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ARTICLE INFO ABSTRACT

Keywords: Speech involves complex processes such as language formulation, motor coordination, and cognitive functions.
Speech production As people age, their speech abilities often decline, showing reduced fluency and complexity. Older adults also
Aging show decreased gray matter volume. However, the relationship between age-related differences in speech and
Multilingualism

gray matter volume remain unclear. Multilinguals may exhibit unique age-related speech patterns depending on
their language profiles. This study investigates the relationships between age-related differences in brain
structure and multilingual speech across different languages, considering the effects of multilingual experience.
An integrated measure of speech was calculated and used to reflect the overall speech quality, which was lower
in older than younger adults. Native language speech (i.e., Cantonese) was better than non-native language
speech (i.e., Mandarin), especially in older adults. More extensive use of multiple languages was associated with
enhanced speech quality in both native and non-native languages. Age significantly impacts whole brain gray
matter volume, which was lower in older than younger adults. The right middle temporal gyrus emerged as a
critical region for speech in both languages in older adults. Bilateral putamen shows sensitivity to the effect of
multilingual experience on speech performance in older adults. These findings underscore the complex interplay
between age, multilingualism, and brain structure, providing valuable insights into the neural mechanisms
underlying multilingual speech performance.

Language entropy
Gray matter volume

1. Introduction brain structure and multilinguals’ speech in different languages,

considering the unique effects of multilingual experience.

Speech is a fascinating aspect of human communication, involving
various processes such as language formulation, motor coordination,
and cognitive functions (Dien et al., 2008; Heald & Nusbaum, 2014;
Kent, 2000). As people age, it is often found that their speech ability
declines, reflected by reduced fluency or complexity (Horton et al.,
2010; Kemper et al., 1989; Moscoso del Prado Martin, 2017). Consistent
with behavioral decline, older adults typically show structural changes
in the brain, such as decreased grey matter volume (Sowell et al., 2003;
Sowell et al., 2004; Winkler et al., 2003). Despite these behavioral and
neural effects of aging, their direct relationship remains largely elusive.
Additionally, multilinguals may exhibit distinct patterns of age-related
effects on their speech in different languages depending on their
multilingual profile (Gollan et al., 2010). In the current study, focusing
on age-related differences, we investigated the relationships between

Speakers vary considerably in their speech quality in both native and
non-native languages, which can often be reflected in their speech
fluency and complexity (Housen & Kuiken, 2009; Osborne, 2011).
Fluency is a temporal feature of speech capturing rapidity and
smoothness. Disfluent speech is often marked by slower and less smooth
delivery (Lennon, 1990; Segalowitz & Hulstijn, 2005; Segalowttz, 2007;
Yan et al., 2021). Disfluencies often include stutter-like disfluencies (e.
g., elongated words, or repetition), and typical disfluencies (e.g., pho-
netic fragments, word/phrase revisions, or rephrase). Complexity, on
the other hand, reflects the level of detail and sophistication in speech
(Cheung & Kemper, 1992; Ortega, 2003). The speech complexity can be
indicated by factors such as the mean length of utterances (Brown,
1973), and the mean number of clauses or verbs per utterance (Kemper
et al., 1989). All these reported variables have been shown to reliably
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reflect speech quality (Bygate, 1999; Shriberg, 1999; Tachbelie et al.,
2020).

Furthermore, the structure and quality of speech can be reflected via
forming speech graphs by representing word sequences as networks,
where each word is a node and the sequence is shown by directed edges
(Mota et al., 2014; Mota et al., 2012). These graphs focus on recurrence
patterns of words, identifying short-range (local) and long-range
(global) recurrences to provide topological metrics. For instance,
repeated edges (RE) is a local measure, describing the neighborhood of a
node by indicating how often a word is connected to its neighbors. The
largest connected component (LCC) and the largest strongly connected
component (LSC) are examples of global measures, as they describe the
overall connectivity and the structure of the entire network. The speech
graph approach has been used to identify narrative characteristics in
patients, as well as typical development population (Mota et al., 2023).
In sum, there exists individual variation in speech quality and structure,
which can be reflected by measures from different dimensions. Yet, most
of previous studies focused on a single dimension, lacking an integrated
measure to reflect overall speech quality.

From a neurocognitive perspective, as evidenced by functional and
structural MRI studies, speech production often involves a broad left
lateralized frontal-temporal brain network (Geranmayeh et al., 2012;
Geranmayeh et al., 2014; Price, 2010), such as inferior frontal gyrus
(IFG) for lexical selection (Hirshorn & Thompson-Schill, 2006; Price,
2010), middle temporal gyrus (MTG) for lexical and semantic processing
(Hickok & Poeppel, 2007; Indefrey & Levelt, 2004), angular gyrus (AG)
for semantic integration (Binder et al., 2009; Mirman et al., 2015; Pobric
etal., 2007; Price, 2010; Visser et al., 2010), supramarginal gyrus (SMG)
for phonological encoding (Indefrey & Levelt, 2000; Poldrack et al.,
2001; Poldrack et al., 1999), and subcortical regions such as putamen for
articulatory process (Chang et al., 2009; Price, 2010; Seghier & Price,
2009).

There also exists cross-language variation in individuals who speak
more than one language (i.e., bilinguals and multilinguals, from now on,
simply “multilinguals”). In single word production, multilinguals usu-
ally recruit not only language production regions but also cognitive
control networks such as bilateral dorsal lateral prefrontal cortex
(Abutalebi et al., 2012; Abutalebi & Green, 2007, 2008; Abutalebi et al.,
2015; Korenar et al., 2023; Voits et al., 2020). Speech performance in
each language is closely related to its proficiency, such that higher
proficiency is associated with higher ability of speaking and under-
standing more fluent and complex speech (Kilman et al., 2014; Nip &
Blumenfeld, 2015).

In addition to language proficiency, other aspects of multilingual
experience, such as frequency and contexts of multiple languages use
could also influence speech performance in each language (Gollan et al.,
2011; Rosselli et al., 2000). These multifaced multilingual experiences
have also been related to different brain outcomes. For instance, the
Bilingual Anterior-to-Posterior and Subcortical Shift model (BAPSS,
Grundy et al., 2017) posits that increasing multilingual experience leads
to a shift of neural activation from frontal to posterior cortical and
subcortical regions. Furthermore, the Dynamic Restructuring Model
(DRM, Pliatsikas, 2020) describes neurostructural changes with
increasing multilingual experience, indicating a steady volumetric in-
crease in most subcortical structures (for example, putamen) involved in
language control.

One way to systematically quantify multilingual experience is
through a measure of language entropy, reflecting the diversity and
uncertainty of language usage across different communicative contexts
(Gullifer & Titone, 2019). Studies have reported that multilingual
experience captured through language entropy significantly affects in-
dividuals’ performance in language and other cognitive tasks (van den
Berg et al., 2022). For instance, Kang et al. (2023) has reported faster
response times during picture naming in native language related to
higher language entropy, indicating that more diverse multilingual use
experience was associated with a benefit in language production.
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Neuroimaging studies have also shown that diverse multilingual expe-
rience is associated with adaptations in brain regions such as the puta-
men and the cerebellum (Gullifer et al., 2021; Gullifer & Titone, 2021;
Marin-Marin et al., 2022; Pliatsikas, 2020). Yet, it is not clear how the
multilingual experience would modulate the relationships between
brain structure and speech level productive performance in each
language.

As people age, they often experience decline in language production
(Burke & Shafto, 2008). Specific to speech, older adults often speak
more slowly (Diaz et al., 2016; Duchin & Mysak, 1987), and produce
more disfluent (Bortfeld et al., 2001; Obler & Albert, 1981), less gram-
matically complex (e.g., Kemper et al., 1989), and more off-topic speech
(James et al., 1998). As with older monolinguals, older multilinguals
also show significant age-related decline in language production,
compared to younger ones. However, the deterioration speed of each
language with age may differ depending on multilinguals’ experience
(Birdsong, 2006; Costa et al., 2012; Gollan et al., 2010; Manchon et al.,
2015; Nanchen et al., 2017; Ullman, 2001).

At the brain level, older adults often display greater bilateral pre-
frontal brain activation during language production compared with
younger adults (Diaz et al., 2016; Peramunage et al., 2011; Ralph et al.,
2017; Wilson et al., 2009; Zhang et al., 2020). Older adults also show
structural changes across the whole brain including the
above-mentioned speech-related regions, as evidenced by reduced
cortical thickness (Bilodeau-Mercure et al., 2015; Lemaitre et al., 2012),
reduced white matter volume (Fotenos et al., 2005), reduced gray
matter volume (Ramanoél et al., 2018) or higher gray matter atrophy
(Pfefferbaum et al., 2013). Some studies have reported a direct link
between gray matter volume and speech perception, with more intact
gray matter structure in cognitive regions associated with enhanced
speech perception (Wong et al., 2010). Older multilinguals’ brains have
been shown to have a layer of neuroprotection (Voits et al., 2020), and
less degeneration (Lerman & Obler, 2017) compared to older mono-
linguals’ brains. Yet, few studies have directly tested how age-related
differences in brain structure would relate to speech production in
different languages in multilinguals.

To summarize, a few questions remain to be addressed regarding the
relationships among speech and brain structure in multilinguals’
different languages in different ages. First, while acknowledging age-
related differences in various dimensions of speech, there lacks an in-
tegrated measure of overall speech quality. Second, it remains largely
unclear regarding the underlying brain structures related to these age
differences and variations in multilinguals’ different languages. To
address these issues, we first calculated an integrated measure of speech,
then explored age-related differences in performance in multilinguals’
each language. We predicted a significant effect of age on speech per-
formance such that older adults would show a lower score than younger
adults. We also predicted to see cross-language variation in speech
performance where native language would have a higher score on the
integrated measure of speech. There might also be an interaction be-
tween age and language, such that the language difference would be
enlarged for older adults. Moreover, more mixed use of multiple lan-
guages measured by language entropy might be associated with better
speech ability in general. Furthermore, focusing on brain structures that
showed age-related differences, we investigated the structural neural
mechanisms related to age-related differences in speech performance
and how multilingual experience modulated these relationships. We
predicted that better speech performance would be associated with
higher gray matter volume in the brain. Additionally, younger and older
adults would show different patterns of brain-speech relationships
which will also be modulated by multilingual experience captured by
language entropy.
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2. Methods
2.1. Participants

The study enrolled a total of 89 younger adults (18-27 years, mean =
20.9 years, SD = 1.92 years) and 31 older adults (61-76 years, mean =
67.6 years, SD = 3.84 years). All participants were native Cantonese
speakers who lived in the native language environment, and addition-
ally spoke Mandarin Chinese. Furthermore, some participants reported
the knowledge with another language such as English or Portuguese. All
participants self-rated proficiency for all languages they knew from four
dimensions (i.e., listening, speaking, reading, and writing) on a 1-7 scale
and total score ranged from 4 to 28. For younger adults, the mean
proficiency was 25.05 (SD = 3.00) for Cantonese and 22.04 (SD = 4.19)
for Mandarin. For older adults, the mean proficiency was 22.23 (SD
=3.57) for Cantonese and 17.58 (SD = 3.99) for Mandarin. The mean
proficiency of the third language was 17.25 (N = 87, SD = 3.83) for
younger and 13.38 (N = 16, SD = 4.29) for older adults. There was a
significant main effect of age on the proficiency of each language (ps <
.001), and the pair-wise comparisons across all languages for each age
group were all significant (ps < .001). All participants were right-
handed and reported no neurological or psychiatric disorders. Written
consent was obtained prior to the beginning of the study. All studies
protocols were approved by the Research Ethics Committee of the
University of Macau.

2.2. Neuropsychological Testing

Preceding the MRI session, each participant underwent a series of
psychometric and neuropsychological assessments designed to evaluate
their basic cognitive profiles, including processing speed, executive
function, memory, and language abilities. The screening tasks included
the Montreal Cognitive Assessment (MoCA, Hong Kong version) to
screen out mild cognitive impairment or dementia (Nasreddine et al.,
2005); a Geriatric Depression Scale with 15 items (GDS-15, a shortened
version of GDS) to screen out individuals with depression (De Craen
et al., 2003; Ferraro & Chelminski, 1996); a Color Vision test to screen
out color blind individuals. Cognitive assessments included forward and
backward digit span tasks from the Wechsler Adult Intelligence Scale
(WAIS) to assess working memory (Wechsler, 1997); a simple and choice
processing speed task to assess speed. Language assessment tasks
included a Chinese version of a vocabulary test from WAIS Chinese
version to measure vocabulary knowledge (Dai et al., 1990); a reading
habits questionnaire (Acheson et al., 2008); a categorical verbal fluency
task (VF) using different semantic categories as assessments of lexical
retrieval in each language (Filippetti & Allegri, 2011; Friesen et al.,
2015; Malek et al., 2013). The neuropsychological testing results are
shown in Table 1.

In addition to the neuropsychological tasks, participants’ language
profile was assessed by the Language History Questionnaire Version 3
(LHQ, Li et al., 2014), capturing the linguistic background and language
proficiency of multilinguals. Furthermore, all participants performed a
free speech task in Cantonese and Mandarin Chinese. Specifically, the
free speech task was used to elicit unrestricted verbal responses
regarding language production. During the task, participants were asked
to generate free speech on a certain topic. The Cantonese question was
“What do you like or dislike about living in Macau”, while the Mandarin
question was “What do you like or dislike about summer”. Participants
were given 15 seconds to think about each question, then a 3-minute
period to articulate their thoughts, allowing for a natural and unstruc-
tured expression of ideas. Participants’ spoken responses were recorded
using an audio recorder. A procedural figure including data collection,
coding, and analysis can be found in Fig. 1.
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Table 1
Participants’ neuropsychological testing scores
Younger adults Older adults
Mean (SD) Mean (SD)
Cognitive
Assessments
MoCA (out of 27.81 (1.85) 25.65 (2.56) ***
30)
Digit span 8.30 (2.05) 6.00 (1.73) *
forward
Digit span 5.38 (1.63) 4.35 (2.50) ***
backward
Simple speed 263.88 (38.94) 326.52 (87.82) ***
(ms)
Choice speed 269.77 (33.71) 405.16 (101.92) ***
(ms)
Language Profile
WAIS 26.47 (5.79) 22.29 (6.30) **
Vocabulary
Reading habits 20.96 (4.44) 19.87 (4.46) ™
Language 0.90 (0.32) 0.40 (0.31) ***
Entropy
Cantonese Mandarin Cantonese Mandarin
VF (correct 16.94 (7.96) 14.71 12.87 (3.26) 10.73 (2.64)
tokens) (4.149) R i
Speech Variables
Speech 176.35 170.76 175.65 154.42
Duration (s) (11.83) (21.34) (10.97) (34.06) *
N of Speeches< 19/89 33/89 8/31 19/31
180 s
Shortest Speech 101 78 125 62
(s)
Verbs 3.89 (0.91) 2.62 (0.48) 3.69 (1.19) ™ 2.08 (0.61)
MLU 19.70 (5.21) 17.78 20.10 (5.22) 15.45(5.42) *
(5.40) ns
Disfluency 27.54 (9.43) 44.46 28.00 (5.07) 47.33 (13.75)
(19.56) ns ns
LCC 153.46 134.33 134.42 107.71
(35.65) (37.19) (27.60) ** (35.47) ***
RE 75.74 56.35 70.65 (28.63) 32.03 (19.11)
(35.37) (34.91) ns ok
Speech Factor .57 (.85) -.29 (.70) .25 (.80) ™ -1.06 (.77)

Fekk

Reported are means with standard deviations in parentheses, unless otherwise
noted. Age difference was marked as: ***, p < .001; **, p < .01, *, p < .05, ns
indicates not significant. Abbreviations, VF, Verbal Fluency; Verbs, Verbs per
Utterance; MLU, Mean Length of Utterances; LCC, Largest Connected Compo-
nent; RE, Repeated Edges. Variables in bold were included in calculating the
speech factor.

2.3. MRI Data Acquisition

Following the completion of the neuropsychological testing, partic-
ipants were invited to take part in the MRI scan. MRI data were collected
on a 3T Siemens Prisma MRI scanner with a 32-channel head coil. We
collected a sagittal T1 weighted localizer image to define a volume for
data collection and higher-order shimming. The anterior and posterior
commissures were identified for slice selection and shimming. T1
weighted structural images were then collected using a magnetization-
prepared rapid acquisition gradient echo (MP-RAGE) sequence (repeti-
tion time [TR] = 2300 ms; echo time [TE] = 2.28 ms; Inversion Time
[TI] = 900 ms; flip angle = 8°; echo spacing = 7 ms; acceleration factor
= 2; field of view [FOV] = 256 mm? voxel size = 1 x 1 x 1 mm; 160
contiguous slices).

2.4. Data Coding

2.4.1. Language entropy
Language entropy is a method for accessing the language usage di-
versity for multilinguals (Gullifer et al., 2018; Gullifer et al., 2021;
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Fig. 1. Procedural figure summarizing data collection, coding and analysis steps.

Gullifer & Titone, 2019, 2021). Language entropy was developed based
on the Shannon entropy, using the equation: H = -1 P;log.(P;)
(Shannon, 1948). In this equation, n means the number of languages
used in that context and P; represents the proportion that each language;
is used within a context. In the present study, language entropy was
calculated based on three questions from the LHQ assessing the language
use in 17 contexts (Li et al., 2014). In these questions, participants were
asked to evaluate the frequency of using each language in self-engaged
activities (e.g., self-talk, pray, remember numbers) on a 7-point scale;
the time spent in each language per external activity (e.g., watching
television, using social media, writing, reading); or when speaking with
different people (e.g., family member, colleague, classmate). The
calculation was conducted with the R software using the LanguageEn-
tropy package (Gullifer & Titone, 2018). The language entropy of each
context was calculated first, and the mean entropy across all contexts
was calculated, with each participant had one language entropy score.

2.4.2. Disfluency and complexity in free speech

Speech data in Cantonese and Mandarin was first transcribed using
the Computerized Language Analysis (CLAN, version 25) software
(Macwhinney, 2000). Transcription was conducted by several research
assistants and one of them inspected the coding for all participants, to
make sure that the coding criteria were consistent. Although all partic-
ipants were encouraged to speak for the whole 3 minutes, some were not
able to do so, therefore, the duration of speech varied across both age
groups and languages, as reported in Table 1.

While transcribing, the following events were coded respectively
with certain symbols, including irregular pauses (unexpected breaks
within the utterance; e.g., I like (.) psychology); filled pauses (use of um,
er, uh, etc.; e.g., I like &-um psychology); phonetic fragments (partial
words; e.g., I like &+psycho psychology); elongated words (stretching
out sounds; e.g., I like: psychology); simple repetition (repeating a word
or phrase; e.g., I <like> [/] like psychology); rephrasing (starting an
utterance, then rephrasing part/all of it; e.g., < I like > [//] I like psy-
chology); unintelligible speech (e.g., I xxx psychology) and the errors
that were not self-identified and corrected (e.g., I liked [:like] [*] psy-
chology). After transcription, morphological coding was conducted
using the MOR function (Macwhinney, 2000) and lexicons provided by
TalkBank (Macwhinney, 2000). If a word produced by participants was
not included in the lexicon but indeed a real word, it was then added to
the lexicon of the corresponding language.

The speech quality was first evaluated based on three variables

calculated from CLAN, namely the Mean Length of Utterances (MLU),
number of verbs per utterance (Verbs), and percentage of disfluencies
(Disfluency; Macwhinney, 2000). Specifically, MLU is a measure used to
assess speech complexity, calculated by dividing the total number of
morphemes by the total number of utterances. To further quantify the
complexity of sentence structure, the mean number of verbs per utter-
ance was calculated, by including regular verbs, copulas (e.g., run,
know, be), and past or present participles, but not including modal
words (e.g., will, might). Furthermore, the percentage of disfluencies
was calculated as the sum of stutter-like and typical disfluencies divided
by the total number of syllables.

2.4.3. Graph-based measures in free speech

In addition to using traditional measures to evaluate speech quality,
we innovatively visualize and quantify speech data with a graph
approach, using SpeechGraph software (Mota et al., 2014; Mota et al.,
2012). Specifically, SpeechGraph uses the transcribed speech text as
input and produces a graph, with words being nodes and connected
words forming pathways. The largest connected component (LCC) refers
to the total number of nodes in the largest sub-graph where each node is
connected to every other node through a path. The LCC has been found
to be associated with aging (Malcorra et al., 2021). Additionally,
repeated edges (RE) is calculated by summing all edges linking the same
pair of nodes. Higher RE is associated with longer utterances, but could
also indicate lower lexical diversity in speech when controlling for the
length of utterances.

2.4.4. MRI data preprocessing

The preprocessing of T1 structural MRI images was carried out using
Statistical Parametric Mapping 12 (SPM12; Wellcome Department of
Cognitive Neurology, University of London) and the CAT12 toolbox
(Computational Anatomy Toolbox; C. Gaser, Jena University Hospital,
Jena, Germany), operated on MATLAB (The MathWorks, Natick, MA).
Specifically, the structural images were segmented into gray matter
(GM), white matter (WM), and cerebrospinal fluid, and then transferred
into MNI coordinate system (Montreal Neurological Institute). Subse-
quently, the images were normalized to a standard anatomical template
using Dartel registration (Ashburner, 2007) and modulated in a
non-linear way by using Jacobian determinants. Finally, a Gaussian
kernel was applied to smooth the images, with an 8 mm full-width at
half maximum (FWHM) in SPM12 to improve the signal-to-noise ratio
and accommodate anatomical variability. The final output images were
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in resolution of 1.5 x 1.5 x 1.5 mm voxel size.
2.5. Data Analysis

2.5.1. Factor analysis on speech performance

As mentioned earlier, all participants performed a free speech task in
Cantonese and Mandarin and their performance was evaluated by five
variables, namely MLU, Verbs, Disfluency, LCC, and RE. Although the
speech length varies across languages and age groups, these variables
were derived from averaged features across all utterances, ensuring that
speech length did not impact the assessment of speech characteristics.
To reflect the overall speech quality, an exploratory factor analysis was
conducted across all speech variables in both languages across all par-
ticipants. There was no missing data and outlier identified based on
Mahalanobis Distances (Probability < .001). There was no multi-
collinearity concern among the cognitive variables as assessed by Vari-
ance Inflation Factor (VIFs, < 3.5) and the data were normally distrib-
uted. A Bartlett’s test was conducted to determine the correlation
adequacy among variables from those cognitive tasks, and a Kaiser-
Meyer-Olkin test (KMO, Kaiser, 1974) was then conducted to deter-
mine the sampling adequacy. Results suggested that there was a sub-
stantial correlation among the cognitive variables (Bartlett test p < .001)
and the sample was adequate (KMO = .79 > .60, Kaiser, 1974), which
motivated the factor analysis. All speech variables were standardized
using the scale() function in the R environment ((score-mean)/sd). One
factor was extracted based on the kaiser criterion. The final model used
the varimax rotation and accounted for 58% of the variance in the data
(TLI: 0.80; CFI: 0.90; RMSR: .07; RMSEA: 0.23). The psych package in
the R environment was used for the factor analysis (Revelle, 2015).

After the latent factor was identified, the standardized speech factor
score was then calculated for each language for each participant, with an
overall mean across both languages and all participants to be 0. A pos-
itive speech factor score indicates above-average speech ability, while a
negative score suggests below-average speech ability. The speech factor
scores between the two languages were highly correlated, in both
younger adults (r = .69, p < .001) and older adults (r = .78, p < .001).
On speech factor scores, multi-level regression analyses were first con-
ducted to explore the effects of Language (Cantonese vs. Mandarin), Age
Group (Younger vs. Older), and multilingual experience (reflected by
language entropy) on speech performance. Categorical variables were
contrast coded with -1 vs 1. In the cases where interactions were sig-
nificant, further analyses were conducted to clarify dynamic interplay
among different variables on speech factor. Furthermore, because the
sample size was unbalanced in younger and older adults, permutation
tests were further conducted. Specifically, when needed, the same test
was repeated for 1000 times with a random subset of younger adults
each time, equivalent to the sample size of older adults.

In addition to the traditional method, the differences between age
groups and between languages were explored using a classification
approach based on similarity matrices generated from Representational
Similarity Analysis (RSA, Kriegeskorte et al., 2008). To investigate age
differences, a similarity matrix was created for each language using the
speech factor scores. The matrix was calculated from the pairwise
Euclidean distances across all participants. Longer distance would
indicate more different speech scores between every pair of participants.
For each language matrix, a classification was conducted using the
k-Nearest Neighbors (k-NN) algorithm. Each similarity matrix was split
into training (~70%) and testing (~30%) sets, ensuring the same pro-
portion for each group. A k-NN classification was performed with k = 3.
The classification performance was evaluated using a confusion matrix
and accuracy calculation, indicating how accurately individuals can be
classified into their respective age groups. Similarly, to explore language
differences, a similarity matrix was generated for each age group sepa-
rately based on the speech factor scores, using pairwise Euclidean dis-
tance across both languages. A similar classification test was then
conducted for each group to determine how accurately data points could
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2.5.2. Whole brain analysis

To explore the age difference on the whole brain level, we first
conducted a voxel-based morphometry (VBM) analysis, focusing on the
gray matter volume using SPM12. With the VBM approach, we explored
the main effect of age group on whole brain GMV, including the Total
Intracranial Volume (TIV) as a covariate to accommodate the variation
of participant’s head size. Clusters were considered significant at p < .05
after correcting for multiple comparisons using the Family Wise Error
Rate (FWE).

In addition to the VBM approach, an RSA-based classification test
was conducted on GMV, exploring potential age differences across the
whole brain. Specifically, the GMV was extracted from 160 Regions of
Interest (ROIs) based on the Automated Anatomical Labeling atlas 3
(AAL3; Rolls et al., 2020). Then the pairwise Euclidean distances across
all participants for all ROIs were computed to form a distance matrix,
which was then converted into a similarity matrix. A classification test,
similar to the behavioral analyses, was performed on this GMV simi-
larity matrix. All these analyses were conducted in the R environment (R
Core Team, 2013).

2.5.3. Region of interest analysis

In addition to the whole brain analysis, several critical regions of
interest (ROI) were identified to further explore the contribution of these
brain structures to speech performance and the modulation of multi-
lingual experience. Focusing on regions that showed lower GMV in older
adults compared to younger adults, and combined with previous liter-
ature documenting regions important for language and cognitive func-
tions, a total of 14 bilateral ROIs related to language and cognitive
functions were selected (Fig. 2). These ROIs were left and right anterior
cingulate cortex (ACC), middle frontal gyri (MFG), inferior frontal gyri
(IFG), supramarginal gyri (SMG), angular gyri (AG), middle temporal
gyrus (MTG), and putamen. The GMV of all ROIs were extracted using
the AAL3 atlas.

With the GMV extracted from these ROIs, we analyzed their main
effects and interaction with language entropy on speech factor score in
each language in each age group, using the Generalized Additive Mixed
Models (GAMMSs) to accommodate both the linear and non-linear re-
lationships while controlling for the effect of TIV. The gam function from
the mgcy package (Wood, 2011) in the R environment was used to fit all
GAMM models. For all the interested variables, the p-values of model fit
were higher than .05, and k-indexes were close to 1, suggesting that
there were no significant or missed patterns in the residuals of our
models.

3. Results
3.1. Behavioral analysis on speech factor

An exploratory factor analysis identified one speech factor across all
individual language variables. Specifically, the identified speech factor
loaded positively on Verbs (loading = .80), MLU (loading = .91), LCC
(loading = .75), RE (loading = .73), and negatively on Disfluency
(loading = -.59). Therefore, higher speech factor score would indicate
better speech quality in general.

We first explored the effects of Language, Age Group, and multilin-
gual experience (reflected by language entropy) on speech performance
(Fig. 3A), as measured by the speech factor score. Starting with the full
multi-level regression model, which included all main effects and
interaction combinations, we employed a stepwise approach to compare
the goodness of fit of various statistical models by sequentially dropping
variables. The model with lowest Akaike Information Criterion (AIC,
indicating a good fit with fewer parameters) was kept. The final model
included the main effects of Language, Age Group, Entropy, and the
interaction between Language and Age Group. The main effect of
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Fig. 2. Selected 14 bilateral ROIs based on the AAL3 atlas.
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matrix classification performance.

Language was significant, such that the speech factor score in Cantonese
was higher than Mandarin, p = .54, t = 17.27, p < .001. While the main
effect of Age Group was not significant in the regression (p = .12, t =
1.35, p =.18), its interaction with Language was significant (§ =.11,t=
3.64, p = .0004). Additionally, the main effect of entropy on speech
factor score was significant, such that higher entropy was significantly
associated with better speech performance, p = .23, t = 3.09, p = .003.
Because there were unequal number of participants in each age group,
we further conducted a permutation test, randomly selecting a subset of
younger adults each time to match with the sample size of older adults,
repeated for 1000 times. The permutation test indicates stable signifi-
cant effects of Language (p < .001, with fewer than 1 in 1000 of the
shuffled datasets produced non-significant effect of Language), and its
interaction with Age Group (p = .046, with only 46 in 1000 of the

shuffled datasets produced non-significant interaction effect). Yet, the
effect of entropy was not consistently shown in permutations (p = .54,
implying that the observed effect could potentially be related to random
variation in the data).

To further clarify the interaction between Language and Age Group
on speech performance, a mixed-ANOVA combined with post-hoc
pairwise comparisons was conducted, focusing on the effects of lan-
guage and age group on speech factor score (Fig. 3A’). Consistent with
the regression analysis, the main effect of Language was significant, such
that Cantonese speech factor score was higher than Mandarin, F (1, 118)
= 298.30, p < .001. Interestingly, the main effect of Age Group was also
significant, such that the factor score of younger adults was higher than
older adults, F (1, 118) = 13.12, p < .001, although the age effect was
not significant in the initial regression. Additionally, the interaction
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between Language and Age Group was still significant, F (1, 118) =
13.22, p < .001. To explore the interaction, post-hoc analyses were
conducted using the Tukey method to adjust for multiple comparisons.
Significant higher speech factor scores were found in Cantonese than
Mandarin in younger adults (p < .001), as well as in older adults (p <
.001). Additionally, younger adults showed higher speech factor scores
than older adults in Mandarin (p < .001), but not in Cantonese (p = .27).
Given the unequal sample size, similar permutation tests were con-
ducted for the ANOVA analysis. The permutation test indicates stable
significant effects of Language (p < .001, suggesting that this effect is
highly unlikely to have occurred by chance), Age Group (p = .046, with
only 46 in 1000 of the shuffled datasets produced non-significant effect
of Age Group), and their interaction (p = .046, with only 46 in 1000 of
the shuffled datasets produced non-significant interaction effect),
consistent with the earlier reported ANOVA results.

Last but not least on the speech performance, we used a k-NN clas-
sification test to further explore the interaction effect of Age Group and
Language, based on RSA matrices. For each matrix, the training set
included 70% data and the test set included the remaining 30% data. In
the test set of Mandarin speech exploring age effects (9 older and 26
younger participants), 4 older adults and 24 younger adults were
correctly classified. There were 5 misclassifications for older adults and
2 for younger adults. The overall classification accuracy was 80%,
demonstrating a good level of accuracy in predicting age group mem-
bership based on Mandarin speech (Fig. 3B, upper left and bottom right
for same age groups, upper right for different age groups). On the other
hand, in the test set of Cantonese speech exploring age effects (9 older
and 26 younger participants), 2 older and 23 younger adults were
correctly classified. However, 7 older adults were misclassified, and 3
younger adults were misclassified. The overall classification accuracy
was 71.43%, demonstrating moderate accuracy in predicting age group
membership based on Cantonese speech (Fig. 3C). These results indicate
that the model correctly classified the majority of younger adults but
struggled with correctly classifying older adults, suggesting a less clear
boundary between age groups on Cantonese speech, consistent with the
regression and ANOVA results.

Additionally, focusing on language difference, classification tests
were conducted in each age group separately. In the test set of older
adults (10 data points for each language), 6 Cantonese speech and 10
Mandarin speech were correctly classified. There were 4 mis-
classifications for Cantonese. The overall classification accuracy was
80%, demonstrating a good level of accuracy in predicting language
type based on older adults’ speech (Fig. 3D, upper left and bottom right
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for same language, upper right for different languages). Finally, in the
test set of younger adults (27 data points for each language), 20
Cantonese speech and 16 Mandarin speech were correctly classified. Yet,
there were 7 misclassifications for Cantonese and 11 for Mandarin. The
classification accuracy was 66.67%, indicating a low accuracy in pre-
dicting language membership based on younger adults’ speech (Fig. 3E).
These results suggest that older adults’ Cantonese and Mandarin speech
were more different while younger adults’ proficiency in two languages
were more similar, consistent with significant interaction between
Language and Age Group from the multi-level regression and ANOVA
analyses.

3.2. Whole brain analysis results

Whole brain VBM analyses were first conducted to investigate the
group difference on GMV (see Fig. 4A and Table 2). Compared with
younger adults, older adults showed lower GMV throughout the ma-
jority regions of the brain, and higher GMV in occipital lobe, bilateral
thalamus and pallidum.

Additionally, with the GMV RSA matrix created from 160 ROIs
across the whole brain for each participant, a k-NN classification was
conducted to further explore age difference. The training set included
70% data (22 older and 63 younger participants) and the test set
included the remaining 30% data (9 older and 26 younger participants).
In the test set of GMV data, 7 older adults and 23 younger adults were
correctly classified. There were 2 misclassifications of older and 3 mis-
classifications of younger adults. The overall classification accuracy
reached 85.71%, indicating that the GMV similarity patterns (Fig. 4B)
are effective in distinguishing different age groups.

3.3. ROI analysis results

Based on the critical regions that showed significant age effects, we
further explored the main effects of the GMV in each ROI and their in-
teractions with language entropy on speech factor scores in different
languages of each age group, controlling for individual differences in
head size via TIV (Fig. 5). In older adults, there was a significant non-
linear main effect of the left Putamen on Cantonese speech (Fig. 5A;
smooth term edf = 3.65, ref.df = 3.92, F = 8.13, p = .0005), indicating a
fluctuating relationship (starting from negative, then positive, then
negative) between GMV and speech performance. There was also a
significant interaction between the left Putamen and entropy on older
adults’ Cantonese speech (Fig. 5A; smooth term edf = 1.00, ref.df =

B GMV RSA Matrix

Classification Actual
Predicted Older  Younger
Older 7 3
Younger 2 23
Accuracy 0.86

Fig. 4. Main effect of age group on whole brain GMV. A) Age comparison with VBM approach. Regions in red-yellow indicate higher GMV in younger than older
adults. Regions in green-blue indicate higher GMV in older than younger adults. Color bar indicates t values. B) RSA Matrix created from the pairwise similarity
comparison on GMV across whole brain for all participants. Participants from the same age group (upper left and bottom right sections) showed higher level of
similarity on each matrix compared to participants from different age groups (upper right section). Classification confusion matrix shows accuracy of 86%.
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Table 2
Main effect of age group on whole brain GMV with VBM approach.
Hemisphere Voxel MNI coordinates (mm) T value
X y z

Younger > Older

Putamen Right 261684 34 0 3 14.89
Left -33 -4 -9 14.84

MFG Right 37 55 8 8.84
Left -37 55 8 8.51

IFG Right 48 42 8 9.22
Left -48 42 8 7.39

ACC Right 8 42 23 8.24
Left -8 42 23 9.41

SMG Right 57 -41 33 5.82
Left -58 -26 33 4.96

MTG Right 63 -32 0 8.41
Left -63 -32 0 7.14

AG Right 62 -59 29 6.79
Left -55 -66 29 5.71

Occipital cortex Left 17 -27 -86 10 5.30

Older > Younger

Thalamus Right 210 20 -18 3 8.22

Occipital pole Middle 255 0 -93 -16 7.96

Thalamus Left 110 -20 -20 3 6.96

Parahippocampal gyrus Left 37 -16 -2 -39 5.83
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Fig. 5. Effects of ROI GMV and language entropy on Speech factor in older adults. A) shows significant main effect of the Left Putamen GMV and its interaction with
entropy on Cantonese speech. B) shows the main effect of the Right MTG GMV on Cantonese speech. C) shows the main effect of the Right MFG GMV on Mandarin. D)
shows the interaction between Right Putamen GMV and entropy on Mandarin speech. E) shows the main effect of the Right MTG GMV on Mandarin speech. F) shows

the main effect of Left SMG GMV on Mandarin speech.

1.00, F = 4.67, p = .04). Specifically, the relationship between the GMV
of the left putamen and the speech factor follows a horizontal “S” shape,
and this shape gets steeper when entropy was lower. Additionally,
participants with lower GMV showed a negative relationship between
entropy and speech performance while those with higher GMV showed a
positive relationship between entropy and speech performance.

In addition to the left putamen, there was a significant interaction
effect between the right Putamen and entropy on older adults’ Mandarin
speech (Fig. 5D; smooth term edf = 5.62, ref.df = 6.88, F = 3.40, p =
.02). Specifically, the relationship between the right Putamen and
Mandarin shows a “S” shape for individuals with higher entropy. Yet, for
individuals with lower entropy, the relationship becomes more
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complicated with multiple waves of fluctuations. Additionally, in-
dividuals with higher right Putamen GMV showed a stronger positive
correlation between language entropy and Mandarin speech.

Furthermore, there was a significant positive exponential effect of
the right MTG on older adults’ Cantonese speech (Fig. 5B, smooth term
edf = 1.65, ref.df = 1.94, F = 6.79, p = .005), such that higher GMV was
associated with better speech performance and this relationship is
accelerated when GMV is higher. For older adults’ Mandarin, there was
a significant non-linear exponential effect of the right MTG on speech
(Fig. 5E; smooth term edf = 2.28, ref.df = 2.75, F = 3.49, p = .03),
similar to the patterns identified in Cantonese.

Moreover, in older adults, a significant non-linear effect of the right
MFG on Mandarin speech was observed (Fig. 5C; smooth term edf =
2.56, ref.df = 3.04, F = 3.48, p = .03), indicating a U shape (starting
from negative then become positive). There was a significant non-linear
effect of the left SMG on older adults’ Mandarin speech (Fig. 5F; smooth
term edf = 2.33, ref.df = 2.79, F = 4.18, p = .02), such that higher SMG
was associated with better speech, and this relationship is stronger with
higher GMV. It is important to note that, however, none of the effects
above survived correction for multiple comparisons. There was no sig-
nificant main effect of entropy identified (ps > .1). And there was no
significant relationship between GMV of critical ROIs and speech per-
formance in either language in younger adults (ps > .1).

4. Discussion

The present study investigates the relationships between speech and
brain structure with a focus on age-related differences and multilin-
gualism. Brain structure was quantified as gray matter volume. A
comprehensive speech factor was calculated through a factor analysis,
reflecting overall speech quality. In addition to the cross-language
comparison, multilingual experience was captured through language
entropy. Our results showed that higher entropy was associated with
better speech performance. There was also a moderate superior perfor-
mance in younger than older adults, a stable superior speech in native
than non-native language, especially in older adults. Age significantly
affected the whole brain gray matter volume such that older adults
showed lower GMV than younger adults. Furthermore, the right MTG
emerged as a critical region for speech in older adults. Additionally,
subcortical regions such as the putamen were sensitive to the effect of
multilingual experience on speech performance in older adults. Below,
we discuss these findings in details.

Behaviorally, with the integrated speech factor reflecting both
fluency and complexity (Housen & Kuiken, 2009; Osborne, 2011), we
found that older adults tend to produce speech with lower quality across
both languages than younger adults. Previous studies have often re-
ported word retrieval failures with age, in not only the word level (Burke
& Shafto, 2011; Diaz et al., 2016), but also the context level (Bortfeld
et al., 2001; Mortensen et al., 2006). Specific to the context level, older
adults tend to produce less fluent and complex speech, consistent with
the current study. However, the effect of age on speech was not signif-
icant in the initial regression which added the effect of entropy, indi-
cating a potential compensatory effect from multilingual experience to
age effects on speech performance. In fact, there was a significant dif-
ference in language entropy between the two age groups, with older
adults exhibiting lower entropy than younger adults (p < .001; Fig. 3A).
This suggests that the effect of age group may be partially confounded by
the effect of language entropy, which we acknowledge as a potential
limitation of the current study (discussed in later sections).

Focusing on the interplay between multilingualism and age groups,
there was a significant effect of language type, such that Cantonese
speech quality was higher than Mandarin, which is expected given
Cantonese was the native and dominant language of the current sample.
There was also a main effect of language entropy, across all participants’
both languages. Specifically, higher language entropy was significantly
associated with higher speech factor scores, indicating that greater
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multilingual diversity may enhance overall speech performance for both
native and non-native languages (Fig. 3A). These results suggested that
the practice of frequently using multiple languages might be beneficial
for language production ability, consistent with prior research (Kang
et al., 2023).

Importantly, a stably significant interaction between language and
age group on speech performance was also found. Specifically, the cross-
language difference in speech was more pronounced in older adults
compared to younger adults. This finding was further supported by the
RSA-based classification test, which showed higher classification accu-
racy for differentiating the two languages in older adults than in younger
adults. These results suggest that older adults’ proficiency in the two
languages was more distinct, while younger adults’ proficiency was
more similar. Additionally, younger adults had higher speech factor
scores in Mandarin compared to older adults, but no significant age
differences were observed in Cantonese. This stronger age difference in
Mandarin was also further supported by the RSA-based classification
test, which accurately differentiated between younger and older adults’
Mandarin speech, but not Cantonese. These effects suggest that age-
related differences in speech performance may be more pronounced in
the non-native language. Yet, this result only speaks to the current
sample because older adults’ Mandarin proficiency was lowest among
others. These samples may not fully represent the broader population of
multilingual older adults with more balanced language proficiency.
Further studies should recruit more balanced multilinguals in both age
groups to further test the pronounced age difference in non-native
languages.

Neurally, focusing first on age-related differences in whole brain
gray matter volume, we found that older adults exhibited reduced GMV
compared to younger adults throughout the entire brain. This finding
was supported by both a traditional VBM approach and a classification
test based on the GMV representative similarity matrix, which highly
accurately differentiated between younger and older adults. The age-
related brain atrophy has been reported in many studies, especially in
anterior regions (Hafkemeijer et al., 2014; Raz et al., 2005; Resnick
et al.,, 2003), associating with worse cognition (Zimmerman et al.,
2006). Yet, few studies have investigated the contribution of reduced
gray matter volume to age-related difference in speech production. In
this context, the current study explored the age-related relationships
between GMV and speech performance, as well as the modulation of
multilingual experience. Several key results should be highlighted.

First, from regions that showed significant age differences in GMV,
we identified several ROIs critically involved in language processing and
executive functions (Papeo et al., 2019; Pliatsikas, 2020; Turker et al.,
2023). Among these regions, only the right MTG, right MFG, left puta-
men, and left SMG showed significant contributions to speech factors in
older adults, highlighting the importance of these regions to older
adults’ speech. The left putamen, which plays a key role in speech
sequencing, and the left SMG, involved in processing sublexical infor-
mation, have both been shown to be critically engaged in language
processing (Tremblay & Deschamps, 2016). Unlike the left-lateralized
pattern often observed in younger adults, the involvement of bilateral
regions suggests a shift towards more bilateral processing, compensating
for declines in the left hemisphere’s language regions (Cabeza, 2002).
For example, while the left MTG is generally associated with semantic
processing (Indefrey & Levelt, 2000), the activation of the right MTG in
older adults could reflect compensatory mechanisms for linguistic tasks.
Additionally, the right MFG, known for its role in executive functions
and cognitive control (Ridderinkhof et al., 2004), may become more
engaged in older adults due to the increased need for cognitive resources
when processing non-native languages. However, it is important to note
that none of these effects survives multiple comparison correction,
meaning that these findings should be interpreted with caution.

Furthermore, for older adults’ both languages, the indicator of
multilingual experience (indicated by entropy) dynamically modulated
the relationships between GMV in putamen and speech factor in older



H. Yuetal

adults. The critical role of putamen in language processing has been
shown in previous studies (Turker et al., 2023; Vinas-Guasch & Wu,
2017), and in older adults (Tremblay & Deschamps, 2016). Interest-
ingly, the divergent lateralization patterns observed in our study, with
the left portion involved in native language processing and the right
portion involved in non-native language processing, offer valuable in-
sights into the neural mechanisms underlying multilingual speech. A
previous connectivity study reported that the left putamen coactivated
mainly with left hemisphere clusters directly associated with language
processing, while the right putamen coactivated with regions involved
in broader semantic and memory processing (Vinas-Guasch & Wu,
2017). Informed by this study, the pattern identified in the current
research suggests that older adults’ native language processing relies
more heavily on left hemisphere language-specific regions, whereas
non-native language processing appears to engage right hemisphere
domain-specific regions. However, it is important to note that since only
the putamen, but not other critical language-related regions, exhibited
divergent lateralization patterns for native and non-native languages,
these results should be interpreted with caution.

Yet, no significant effect was found on the relationships between
speech factor and GMV in critical ROIs in younger adults. This result
may suggest that proficient non-native language processing in younger
adults is largely supported by their native language system. Younger
adults’ brains may already process both languages effectively, so the
structural characteristics required for non-native language processing
may not be as distinct or dependent on additional neural resources. An
alternative explanation is that, although younger adults may score
better on proficiency measures, their bilingual experience may not have
been extensive enough to trigger the brain expansion and normalization
process that typically occurs over time in older multilinguals. These
combined results suggest that specific multilingual experiences play a
crucial role in modulating neural bases, ultimately affecting speech
production, especially in the aging brain (Pliatsikas, 2020).

While our findings are novel and informative, several limitations
should be acknowledged. First, the unequal number of participants
across age groups may affect the generalizability of our findings, as well
as the comparability between groups themselves. Although permutation
tests were conducted to address this issue, future studies with larger and
more balanced samples are needed to confirm our results. Another
limitation is that the majority of younger adults in our study spoke a
third language. Although we focused on comparing the first two lan-
guages, the age differences in the third language profile might introduce
confounding effects. Lastly, the older adults in this study had relatively
lower proficiency in Mandarin and less balanced language use (i.e.,
lower entropy), which may not accurately represent the profiles of more
balanced older multilinguals. Future studies should include age groups
with more comparable language backgrounds (i.e., balanced bilinguals)
to better control for the confounding effect of language proficiency on
age-related differences.

In summary, the present study investigated the age-related differ-
ences in speech and brain structure from a multilingual perspective. By
employing an integrated measure of speech quality, we revealed sig-
nificant effects of age, language, and their interaction on speech per-
formance. More experience of mixed use of both languages was also
beneficial for speech production in both languages. Significant gray
matter volume difference was found between younger and older adults.
Older adults’, but not younger adults’ speech was associated with gray
matter volume in right middle frontal and temporal gyri, and left
supramarginal gyrus. The contribution of the putamen on speech in
older adults was further modulated by multilingual experience. These
findings underscore the complex interplay between age, multilin-
gualism, and brain structure, providing valuable insights into the neural
mechanisms underlying multilingual speech performance.
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