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Abstract 

Language has been taken as a privileged window to investigate mental processes. More 

recently, descriptions of psychopathological symptoms have been analyzed with the help of 

natural language processing tools. An example is the study of speech organization using 

graph theoretical approaches that began around ten years ago. After its application in different 

areas, there is a need to characterize better what aspects can be associated with typical and 

atypical behavior throughout the lifespan, given variables related to aging, as well as biological 

and social contexts. The precise quantification of mental processes assessed through 

language may allow us to disentangle bio/social markers by looking at naturalistic protocols in 

different contexts. In the current review, we discuss ten years of studies in which word 

recurrence graphs were adopted to characterize the chain of thoughts expressed by 

individuals while producing discourse. Initially developed to understand formal thought 

disorder in the context of psychotic syndromes, this line of research has been expanded to 

understand atypical development in different stages of psychosis, differential diagnosis (such 

as dementia), as well as typical development of thought organization in school-age 

children/teenagers in naturalistic and school-based protocols. We comment on the effects of 

environmental factors, such as education and reading habits (in monolingual and bilingual 

contexts), in clinical and non-clinical populations at different developmental stages (from 

childhood to aging). Looking towards the future, there is an opportunity to employ word 

recurrence graphs to address complex questions that consider bio/social factors within a 

developmental perspective in typical and atypical contexts. 
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Introduction 

What does it mean to have an organized mind? This is a hard concept to define, but in short, 

we can assume that the ability to express ideas and feelings through language and adopting 

a well-structured chain of thoughts is a sign of an organized mind. From early descriptions of 

major psychiatric syndromes, signs of a disorganized mind have been observed by trained 

professionals by listening carefully not only to the meaning but also to the flow of elements in 

a patient’s narrative. A narrative is expected to introduce single elements of meaning through 

an organized sequence, eventually conveying a single unified story. When there is an 

unexpected sequence of words, we can recognize fragmented pieces of information or an 

irregular flow of words that hinder this unified meaning. Psychopathology presents 

descriptions for aberrant word sequences (such as derailment, tangentiality, fragmented 

speech, or even word salad) (1,2). Although such an approach is still useful, considering the 

narrative structure as a source of psychopathological information poses an important 

confounding factor, which is access to formal education (3), since people improve narrative 

structure by learning grammar and syntax rules and mastering specific linguistic aspects that 

support a complex narrative.  

We can describe word sequence and its irregularities using psychopathological terms. 

However, with computational tools, we are now able to understand a narrative as a set of 

words organized in sequence from which specific meanings emerge. The original idea was to 

formally study the phenomena of planning a narrative using math tools to characterize these 

word sequences (Figure 1A). Looking at this process (planning a narrative), we described its 

final product (the narrative) as a system in which each element is a word, and the sequential 

information determines the recurrence pattern (Figure 1A). It is an indirect way to characterize 

thought, which is assessed through language. In addition, because the tool does not consider 

any linguistic rules, theoretically, it is not restricted to any particular language. Moreover, it 

could be used to study the biological and social factors that impact these word sequences. 

Thus, the sequence of words that individuals adopt to narrate a story is represented as a 

graph, where each element (word) can be represented as a node, and the temporal sequences 

can be represented as direct edges (4,5) (Figure 1A). By adopting this strategy, we 

characterize the relationship between nodes (words) in the phenomenon (narrative) that 

determines this sequence. Recurrences of words determine topological metrics, from short-

range recurrences (such as repetitions of word associations) to long-range recurrences or 

connectedness (such as the number of words (nodes) connected in a single component) 

(Figure 1A). As the word sequence defines the relationship between nodes rather than the 

semantic content or linguistic relationships, the word recurrence pattern defines topological 

metrics. Therefore, these graphs are not based on meaning but on recurrence patterns. These 

topological signs translate the recurrence relationship between words into a narrative. In this 

sense, if any cognitive or mental process impacts the flow of narrative production, this might 

produce quantifiable markers that go beyond the typical and expected relationship between 

words given by grammar or syntactic rules. 

After ten years of word recurrence graph research, we aim to review the findings generated 

so far to characterize both the atypical and typical development. Other computational 

approaches have been developed and tested for similar purposes, such as semantic 

coherence based on word embedding techniques (6–8). In this paper, we focused on evidence 

using the word recurrence graph to discuss biological and social factors that affect oral and 
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written discourse and discuss the limitations that could also impact novel language metrics, 

such as the speech elicitation protocol adopted (Figure 1B, Supplemental Information 1). 

Initially, we discuss word graphs within psychosis, analyzing markers at chronic and earlier 

stages of the pathology, their symptomatologic correlates, and differential diagnosis. 

Afterward, we review naturalistic school-based protocols employed to understand the typical 

development of markers and their cognitive and social correlates (such as formal education, 

reading/writing habits, and bilingualism). Finally, we present a developmental perspective of 

such an approach during typical and atypical aging, focusing on disorders such as dementia 

and their cognitive and social correlates.  

Word graphs in psychosis 

Chronic psychosis and connectedness 

Word graphs were first created by representing a dream narrative as a graph (4). In the original 

study, (4) collected dream narratives from people with schizophrenia and bipolar disorder 

diagnosis and matched controls. A dream report was considered a spontaneous narrative, 

distinct from other speech elicitation protocols based on cued narratives (for example, based 

on picture descriptions, storyboards, or reading and re-telling stories) (Figure 1B). Syntactic 

analysis was performed to identify word classes such as subjects, objects, and predicates in 

a sentence and represented each as a node and the temporal sequence by directed edges. 

As those elements flow spontaneously in the narrative, a closed loop returning to the original 

node was created. Major topological differences were found between the two clinical groups. 

A Bayesian classifier (Naive Bayes classifier using cross-validation in 10 folds) performed the 

differential diagnosis with more than 90% sensitivity and specificity, even after controlling for 

verbosity. Despite its limitations of sample size (N=24), this was a breakthrough study, being 

the first to consider the recurrence of words as a quantifiable strategy to assess language 

organization and the use of machine learning techniques to identify groups.  

At this point, it became clear that the technology needed to be automated, so the next step 

was to consider every single word as a node (5) (detailed discussion in Supplemental 

Information 1). We adopted the most naive point of view to define edges: the relationship 

between words did not consider any linguistic relationship or rules and was based directly on 

the sequence of nodes (Figure 1A). This decision was taken to avoid subjectivity in the 

analysis and to prevent adjusting the narrative to any normative data or linguistic rule. A 

second methodological step was to control for verbosity differences. In (5), the authors opted 

for splitting the narrative into windows of a fixed number of words (windows of 10, 20, and 30 

words), jumping a fixed number of words to define the next graph (for example, one word), 

and performing consecutive graphs with some overlap between them (90% of overlap in the 

example of 10-word graphs with one word as a step) (Figure 1C). After performing all the fixed-

word graphs, the mean values of each graph attribute are extracted, and analyzed the 

difference between groups. 

In the second study on psychosis (N=60) (5), the authors analyzed participants’ dreams and 

daily reports (another spontaneous narrative, Figure 1B). Only dream reports revealed the 

differences between groups (Naive Bayes classifier using cross-validation in 10 folds identified 

the groups with an area under the ROC curve (AUC) ranging from 0.72 to 0.94). The most 

informative attributes were related to connectedness: the number of edges in the graph (E), 
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the number of nodes inside the largest connected component (LCC - edges link all pairs of 

nodes, not considering edges directionality), and inside the largest strongly connected 

component (LSC - all pairs of nodes are linked and mutually reachable, considering the 

direction of the edges) (Figure 1A). The authors observed that the less connected the dream 

narrative, the more socially impacted the participant was, expressing higher levels of blunted 

affect, poor rapport, difficulty in abstract thinking, and keeping the flow of a conversation. 

Since these studies had been conducted with Brazilian-Portuguese speakers (4,5), there was 

a need to replicate the results in other languages. Given the definition of a node as a single 

word not attached to any linguistic corpus or pre-processing rules, the method could be easily 

replicated in English in different cultural contexts, revealing similar topological patterns in 

discourse production from native English speakers (9–14). In (9), through the analysis of three 

image reports from participants diagnosed with schizophrenia and bipolar disorder exposed 

to the Thematic Apperception Test - TAT (15), it was possible to characterize clinical correlates 

using canonical correlations without collinearity of connectedness attributes with formal 

thought disorder measured by the subscales of the TLI (Thought Language Index - subscales 

Disorganization and Impoverishment) (16). Also, the canonical correlation between 

connectedness and cognitive assessments (performances in working memory and speed of 

cognitive processing) was significant, as well as the canonical correlation between 

connectedness and social functioning measured by the GAF (Global Assessment of Function 

- (17)) and SOFAS (Social and Occupational Functioning Assessment Scale - (18)). 

Symptomatology, cognitive performance, and social autonomy - all the behavioral measures 

associated with speech organization - were also mutually associated. Still, neither symptoms 

nor cognition or social autonomy was associated with neural-functional signals from functional 

magnetic resonance image - fMRI (combining gyrification index and the variance degree 

centrality of core hubs acquired at 10 minutes rest with eyes open in a 3 tesla MRI). On the 

other hand, the canonical correlation between connectedness and neuro-functional measures 

from fMRI was significant (9). The authors interpreted that only speech organization measured 

by word recurrence graphs was precise enough to establish the association with biological 

data assessed by fMRI. 

Connectedness decline in different stages of psychosis: pathological development variance 

The possibility of quantitatively characterizing negative symptomatology or even social and 

cognitive risk at earlier stages of psychosis became an important issue in mitigating possible 

cognitive and social impacts associated with such a diagnosis. In a further study (19) to 

characterize early detection of connectedness reduction, the authors added the comparison 

with a random graph distribution to the paradigm by performing 1000 random graphs with the 

same set of words and the same number of edges, shuffling the word sequence 1000 times 

(Figure 1D). If the narrative recurrence determines a topological pattern (such as increased 

LSC, LCC), shuffling the word sequence should disrupt this pattern. Indeed, narrative 

production from the control group revealed larger LSC and LCC than random graphs. Also, to 

better control for verbosity differences, the allowed time for the narrative production was 

limited to 30 seconds. 

In the (19) study, 21 first-episode psychosis patients (FEP) and 21 matched controls were 

interviewed, following the patients for at least six months until their diagnosis was complete 

according to the DSM IV criteria. At their first consultation, they were experiencing psychotic 
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symptoms such as delusions and hallucinations. Still, according to DSM IV, the patients had 

to be followed for at least six months for the diagnosis to be established. Eleven participants 

received the diagnosis of schizophrenia, and 10 received the diagnosis of bipolar disorder with 

psychosis. Dream and affective image reports (Figure 1B) (collected at the patient’s first 

consultation) presented lower connectedness for those later diagnosed with schizophrenia 

disorder, and a Bayesian classifier (Naive Bayes classifier using cross-validation in 10 folds) 

was able to identify this group with more than 90% accuracy. Moreover, 64% of the participants 

in the schizophrenia group presented narratives with connectedness measures similar to their 

random graph distribution (against only 5% of the control and 30% of the bipolar group). 

Combining connectedness attributes generated from dreams and negative image narratives, 

a multilinear correlation was performed with negative symptoms after extracting collinear 

measures. Connectedness attributes were negatively associated with negative symptoms and 

explained 88% of negative symptomatology variance, allowing for the definition of the 

“Disorganization Index.” The results expressed how those subtle signs can be identified early, 

detecting symptoms hard to capture by attentive listening alone. 

Recently, considering the difficulty of recalling a dream, or the side effects from exposure to 

negative affective images, a study investigated the validity of a protocol based exclusively on 

three positive images on FEP (N=24) and matched controls (N=33) (20). Connectedness 

explained 53% of negative symptomatology variance. Interestingly, the proportion of positive 

emotional words in the narrative was associated with connectedness only in the FEP group, 

indicating a possible interaction of emotional recognition and expression and the ability to 

produce a well-connected narrative under negative symptomatology, with an important 

contribution of formal education. While negative symptomatology contributed to reduced 

connectedness, formal education helped to keep connectedness with similar strength, an 

association mediated by emotional expression. This association between emotional 

processing and language pattern was independently replicated by (13): a combination of 

disorganized or underproductive speech markers (that include recurrence graph attributes like 

LSC) was associated with social cognitive performance (that includes emotional processing).  

These differences during the early stages of psychosis have also been replicated in other 

language and cultural contexts, even in clinical high-risk (CHR) patients (10,11). Administering 

the same TAT (15) to participants (a group on the FEP, on CHR, followed over seven years 

to verify transition for psychosis and controls), it was possible to replicate lower connectedness 

in the FEP group, and in CHR participants that presented a transition to psychosis (11). Also, 

there were negative correlations between connectedness and formal thought disorder 

symptomatology measured by TLI (16) (mostly with negative symptoms) and also positive 

correlations with IQ performance (11). 

The word recurrence graph analysis revealed that it could be an exciting strategy to further 

our understanding of structural aspects of narrative planning and production. Before using 

language as a pathological marker, however, it is crucial to understand how other confounding 

factors, such as education, also affect language. The studies conducted so far had a limited 

sample size, with sparse cultural and linguistic representativeness. It is important to 

understand its associations and complementarities with other NLP-based markers as 

presented in (10) and restrictions on speech elicitation protocols (detailed discussion in 

Supplemental Information 1). As grammar/syntax rules shape the sequence of words, they 

also impact recurrences, which are important confounding factors within this approach. This 
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could be especially important if there is a large population variability regarding levels of formal 

education (3). Before jumping to application purposes, it is important to understand how 

acquiring new language rules (by learning written language structure or another language) 

contributes to topological variations in word recurrence graphs. Also, from the clinical point of 

view, it is worth considering that there is a dominant developmental role in the etiology of many 

psychiatric disorders.  

Typical developmental perspective across the lifetime and differential diagnosis 

Speech organization through the lifespan - the role of education and social context  

From a developmental perspective, given the dynamic nature of language, it is imperative to 

understand possible patterns in the development of speech organization and the 

social/cognitive correlates that support it. Focusing on the changes in social and linguistic 

behavior when a child begins formal education, (22) collected narratives based on affective 

pictures limited to 30 seconds in a naturalistic and school-based protocol. Seventy-six second-

grade children from low socioeconomic status backgrounds in Brazil were investigated (ages 

from 6 to 8 years old). The narratives were collected in the middle of the school year, together 

with the intelligence quotient (IQ) and theory of mind (ToM). Four months later, reading and 

math scores were acquired from a national assessment. Larger long-range and fewer short-

range recurrences were associated with better IQ, ToM, and reading performance. Notably, 

the association with reading performance was independent of IQ and ToM performances (the 

correlation between connectedness and reading adjusted by IQ or ToM kept significant levels) 

(22). In the following year, when participants were in 3rd grade, the authors investigated 

whether short-term and working memory performance (visual-spatial and verbal) were related 

to graph markers (23). Exclusively verbal short-term memory was associated with 

connectedness measures (LSC). The correlation with reading fluency was significant only in 

the second grade, pointing to possible dynamics associated with the reading acquisition 

process (23).  

As learning new language rules, second language acquisition can also impact word recurrence 

graphs. The context of biliteracy (simultaneous reading acquisition in two different languages) 

follows the same direction, increasing long-range recurrences in both languages in association 

with syntactic complexity (24). Moreover, when a second language acquisition occurs in 

literate individuals, the increase in connectedness occurs exclusively in the second language, 

in association with proficiency improvement (25) (detailed discussion in Supplemental 

Information 2). 

The previous evidence shows a change in the word recurrence graph developmental pattern: 

from a short-range recurrent narrative to a long-range recurrent and well-connected narrative 

in parallel with general intelligence, theory of mind, verbal memory, and academic 

performance (22,23). In line with this developmental trajectory, (26) have also observed the 

impact of attention deficit and hyperactive disorder (ADHD) symptoms in narratives produced 

by adults, which affected short-range recurrence (L1 or self-loop, the repetition of the same 

word in sequence) and long-range recurrence markers (LSC). The higher the hyperactivity-

impulsivity symptomatology, the more L1 and lower LSC were found in the narratives. 

This developmental path during elementary school mirrors an important association with social 

development through learning. Is growing up immersed in a rich social environment enough 
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to produce these changes in language patterns, or do formal education and exposure to 

literacy instruction matter the most? To disentangle this issue, (27) investigated the recurrence 

pattern change in a diverse population. The sample ranged from individuals aged 2 to 60 years 

old (N = 214) with distinct educational paths (from zero to 20 years of formal education), 

including typical adults with low levels of education and individuals with psychosis. The 

trajectories were studied by adopting an asymptotic model that predicted an accelerated 

development from the beginning, reaching maturation at a certain point (when changes seem 

to be more stable), which allowed the authors to estimate the time of maturation counted as 

years of age or as years of education1. First, following the asymptotic model1, there was an 

increase in lexical diversity (measured by the number of nodes in the word graph), long-range 

recurrence (LSC), and the size of the graph (estimated by the average shortest path - ASP), 

and an abrupt decrease of short-range recurrence (RE), better explained by years of education 

(R2 from 0.52 to 0.95) than years of age in multilinear and adjust correlations. In addition, in 

an independent sample of illiterate adults, long-range recurrence (connectedness - LSC) 

scores were similar to those obtained by preschoolers. Both scores were distinct from those 

of literate adults, showing that formal education contributed to this increase more than age. 

Moreover, the decrease of short-range recurrence matured during the first year of elementary 

school, while connectedness (LSC) needed 13 years of education (high school level) to reach 

this maturation point. The group with psychotic symptoms failed to show the same 

associations with age or education (27), probably expressing another factor that could be more 

relevant to this context: symptomatology. Given the complex interaction between both 

developmental trajectories (typical and atypical paths combined in a single mind), cultural, 

language, and socioeconomic diversity should be considered when interpreting the results 

(3,21). Daily advance in communication patterns creates different languages and could impact 

oral narratives. The written language’s impact on orality is one example of it. The same 

dynamics found in a child’s oral narrative development were found in written language 

development through a historical timeline by analyzing more than 700 historical books 

spanning 5,000 years of literature history (28) (Figure 2A, detailed discussion in Supplemental 

Information 3). Looking at past advances in languages and their impacts could help us 

understand how novel communication patterns (like those mediated by social media) could 

also impact orality.  

Typical and atypical aging considering the social context 

Regarding aging, connected speech has been used to characterize language production in 

typical older adults taking into account sociodemographic aspects, and to support the 

diagnosis of Mild Cognitive Impairment (MCI) or dementia, mainly Alzheimer’s Disease (AD). 

For instance, (29) employed word recurrence graph analysis to analyze performance in a 

semantic verbal fluency task in three groups of older adults (AD, MCI, and healthy controls) 

(N=100). The results showed that graph attributes differed significantly among AD, MCI, and 

healthy controls, with denser and less direct graph networks in the cognitive impairment 

contexts. More recently, (30) have applied graph analysis in assessing semantic fluency in 

individuals with Parkinson’s Disease (PD), AD, and healthy controls. The results revealed that 

                                                 
1 Asymptotic model: f(t) = f0+(f∞- f0)(1-exp(-t/τ)) on which f is the graph attribute, f0 is the 

initial value, f∞ is the asymptotic value, t is time and τ is the time when f reachs the 

asymptotic value). 

Jo
urn

al 
Pre-

pro
of



9 
 

the speech graphs of PD individuals showed higher density, shorter diameter, and shorter 

average shortest path (ASP) than those of healthy controls but lower density, longer diameter, 

and longer ASP length than those of AD individuals. 

While the studies of (29) and (30) focused on the production of isolated words, (31) applied 

word recurrence graph analysis to assess language production in a more naturalist picture-

narrative task (The dog story) (32). The authors studied differences in oral production between 

healthy older adults (N=48) and older adults diagnosed with AD (N=24), both groups with low 

educational levels and socioeconomic status. The AD group produced less connected 

narratives than the control group, with fewer edges and smaller LSC. The authors also 

investigated whether connectedness would correlate with episodic, semantic, and working 

memory scores. Semantic memory correlated moderately with LCC in the AD group, showing 

that the lower the cognitive performance in the semantic memory task (the ability to name 

objects), the lower the graph connectedness. On the other hand, episodic memory correlated 

with LSC in the control group (the ability to remember details was associated with 

connectedness). These results indicate that semantic memory can precede episodic memory 

to produce well-connected narratives in AD. 

Considering the growing life expectancy worldwide and, consequently, dementia rates, (33) 

investigated the effect of education and reading and writing habits (RWH) on the oral 

narratives of typical older adults. One hundred and eighteen individuals, predominantly of low 

education levels and socioeconomic status, produced an oral narrative from the same 

sequence of pictures used in (31). Results showed that the advancing age led to increased 

RE and reduced connectedness, revealing the same pattern of narrative connectedness 

throughout life found in (27). In addition, canonical correlation analyses revealed associations 

between two sets of variables (age, education, and reading and writing habits as part of the 

first set, while RE, LCC, and LSC as part of the second set). Therefore, short- and long-range 

recurrences were explained by the combination of age, education, and RWH and not by any 

of these variables in isolation. The strength of the reading and writing habits coefficient 

compensated for the aging effect, suggesting a protective effect of reading on cognition in a 

low educational level population. 

Taken together, these results demonstrate the relevance of word recurrence graph analyses 

to discriminate between typical and atypical aging, as well as to characterize typical aging 

populations regarding sociodemographic and cultural profiles, such as educational level and 

reading and writing habits. 

Conclusion 

The current work aimed at discussing how we can gain insights into the complex cognitive 

process of planning a narrative by understanding its recurrence pattern, considering both 

biological and social variables. However, we need to address the cognitive basis that supports 

this behavior and the factors that impact it. The hypothesis is that, as language allows complex 

communication, it evolves according to its use in social life, supported by biological aspects 

and environmental input. Word recurrence graphs can reveal connectedness patterns 

beginning at the initial stages of language acquisition, as it does not rely on the meaning or 

linguistic rules. At the initial stages of language acquisition, biological factors drive 

cognitive/sensorial development in association with input from a variety of diverse 
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environments when young individuals are exposed to spoken language. Factors such as the 

richness of vocabulary, exposure to different languages, and opportunities for social 

interactions will contribute to enlarging and diversifying the repertoire of language structures. 

Social factors such as migration, socioeconomic status, violence, and trauma could also 

indirectly impact this early exposure to language structure, as well as the quality of social 

interactions that underlie language development.  

Considering typical language development in a literate society, individuals are introduced to 

formal grammar and syntax rules more systematically during written language acquisition. The 

lack of schooling for an individual immersed in a literate society will impact the further 

development of language structure (Figure 2A, (27)). Avoiding short-range recurrences is an 

explicit strategy encouraged during written production, for example, and drops abruptly in oral 

production when a child begins reading and writing (Figure 2A, (27)). Also, the development 

of written skills allows us to have an external repository of language that does not rely on our 

limited verbal memory capacity, and this development enables us to build more complex 

connections and produce more connected constructions in written language compared to oral 

language (Figure 2A, (27)). This does not seem to happen in languages with oral traditions, 

as expressed in Amerindian leaders' oral tales (Figure 2A, (28)), even though those leaders 

needed to memorize their cultural traditions and teach them to the following leader. The lack 

of external repositories of memories is assumed to generate a distinct developmental path for 

language structure, keeping short-range recurrence to the detriment of global connectedness 

as a mnemonic strategy (Figure 2A, (28)).   

The increase in thought complexity has slow dynamics, maturing during high school, probably 

relying on different grammar and syntax rules, but also on other factors. Social interactions 

are more complex, with various biological changes associated with cognitive development. 

This is the same developmental stage associated with psychosis risk. As psychosis impacts 

cognitive abilities (especially social cognition), the impact on language structure seems to 

return to its original pattern. As it occurs after the maturation of short-range recurrences, it 

does not impact this marker. However, as connectedness is still maturing, it is impacted. 

Therefore it drops during CHR (Figure 2A, (11)) and after the FEP (Figure 2A, (19,20)). Despite 

formal education exposure, it still presents a similar pattern at chronic stages (27).  

Moreover, during typical development in a literate society, the oral language keeps its 

connectedness because exposure to a connected written language remains due to work or 

social life. Biological factors that could impact mental health or increase risks for a neurological 

event, such as a stroke, could change this stability. Still, even if no neurological incident 

occurs, a reduction in cognitive abilities is expected during typical aging. Biological factors 

related to the loss of cognitive and sensorial accuracy associated with social factors, such as 

retirement, and reduced social interactions, should contribute to a decrease in language 

connectedness, which is abrupt during dementia (Figure 2A, (31)) and seems to be mitigated 

by a cognitive reserve (Figure 2A,(33)).  

Looking at word recurrence as a graph has also inspired other successful methods to define 

nodes and edges, including referential relationships, pointing to future directions 

(12,34,36,38). It is important to consider that the recurrence pattern studied here considers 

recurrence at the individual words level, different from considering it at the theme level (or the 

recurrence of concepts or ideas). There might be some overlap and divergences between 
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both, and even stronger effects at theme-level recurrences as it fits better with 

psychopathological concepts. Future studies could consider automated strategies to find 

themes/ideas to be represented as nodes instead of individual words and study their 

associations with cognitive processes. The association with other computational speech 

markers can also shed light on complex processes such as social cognition and its diversities 

(13). Language is at the roots of our social connectedness, supported by a biological basis 

that changes over time (21,35). Inclusive interventions that allow for social rehabilitation 

respecting socio-cultural specificities and considering cultural competencies (37) can be 

evaluated over time by acknowledging the impact of all factors (linked to typical and atypical 

development) on these language markers. There is a potential benefit in using these and other 

NLP markers to aid mental health evaluations or to track symptoms. Still, before these uses, 

we must understand its markers' developmental curve. Understanding this variance may help 

us characterize recovery beyond symptomatology, promoting quality of life improvement, 

more than simply mitigating suffering.  
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Figures: 

 

Figure 01: Methodological illustration of word recurrence graphs. A. An example of a 

narrative generated after a request to report a story based on a picture previously seen. 

First, biological and social factors impact the interaction between individuals, such as 

hearing accuracy and social skills. To formulate the answer, there is an initial mental process 

that integrates picture information while planning the narrative. This planning includes the 

choice of words and the sequence. While producing the narrative, biological and social 

factors could impact language structure. Inspired by the psychopathological strategy to 

assess mental states through language, the spoken word sequence is represented as a 

graph. Each word is a node (red dots), representing their sequence by direct edges (arrows). 

There is no need for pre-processing, such as tokenization, or removing stopwords. The 

recurrence pattern determines markers of short-range recurrence (such as RE) and long-

range recurrence (such as LCC and LSC). B. Speech elicitation strategies include 

spontaneous (such as dream reports) and cued narratives (based on pictures, storyboards, 

or reading and recalling a story). C. To control verbosity differences, a sliding window 

strategy is often adopted. In this example, consecutive windows of 10 words separated by 

five words were represented as a graph. After calculating graph attributes for all the 10-word 

windows, an average of all graph attributes is calculated. D. Random graph analysis 

compares the original narrative sequence with N random graphs created with the same 

nodes (words), with the same amount of edges, and shuffling word sequence N times. By 

calculating the zscore of the original graph compared with the random graph distribution, it is 

possible to estimate how similar this original narrative structure is to a random pattern.  

Figure 2: Structural pattern across studies from a developmental perspective 

considering biological and social aspects. A. Summary of LSC (connectedness marker) 

from 30-word graphs as a function of age across studies. Blue squares represent a typical 

development in a literate society, red squares represent results from a pathological 

development, and purple squares represent results from non-literate populations. All the 

squares are linked to a study referenced: in black, studies conducted in Brazilian Portuguese; 

in blue, in English; and in green, original tales from Amerindian leaders (mostly on Kalapalo). 

The evidence from Brazilian Portuguese and English shows a smaller LSC associated with 

psychosis. Still, the English dataset showed higher LSC values than the Brazilian Portuguese 

dataset. B. Summary of biological and social factors that interact in each developmental stage 

and could impact language structure.  
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