)

(Figure 3).

Discussion

This study first aimed to examine whether there are differences on the microstructural
characteristics of spoken discourse between women diagnosed with AD and WWBI, in a context of
low level of education and low-to-middle SES. The AD group produced fewer sentences and fewer
words, and a lower verbal time moods diversity. On the other hand, they produced a higher
diversity of prepositions and pronouns, and showed a greater lexical richness, as shown by a lower

Brunet index. Second, we identified a reduction in grey matter density in the left and right anterior
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cingulate gyrus, left hippocampus, right hippocampus, and bilaterally in the inferior temporal gyrus
in women with AD compared to WWBI. Third, we aimed to explore the association between the
microstructural measures of spoken discourse and their structural differences in GM. Number of
words and sentences produced was positively associated with grey matter density in the left
parahippocampal gyrus, whereas verbal time mood diversity was associated with grey matter
density in the left pallidum/amygdala gyrus and in the anterior cingulate gyrus. We grouped the

discussion following these three aims.

Microstructural characteristics of spoken discourse

The present results extend what is already known in populations form higher SES
background. Consistent with previous evidence (Petti et al., 2020), the AD group produced fewer
words than the WWBI group in the discourse tasks. Likewise, significant differences in word
retrieval-based neuropsychological tests were also found between the AD group and the WWBI.
Consistent with previous evidence reporting a decreased verbal fluency in AD, with higher rates of
repetition, modalization, hesitation, and unfilled pauses (Pistono et al., 2021), lower performances
were obtained in the AD group as compared to the WWBI group in the phonemic and semantic
verbal fluency. Lower performance by the AD group was also observed in tasks involving semantic
memory (naming task and semantic association task) and in episodic memory (verbal learning task).
In fact, significant differences found in language-based neuropsychological tests in our samples
reveal a lower performance in word and content retrieval tasks, which indicates that this underlying
impairment leads to a lesser production of items. These findings may indicate limited access to
word meanings, and difficulty in lexical retrieval and word generation in AD, which may limit the
length of the speech samples in this population. Previous evidence has suggested that lexical
retrieval impairments observed in written picture description discourse could be a sensitive marker
of AD, even in the early stage (Forbes et al., 2004; Pekkala et al., 2013). However, the use of
written discourse in persons with lower levels of education is more challenging as some might not

have learned how to write. The present result suggests that similar results can be obtained using a
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spoken discourse task and that it could be an early indicator of AD in populations with lower levels
of education. Alternatively, reduced memory skills observed in AD could also account for lower
performance on retrieval tasks. The differentiation between language and memory impairments is
difficult since the two are interwoven (Mueller et al., 2018), and should be further studied.

In a review with meta-analysis (Kavé & Goral, 2018), conflicting evidence has been
reported regarding lexical richness. By definition, lexical richness seems to be operationalized as a
measure of proficiency and vocabulary knowledge (Jarvis, 2013) which seems to increase with age
because of experience and world knowledge (Huilt et al., 2011). The present results showed that the
AD group produced a greater lexical richness, with a mean Brunet’s index lower than in the WWBI
group. In contrast, lower richness of vocabulary, as measured by type-token ratio, Honoré’s index
and Brunet’s index, has been reported in AD (e.g., Bucks et al., 2000). Fraser et al. (2016) found
that Honoré’s statistic was lower for adults with AD than controls in the descriptive discourse task
using cookie theft samples from a group of 167 adults with AD. Honoré’s statistics was part of the
semantic factor derived from the factor analysis made to reduce the top 50 features extracted from
the discourse samples. However, none of the other measures of lexical richness, which included
Brunet’s index and type-token ratio, were in the top 50 factors. Similarly, no significant difference
in terms of lexical richness (i.e., moving-average type-token ratio) was found in AD compared to
persons without brain damage (Cho et al., 2022), which could point out that the complexity of
lexical richness may be less sensitive in this population compared to other measures of a more
structural nature. In the same vein, it could be debated at which point it might serve as an early sign

of AD (e.g., Kavé, Goral, 2016).

Lexical content has also been examined through proportions of different parts of speech
such as proportions of pronouns, nouns, adjectives, and verbs. The AD group produced a greater
diversity of prepositions and of pronouns than the WWBI group, as reported in previous studies
(Almor et al., 1999; Bucks et al., 2000; Fraser et al., 2016; Lindsay et al., 2021). One potential

explanation of a higher recurrence to prepositions and repeated pronouns is that it may indicate a
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difficulty to access content words and adequate references that could substitute the pronouns, which
may lead to ambiguity due to the use of vague pronouns referring to an element in the text, as well
as an emptier discourse (Lindsay et al., 2021). The establishment and maintenance of references are
central in language processing since much of what we talk about refers to entities in the word. In
this aspect, pronouns are vital, and they need to clearly point to elements in or outside the linguistic
context and must be kept in mind by the speaker, while being made clear to the listener — this shows
its intrinsic relation with memory systems. The adequate use of pronouns is necessary to promote
discourse coherence, which is impaired in AD (Drummond et al., 2015; Toledo et al., 2018).
Another potential explanation for the higher use of prepositions and pronouns is that the nature of
this difficulty may rely on a perspective-taking difficulty, specifically on taking the hearer’s
perspective. Bittner and collaborators (2022) analyzed nine types of pronouns, including, for
example, pronouns with reference to persons and objects, the impersonal pronoun man in German
“one”, in English), and the propositional pronoun das (this/that) in semi-spontaneous biographical
interviews. They reported a correlation between the use of these pronouns and declines in
elaborative and evaluative information, that is, information the listener would have benefitted from
to create a better model of discourse. Interestingly, changes in pronoun use may be detectable a
decade before the clinical diagnosis of AD (Bittner et al., 2022). Further studies should investigate
the generation of pronouns in other types of discourse tasks, as well as the impact of impairment on

specific types of pronouns, to benefit clinical applications.

According to recent systematic reviews (Filiou et al., 2020; Slegers et al., 2018),
morphological and inflectional measures as well as structural and syntactic measures should be
observed when investigating discourse in AD. While Kavé and Levy (2003) did not find differences
between AD and age-matched control participants in syntactic (e.g., production of independent and
declarative clauses) and morphological aspects (e.g., word inflection, verb formation), others have
reported difficulties in the production of tense, aspect, agreement, and mood in AD (Fyndanis et al.,

2018; Roumpea et al., 2019). In the present study, neither of the syntactic nor the morphological
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measures were found significantly different between the two groups, which is consistent with the
systematic review of Williams et al. (Williams et al., 2021) who reported a relative preservation of
syntactic and grammatical abilities. Nonetheless, lower verbal time mood diversity was observed in
the AD group compared to the WWBI. According to the NILC-Metrix classification, verbal time
mood diversity is a measure of temporal lexicon. The present result could indicate impaired use of
syntactic moods, due to a reduced ability to select the proper mood according to the idea to be
elicited. Fyndanis et al. (2018) explored subject—verb agreement, tense/time reference, and mood
production in sentence completion tasks in two highly inflected languages (i.e., Greek and Italian)
to assess whether verb-related morphosyntactic production is (selectively) impaired in AD. Both
Greek and Italian participants with AD performed worse than the control group. Moreover, the AD
groups revealed different patterns of morphosyntactic production (Greek: agreement/mood > time
reference; Italian: Agreement > Time Reference > Mood). Past reference was more impaired than
future reference. They conclude that there are syntactic aspects impaired in AD, and that the
different patterns observed in the two languages may be partly attributable to the different form
these languages encode mood. These results support the importance of studying cross-linguistic
patterns of morphosyntactic impairment in dementia and point to the necessity of expanding the

testing of these features to a variety of oral discourse production tasks and languages.

Structural correlates of AD

Synaptic loss and a consequent brain focal atrophy represent a hallmark of AD and are
generally associated with cognitive impairment (Scheff et al., 2011). Consistent with previous
evidence in people with higher levels of education and SES (Chapleau et al., 2016; Frisoni, 2002;
Wang et al., 2015), women with AD compared to WWBI women showed a reduction in grey matter
density in the areas comprising the left and right anterior cingulate gyrus, left and right
hippocampus, and bilaterally in the inferior temporal gyrus. In their meta-analysis of VBM studies
on AD, Chapleau and collaborators (2016) proposed a classical early pattern of atrophy in AD

which starts at the hippocampus bilaterally and in posterior medial temporal regions, extending after
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to other cortical areas. Atrophy in the hippocampus bilaterally has widely been known as a marker
of AD (Dubois et al., 2015; Uysal & Ozturk, 2020). Yet atrophy in the right posterior cingulate
cortex/precuneus has also been reported in AD patients when compared to the behavioral variant of
frontotemporal dementia by Smith et al. (2002). Significant atrophy in the cingulate has been
reported in AD in all four cingulate regions (rostral anterior, caudal anterior, posterior cingulate
gyrus and retrosplenial cortex), with higher atrophy in the posterior cingulate gyrus as compared to
the other three areas (Jones et al., 2006). Thus, our results are consistent with the literature which
reports cortical atrophy in this region, although it is more often the posterior (and not anterior)
cingulate gyrus that is reported (Leube et al., 2008). Further studies should analyze the possible
effect of sociodemographic aspects, such as SES and education, in the specific participation of
posterior versus anterior areas in the cingulate gyrus. Jones and colleagues (2006) suggest that
detecting and monitoring cingulate regions atrophy may provide insights into the history of familial
AD and may support the search for diagnostic markers of early AD. Finally, atrophy in the inferior
temporal gyrus bilaterally may be particularly affected in less educated populations. In fact, Busatto
et al. (2003) conducted a study like the present study with two groups of 14 participants with a low
level of education (on average 9 years) recruited in Brazil. They reported, as in the present study,
atrophy in the inferior temporal gyrus bilaterally, which could support the hypothesis that this area
is specific to less educated populations. It would be interesting to explore this hypothesis in the

future.

Structural correlates of spoken discourse

When it comes to the association between brain density and linguistic performance, the
linear regression-based analyses of discourse variables associated with brain volume showed some
clusters relating the brain to language processing. First, the left parahippocampal gyrus,
significantly and positively correlated with the number of words and sentences produced. Labache
et al. (2019) reported that the left parahippocampal gyrus is implicated in word and sentence

production using a model of task-induced activation mapping, comparing the activation of words
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versus sentences. Conversely, it has been also observed in language generation tasks (Crosson et al.,
2001), and implicated in memory functions as analyzed by a study on epilepsy using tractography
(Yogarajah et al., 2008). The role of the parahippocampal gyrus in cognition needs to be more fully
addressed, as suggested by Aminoff et al. (2013). The authors propose that, besides being
associated to cognitive processes including visuospatial processing and episodic memory, this
region would integrate a network which processes contextual associations, which underly several
higher-level cognitive processes. In this sense, word and sentence generation would be crucial to
elaborate associations, linking thoughts and language, to convey and understand oral (and possibly

written) messages.

Second, verbal time mood diversity was positively correlated with a cluster located in the
left pallidum/amygdala gyrus, as well as with a cluster located in the anterior cingulate gyrus.
Limbic regions have been reported to have less grey matter density in the population with AD
(specifically the left parahippocampal gyrus and the left posterior cingulate gyrus) (Wang et al.,
2015). These areas belong to the Default Mode Network, whose functions include monitoring of
online tasks, memory retrieval and attention. Lack of accuracy in verbal time mood assignation may
just be one of the multiple expressions that atrophy in these brain areas may elicit. Similarly, other
limbic regions (left pallidum/amygdala gyrus) shown to present atrophy in AD (Frisoni, 2002) were
also implicated in verbal time mood diversity. The nature of the recruitment of syntactic, semantic,
and contextual aspects in oral discourse production should be better investigated in future studies, to
disentangle each of these components and contribute to preventive diagnoses and language

intervention.

Importance of investigating AD from an equitable perspective

Taken together, the present results contribute to enlarging the reduced body of literature on
the relation between oral discourse production and brain density in AD, including the perspective of
a low-to-middle SES population, in a language with features such as rich morphology (as opposite

to most of studies of AD carried out in English-speaking samples). Moreover, it shows the
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relevance of studies on the discourse level, since spoken discourse recruits the simultaneous
combination of different linguistic and cognitive aspects, which makes it a potential tool to detect
subtle changes already on the first stages of cognitive decline or dementia. Our study suggests the
necessity of further studies combining the impact of microlinguistic aspects of oral discourse
production as a function of task typology (testing other types of oral discourse elicitation),
educational level (Richards & Sacker, 2003), and socioeconomic status and literacy (Manly et al.,
2005) in cortical density in AD. The concept of cognitive reserve driven by education has been
shown in samples with a variety of education and literacy background (Zhu et al., 2021). Our results
suggest furthermore that the impact of AD in people with lower education and resource access can
manifest in more subtle ways, which may not be detected by standard tools in this type of
population. Education and literacy may function as compensation in cognitive (including linguistic)
functioning for brain regions atrophy linked to AD, which represents an interesting area of study
and may have implications for clinicians and social policymakers. The present study also
contributes to the urgent global call of action to increase the linguistic and cultural diversity in the
investigation of neurocognitive disorders, given the preponderance of studies conducted on English
speakers in the literature (Garcia et al., 2023). The present study is a first step to help reducing the
global inequities across developing countries, such as Brazil, by collecting data in an under-
represented language (i.e. Brazilian Portuguese) and by improving our knowledge of the impact of
AD on spoken discourse in languages other than English. As members of the International Network
for Cross-Linguistic Research on Brain Health, better known as Include (https://include-
network.com), we aim to contribute to the generation of cross-linguistic markers able to
differentiate between normal aging and the various neurodegenerative diseases using cost-effective
language assessments, such as spoken discourse, which is critical to reduce the global inequities for

the assessment of neurodegenerative diseases.

Limitations
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The reduced number of participants in each group makes the conclusions exploratory,
especially in terms of brain data. The small sample size may have contributed to reduced statistical
power, which may have led to the failure in detecting significant results across the statistical tests in
the VBM analysis (Lorca-Puls et al., 2018). Also, the fact that only women integrate the groups
does not allow the generalization to men. However, studies with aging populations tend to include
more women as compared to men due to the higher proportion of women of advancing age (United
Nations, Department of Economic and Social Affairs, Population Division, 2019). Further studies
should include larger samples of both sexes, also including higher SES and educational level groups
to compare performance both at the behavioral and brain levels. Furthermore, it would be
interesting to analyze other oral discourse tasks, such as procedural and auto-biographic discourse,
as they may rely on different types of memory and production processes, to correlate with the data
generated in this study, which included a narrative based on a sequence of pictures and the

production of a funny story.

Conclusion

This study contributes to the existing body of evidence regarding microstructural aspects in
discourse production by comparing the performance of older adults diagnosed with AD to that of
WWBI. Moreover, it adds to the literature on understudied languages, Brazilian Portuguese in this
case, and brings important contributions regarding the relation between brain density and oral
discourse production in AD, a field to be further investigated, giving support to further comparative
studies with the same population, or other clinical groups with cognitive decline or dementia, such
as MCI and Primary Progressive Aphasia (PPA). Previous studies have not yielded strong
conclusions on the impact of AD-related atrophy on discourse measures. The present exploratory
study supports the development of specific hypotheses to be tested in future research. Furthermore,
this study highlights the importance of taking into consideration sociodemographic profiles of

participants, such as education, and SES, as important variables influencing the performance in oral
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discourse production, more specifically to what concerns the microlinguistic level and its relation to
brain density, with implications for clinicians, physicians and public health and education

policymakers.
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Table 1. Mean sociodemographic and clinical descriptive data for people with Alzheimer’s disease, and age-matched healthy

participants.
Group
AD (n=9) WWBI (n=10) S
Variable M SD range M SD range tor U p
Demographic information
Age 76.22 5.58 68 — 84 72.1 5.7 6382 1.59 131
Socioeconomic status (SES) 21 7.21 13-32 20.4 5.56 13-31 .194 .849
Education (years) 6.44 2.45 4-11 4.8 2.15 1-8 1.56 138
Reading Habits 4.75 3.73 0-10 6.5 3.86 0-14 -.969 347
Writing habits 1.38 1.77 0-4 53 4.37 0-12 -2.376 .030
Cognitive screening
Mini-Mental State Examination (/30) 20.67 2.34 17-25 27.3 2.49 23-30 -5.950 <.001
Cognitive testing
Trail Making Test 1 (sec.) 167.88 96.79 30-304 72.20 19.44 49-116 3.072 007
Trail Making Test 2 (sec.) 301.17  150.33 90 - 507 156.60  31.71 98 -217 2.999 .010
Episodic Memory Free Total 8.56 7.11 0-22 313 6.27 22-41 -7.412 <.001
Episodic Memory Cued Total 16.00 10.36 0-31 15.80 5.85 7-26 .053 .959
Digit Span Forward 6.89 2.75 4-11 6.40 1.17 4-8 -4.712 .615
Digit Span Backward 3.33 1.44 0-8 3.10 1.45 1-5 264 795
Language Testing
Semantic Verbal Fluency 7.56 2.79 3-12 15.25 3.37 9-19 -5.15 <.001
Phonemic Verbal Fluency 6.44 3.47 4-14 10.86 4.25 5-17 -2.29 .038
Semantic Knowledge 3.22 2.28 0-7 5.70 3.27 0-9 -1.895 .075
Semantic Association 17.44 4.64 12-23 22.00 2.11 17-24 70.00§ .043

Naming 44.00 8.19 30-57 55.00 2.67 51-59 -4.030 .001




Legend:

§ non-parametric test

Note: WWBI = women without brain injury; AD = Alzheimer’s disease group; M = mean; SD = Standard deviation; SES = socioeconomic status as
calculated by a questionnaire developed by Associagdo Brasileira de Empresas de Pesquisa in 2015: Class A =45 - 100 points, B1 = 38 — 44 points,

B2 =29 - 37 points, C1 =23 - 28 points, C2 =17 - 22 points, D-E = 0 — 16 points).
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Table 2. Stereotactic locations of the multiple regressions with the microlinguistic measures of discourse.

MNI 152 coordinates

Microlinguistic variables Area C.luster y z T df FWE Ef.fect
size (k) size
words Parahippocampal gyrus 842 -24 -20 -33  5.39 16 0.000 0.8030
sentences Parahippocampal gyrus 441 -24 -20 -33 611 16 0.007 0.8366
Left pallidum, left amygdala 382 -18 -4 -9 4.2 16 0.015 0.7241
verbal time mood diversity
Anterior cingulate gyrus 313 3 46 3 4.58 16 0.038 0.75318

Legend:

df = degrees of freedom

Note: Summary of regions where GM volume was significantly associated with performance in each discourse measures. A family-wise error (FWE)

correction at p < 0.05 at the cluster level was applied, using an arbitrary cluster-forming uncorrected threshold of p < 0.001. Significant peak regions

are reported with corresponding MNI coordinates, T and p values, degrees of freedom, and effect sizes (i/l:2 /(% + df)).
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Figure 1. Boxplots comparing AD and WWBI groups in the six variables which showed

significant differences between the two groups (p < 0.05).
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Legend:
Note: A = Brunet’s index; B = proposition diversity; C = pronoun diversity; D = number of
sentences; E = verbal time mood diversity; F = number of words. The red marks on the boxplots

represent the average of the values.
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Figure 2. Glass brain rendering showing regions of grey matter loss in the group of women

with Alzheimer’s disease compared to the group of women without neurological damage.
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Legend:
Note: All voxels shown in color survived a family-wise error correction (p < 0.05) at the cluster
level, using an arbitrary cluster-forming uncorrected threshold (p < 0.001). The color bar reflects

the range of values from minimum (red) to maximum (yellow).
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Figure 3. Glass brain rendering showing regions of grey matter associated with words,

sentences, and verbal time mood diversity.
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Legend:

Note: All voxels shown in color survived a family-wise error correction (p < 0.05) at the cluster
level, using an arbitrary cluster-forming uncorrected threshold (p < 0.001). The color bar reflects

the range of values from minimum (blue) to maximum (green).
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Supplementary Material 1. A flow diagram of the progress through the phases of the study (that

is, enrolment, group allocation, and data analysis) is reported in Supplementary Material 1.

Supplementary Material 1. Flow diagram of the study recruitment.
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Supplementary Table 2. Mean descriptive data and statistical results of the microlinguistic variables extracted from discourse samples distinguishing

the AD and the WWBI groups.

| AD (N=9) | WWBI (n=10) |

Linguisti iabl Cat M SD) Minimum- M (SD) Minimum- T-test lue) Corrected p

inguistic variable ategory ean ( maximum ean Maximum est (p value value*
Connector ratio Connector measures 0.09 (0.04) (0.023, 0.15) 0.12 (0.02) (0.08, 0.14) -1.31 (0.20) 0.09
Sentences Descriptive measures 26.66 (11.99) 9, 47) 50.9 (22.09) (19, 96) -2.92 (0.01) 0.013
Words per sentence  Descriptive measures 5.29 (1.24) (3.77, 7.88) 5.25(0.43) (4.79, 6.17) 0.092 (0.92) 0.19
Words Descriptive measures 147.88 (82.86) (34, 276) 267.80 (117.81) (94, 506) -2.54(0.02) 0.02
Preposition diversity Lexical diversity 0.66 (0.22) (0.36,1) 0.464 (0.11) (0.28, 0.66) 2.4 (0.02) 0.02
Pronoun diversity Lexical diversity 0.54 (0.16) (0.38,0.8) 0.41 (0.09) (0.29, 0.55) 2.35 (0.03) 0.04
Relative clauses Lexical diversity 0.09 (0.05) (0,0.15) 0.06 (0.04) (0.01,0.12) 1.96 (0.06) 0.05
iﬁgfat”e present Lexical diversity 0.47 (0.2) (0.1, 0.9) 0.30 (0.16) (0.06, 0.50) 1.81 (0.08) 0.05
Noun diversity Lexical diversity 0.73 (0.179) 0.43, 1) 0.65 (0.07) (0.56, 0.76) 1.35(0.19) 0.08
(TTy}jf{')“"tOken Tatop exical diversity 0.68 (0.12) (0.48,0.91) 0.63 (0.04) (0.58,0.70) 125 (0.22) 0.09
Content density Lexical diversity 1.37 (0.30) (0.94, 1.83) 1.27 (0.16) (0.92, 1.46) 0.93 (0.38) 0.13
Function-to-content . . .
o Lexical diversity 0.76 (0.17) (0.54, 1.06) 0.80 (0.12) (0.68, 1.08) -0.58 (0.56) 0.15
gi‘f:r‘:ri‘ttywc’rd Lexical diversity 0.74 (0.10) (0.58, 0.90) 0.72 (0.053) (0.64, 0.79) 0.49 (0.62) 0.15
Concreteness mean Psycholinguistic measures 4.38 (0.34) (3.8,4.69 4.57 (0.18) (4.32,4.85) -1.50 (0.15) 0.07
Imageability mean Psycholinguistic measures 4.74 (0.26) (4.29, 4.98) 4.86 (0.12) (4.71,5.04) -1.22 (0.27) 0.10
ﬁ;ﬁ‘sm‘m 3¢ pgycholinguistic measures  2.92 (0.24) (2.53,3.35) 2.90 (0.16) (2.62, 3.08) 0.21(0.84) 0.17
Familiarity mean  Psycholinguistic measures 5.31 (0.069) (5.10,5.41) 5.31(0.08) (5.17,5.47) 0.18 (0.85) 0.18
Brunet Readability measures 10.53 (1.64) (7.39, 12.45) 11.97 (0.99) (9.96, 13.07) -2.35(0.03) 0.03
Honore Readability measures 876.65 (579.63)  (416.48,2373.79) 721.06 (89.96) (630.35, 941.03) 0.84(0.41) 0.13
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Flesch Readability measures 90.66 (6.73) (82.91, 101.59) 90.02 (4.97) (83.36, 97.56) 0.24(0.81) 0.17

Frazier Syntax complexity 6.24 (0.40) (5.38,6.72) 6.39 (0.27) (5.96,7) -0.95(0.35) 0.12

Yngve Syntax complexity 1.59 (0.14) (1.35, 1.83) 1.57 (0.05) (1.49, 1.68) 0.28(0.78) 0.16

Xirebr:} t;me mood Temporal lexicon 3.33(0.71) @, 4) 4.6(1.07) G, 7) -2.99 (0.01) 0.006

Content word 627251.22 (259314.09, 519957.64 (204637.46,

frequency Word frequency (334455.33) 1235414.37) (152240.29) 742153.80) 0.92(0.37) 0.12

Verbs Word morphosyntactic 0.26 (0.03) (0.22,0.31) 0.23 (0.02) (0.20, 0.27) 1.77(0.11) 0.06
information

Noun ratio Word morphosyntactic 0.17 (0.04) (0.11,0.2) 0.19 (0.02) (0.17,0.22) -1.62 (0.14) 0.06
information

Inflected verbs Word morphosyntactic 0.81 (0.06) (0.74,0.91) 0.78 (0.05) (0.71, 0.88) 1.11(0.28) 0.11
information

Pronoun ratio Word morphosyntactic 0.165 (0.04) (0.08, 0.23) 0.15 (0.03) (0.09, 0.20) 0.83 (0.42) 0.14
information

Infinitive verbs Word morphosyntactic 0.107 (0.04) (0.05,0.2) 0.10 (0.04) (0.03, 0.15) 0.07 (0.94) 0.20
information

*corrected p value using the Benjamini-Hochberg procedure.

AD = Alzheimer’s disease group; WWBI = women without brain injury; M = mean; SD = Standard deviation.
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