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Abstract
An increasing number of studies have highlighted the importance of listener-speaker neural coupling in
successful verbal communication. Whether the brain-to-brain coupling changes with healthy aging and
the possible role of this change in the speech comprehension of older adults remain unexplored. In this
study, we scanned with fMRI a young and an older speaker telling real-life stories, and then played the
audio recordings to a group of young (N = 28, aged 19-27y) and a group of older adults during scanning
(N = 27, aged 53-75y), respectively. The older listeners understood the speech less well than did the young
listeners, and the age of the older listeners was negatively correlated with their level of speech
understanding. Compared to the young listener-speaker dyads, the older dyads exhibited reduced neural
couplings in both linguistic and extra-linguistic areas. Moreover, within the older group, the listener’s age
was negatively correlated with the overall strength of interbrain coupling, which in turn was associated
with reduced speech understanding. These results reveal the de�cits of older adults in achieving neural
alignment with other brains, which may underlie the age-related decline in speech understanding.

1. Introduction
Narratives, especially real-life stories, are the most ancient and effective tools for communicating
personal experiences, emotions, and beliefs between people in daily life. To successfully understand
spoken narratives requires a set of complex cognitive and neural computations. A listener needs to not
only segregate audio streams into linguistic units and retrieve semantic information, but also
simultaneously maintain the decoded information in working memory, integrate it with preceding
information and the knowledge base, build situation models, make inferences and predictions, and
beyond. Despite these cognitive requirements, young adults usually understand well the information
intended by a speaker. However, the older adults typically understand spoken narratives slower, make
more errors, and remember less information (1-3), even though their basic linguistic functions (such as
semantic and syntactic processing) are thought to be preserved (4,5).

Currently, neuroimaging studies on language processing in older adults have primarily focused on cortical
responses to isolated, decontextualized phonemes, words, or sentences within isolated brains (e.g, 6,7,8).
Little is known about the neural processes underlying speech comprehension during naturalistic verbal
communication in aged brains. According to the interactive alignment model, originally proposed by
Pickering & Garrod (2004), individuals engaged in verbal communication interactively coordinate their
mental representations at multiple levels (e.g., phonology, syntax, semantics, situation models) (9). This
alignment process is suggested to be the major driver of mutual understanding (9-11). In line with this
model, it has been demonstrated that neural activities associated with the phonological (12), lexical (13),
and syntactic (14) processing during speaking and listening are closely related, supporting the
representational parity between language production and comprehension (15). Moving beyond single
brains, recent studies applying fMRI (16-19), fNIRS (20-24) or EEG (25,26) directly measured the brain
activities from both speakers and listeners engaged in verbal communication. These studies consistently
demonstrated that the brain activities between the speaker and listener were tightly coupled (i.e.,
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variations in the amplitude or phase of brain signals are correlated) when communication succeeded.
Signi�cant interbrain couplings were found both in areas associated with linguistic analyses (such as the
inferior frontal gyrus, and the superior temporal gyrus) and in areas associated with social cognition
(such as the precuneus and the media prefrontal cortex) (16,17). Moreover, the tighter listener-speaker
neural coupling was associated with better speech understanding (16,19). The brain-to-brain coupling is
thought to re�ect the listener-speaker alignment at different levels of linguistic and extra-linguistic
representations, and to be an important neural mechanism underlying successful verbal communication
(15,27). 

Up to now, the investigation of human brains in communicative settings has been mainly limited to the
young cohorts. Whether the brain-to-brain coupling changes with healthy aging and the possible role of
this change in the speech comprehension of older adults remain unexplored. Two possibilities exist. First,
due to impaired auditory temporal processing (28) and slowing in cognitive processing, as well decline in
high-level cognitive functions (e.g., sustained attention), an older listener may have di�culties in tracking
the �eeing linguistic input and therefore fail to achieve alignment with a speaker on neural activities and
mental representations. This failure may in turn lead to poorer speech understanding. Alternatively,
according to the interactive brain hypothesis, interactive experience and skills play enabling roles in both
the development and current function of social brain mechanisms (29). In relation to aging, this
experience-driven model would predict that the older listeners will exhibit preserved or even tighter neural
alignment with the speaker during communication, due to their life-long experience of social interactions
through verbal language. The preserved or strengthened ability to achieve alignment with other brains
(and minds) may serve as a compensation mechanism to alleviate the adverse effect of cognitive and
auditory declines during aging.

To test the above possibilities, we recorded a young and an older speaker telling real-life stories during
fMRI scanning, and then played the audio recordings to a group of young adults and a group of older
adults, respectively, while undergoing fMRI scanning. We choose to have the speaker and listeners age-
matched, rather than exposing the same speaker to both young and older adults, for two considerations.
First, in daily-life situations, verbal communication among older adults differs substantially from that
among young adults in terms of topics, speech rate, vocabulary, and organizational structure (30,31).
Thus, age-matched dyads are likely to communicate better than young-old dyads. Second, the rate of
blood flow, metabolism, and neurovascular coupling in the aging brain are quite different from those in
young brains (32-34); thus, age-matched brains should be more alike in neural dynamics. Given these two
points, we presume age-matched listener-speaker dyads are more likely to achieve neural alignment than
young-old dyads.

Neural couplings between the speaker and each listener were assessed by calculating the temporal
correlation between their BOLD signals in spatially corresponding cortical regions. Listeners’ level of
speech understanding was assessed mainly by a story-retelling task (16). However, listeners’ performance
on this task may depend not only on their speech comprehension but also on their memory capacity, and
healthy aging is accompanied by decreased working memory (35,36). To reduce the impact of memory
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capacity on language comprehension, we measured listeners’ phonological working memory using WISC-
III forward and backward digit span tests and regressed out their digit spans when analyzing the
relationship between comprehension scores and other variables. To determine the potential effect of age
on brain-to-brain coupling, we compared the older listener-speaker dyads with the young dyads and
further examined the correlation between the age of older listeners and their neural alignments with the
speaker. Next, we investigated whether change in the interbrain coupling played a role in the age-related
change in speech understanding. To this end, we examined the correlations among age, interbrain
coupling, and the level of speech understanding, and then conducted a mediation analysis. If interbrain
coupling decreases with healthy aging and this neural decline accounts (partially) for the age-related
decline in speech comprehension, the older dyads would exhibit reduced neural coupling compared to the
young, and the age of the older listeners would be negatively correlated with their neural alignments with
the speaker. Moreover, the reduced neural alignment would in turn be linked to poorer speech
understanding. Alternatively, if life-long experience of verbal interactions plays a protective role, the older
listener-speaker dyads would exhibit comparable or tighter interbrain coupling than the young dyads.
Moreover, the interbrain coupling may positively correlate with speech comprehension in the older group.
Note, even with such a compensation effect, the older adults may still understand the speech less well
than the young adults, given that a set of adverse factors (such as age-related decline in hearing acuity
and working memory) can contribute greater to speech comprehension than does the protective factor.

Upon �nding the aging effect in listener-speaker neural couplings, we conducted additional analyses to
explore the potential contribution of three factors to this effect. First, it has been well-documented that
older adults have di�culties in sustaining their attention over time (37,38). It is possible that the older
listener-speaker dyads presented as tight interbrain coupling as the young dyads at the beginning of the
communication, which dropped down gradually because the older listeners could not well sustain their
attention on the speech. To test this possibility, we performed a sliding window analysis to capture the
time-dependent variations in the interbrain effect. Second, it has been reported that older participants
showed more idiosyncratic cortical responses during movie-watching (39). Since the listener-speaker
neural coupling can be regarded as a special case of neural similarity, it is possible that the age-related
reduction in neural coupling was merely an epiphenomenon of age-related decline in intersubject neural
similarity. To test this possibility, we computed the neural correlation between each listener with other
listeners exposed to the same story. Then the lister-listener correlation was taken as a covariate during
the between-group comparison and the correlation analysis for age and neural coupling. Finally, we
explored whether the de�cits of aged brain in “tuning into” other brains were associated with age-related
gray matter atrophy. We �rst tested whether those cortical regions showing age-related decline in neural
coupling also exhibited age-related reduction in gray matter volume (GMV). We then examined for each
cortical region whether the strength of interbrain coupling was correlated with the GMV of this region
across the participants.

2. Method
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2.1 Participants
Two females (aged 23y and 62y, respectively) participated in this study as the speakers. They were
chosen from several candidates because they talked �uently and vividly, moved their heads very little, and
output clear audio recordings during the fMRI scanning. Details on the selection of speakers are provided
in the supplementary material. Thirty-two young adults (16 females, aged 19-27y) and 30 older adults (18
females, aged 53-75y) participated in this study as listeners. The young participants were college
students from the Southwest University, China. The older participants were recruited from several
communities nearby the campus. All participants were paid for their participation. The datasets of four
young and three older participants were discarded due to excessive head movements (more than 3mm or
3 degrees) during the fMRI scanning.

All participants were right-handed based on the Edinburgh Handedness Inventory (40) and reported no
mental or neurological disorders. For the older group, a Mini-Mental State Examination was administered
by a researcher, and all older adults scored above 26. To exclude participants with potential hearing loss,
pure tone audiometry was conducted. The threshold of < 30 dB HL in the better ear across 0.5, 1.0, 2.0,
and 4.0 kHz, which cover the most range of human speech (41), was employed to �lter participants (42).
All participants in the young group met this criterion at every frequency. In the older group, all met this
criterion at 0.5, 1, and 2 kHz, and all but two met at 4 kHz. Written informed consent was obtained from
all participants under the protocol approved by the Reviewer Board of Southwest University. The data of
the older group were also used in another study which addressed a different question (19).

2.2 Experimental Design
During the fMRI scanning, the two speakers told stories based on their personal experience, with each
story lasting 10 min. To obtain audio recordings with good quality, we used a noise-canceling microphone
(FOMRI-III, Optoacoustics Ltd., Or-Yehuda, Israel) positioned above the mouth of the speaker, and further
de-noised the audio recordings o�ine using Adobe Audition 3.0 (Adobe Systems Inc., USA). Two groups
of college students (N1 = 32, N2 = 31) assessed the complexity and vividness of the stories told by the
young and older speakers, respectively, on a scale of 1.0-10. The results showed, different stories told by
the same speaker did not differ in either vividness or complexity. Compared to the stories told by the
young speaker, the stories told by the older speaker were more vivid (p < 0.001) but did not differ in
complexity (p = 0.25).

When checking the quality of audio recordings, we detected a sudden cough at the last minute in one of
the stories told by the older speaker. In addition, our pilot experiment on several older adults showed that
the 10-min story was too long for them to keep sustained attention and memorize well. We thus played
back only the �rst 7-min recordings to the older listeners during the fMRI scanning. For the young group,
the full-length (10 min) recordings were played back. The audio stimuli were presented through an MR-
compatible headphone with noise-cancellation (OptoACTIVE, Optoacoustics Ltd., Or-Yehuda, Israel) at a
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volume comfortably audible for all listeners. A �xation cross lasting for 20s and then an icon of a horn
lasting until the end of the scanning were presented to both speakers and listeners (Fig.1). The
participants were informed to start speaking or listening immediately upon seeing the horn. To make the
participants focus their attention on the speech, they were informed beforehand that an interview about
the content of the story would be given after the scanning.

Each young adult listened to one of the three stories told by the young speaker. Each older adult listened
to one of the two stories told by the older speaker. As participants listening to the different stories did not
differ in their comprehension scores (for young group: F(2, 29) = 2.96, p = 0.07; for older group: t(29) = -0.18,
p = 0.85), their data were collapsed for further analyses.

2.3 Behavioral assessment for the level of speech
understanding
Two measurements were used to assess the level of speech understanding. First, at the end of the audio
play, listeners in the scanner were asked to report to which degree (in the form of percentage) they
understood the story. To obtain a more objective assessment, the listeners were required to retell the
stories in detail immediately after the scanning. After the free recall, the experimenters asked the
participants a few questions regarding the contents not recalled. These questions were from a list
(including 9-10 questions for each story) prepared for later scoring, covering important episodes that
happened in the different stages of the story (e.g., “please describe the preparation she made for the
hiking”, “what happened on her way to the hotel”). Correct answers to these questions contained several
key points covering actions, characters, places, time, and motivations et al. Two independent raters
scored each listener based on the free call and the answers to the experimenter’s questions. For each
question on the list, a score was given according to the information a listener provided about those key
points. The percentage of the score received out of the total maximal score was computed for each
listener. As the assessments made by the two raters were in high agreement (Spearman’s r(62)= 0.85), the
mean score between the two raters was used to quantify the listener’s level of speech understanding.

2.4 MRI acquisition and preprocessing
Imaging data were acquired with a 3T Siemens Trio scanner in the MRI Center of the Southwest
University of China. A gradient echo planar imaging sequence was applied to collect functional images.
The parameters were repetition time = 2000 ms, echo time = 30 ms, flip angle = 90°, �eld of view = 220
mm, matrix size = 64 × 64, slice number = 32 interleaved, voxel size = 3.44 × 3.44 × 3.99 mm3. A MPRAGE
sequence was adopted to collect T1 structural images with the following parameters: repetition time =
2530 ms, echo time = 3.39 ms, flip angle = 7°, FOV = 256 mm2, scan order = interleaved, matrix size = 256
× 256, and voxel size = 1.0 × 1.0 × 1.33 mm3.
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A total of 310 and 220 volumes were acquired for the young and older participants, respectively. The �rst
ten volumes corresponding to the �xation period were discarded. Image preprocessing was implemented
using the DPABI toolkit (43) which is based on SPM12 (www.fil.ion.ucl.ac.uk/spm/) modules. First, slice-
timing correction was performed to correct for varied sampling time of slices. Next, the corrected images
were spatially realigned and co-registered to individual subjects’ anatomical images. The resultant
images were then spatially normalized to Montreal Neurological Institute (MNI) space, resampled into a 3
× 3 × 3 mm3 voxel size, and spatially smoothed using a 7mm full-width-half-maximum Gaussian kernel.
Finally, the preprocessed images were detrended, nuisance variable regressed, and high-pass �ltered
(1/128 Hz). The nuisance variables included �ve principal components of white matter and cerebrospinal
�uid within individual subjects’ T1 segmentation mask (44), as well as the Friston’s 24 motion parameters
(45).

2.5 Data analysis

2.5.1. Analysis of behavioral data
To test whether speech understanding declined with aging, we compared the older adults with the young
on self-reports and comprehension scores using two-sample t-tests. In addition, we examined whether the
increased age of the older adults was associated with a lower comprehension score. As participants’
memory capacity may in�uence their recall for the speech contents, here we applied a Spearman’s partial
correlation which included the digit spans on the forward and backward memory test as two covariates.
In the partial correlation analysis, the digit spans were regressed out separately from age and
comprehension scores. Then the residuals of the two models were used to compute the correlation value.
Since the directions of between-group differences and the age-behavior correlation had been predicted, a
one-tailed test for statistical signi�cance was employed.

2.5.2 Measurement for listener-speaker neural coupling
The listener-speaker neural coupling was measured by the Pearson’s correlation between the time series
of each area in the listener’s brain and the time series of the homologous area in the speaker’s brain (Fig
1). Since noticeable intersubject variabilities in brain functioning and structural morphometry among
older adults have been reported (46-48), functionally similar loci may not correspond well in spatial
location across older adults. To alleviate the potential in�uence of inter-individual variability, we
computed the interbrain correlation at the regional level, which is the common practice in studies on intra-
brain functional connectivity. For each participant, the brain was partitioned into 246 regions based on
the Human Brainnetome Atlas (49). At each region, the time series across all voxels within it were
averaged for calculating the interbrain correlation coe�cient. To test the robustness of the results, we re-
analyzed the data using Craddock's atlas (50) which partitioned the brain into 200 regions
(supplementary material).
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As listeners might need time to extract high-level information in the speech, their neural activities would
lag those in the speaker’s brain. Besides, listeners might anticipate the speech content, their neural
activities would precede those in the speaker’s brain. To capture the temporal asymmetry in neural
coupling, we repeated the interbrain correlation analysis by shifting the listener’s time course with respect
to those of the speaker from -8s (listener preceding) to 8s (listener lagging) in 2s increments. At shift zero,
the listener’s brain activity was time-locked to the speaker’s vocalization. To capture the overall temporal
pro�le of the interbrain coupling and identify the time point wherein this effect reached the peak (referred
to as the “peaking time”, which was the target of the bellowing analysis), we calculated the mean of the
correlation values across the 246 parcels and all participants for each lag.

At each lag, a t-test was performed on the interbrain correlation coe�cients (the r values) of each brain
region, for the young and older groups separately. Considering that the cognitive meaning of negative
interbrain correlation is still unclear, here we only focused on positive interbrain correlations, and used the
one-tailed p-value as the indicator of signi�cance. The resulting coupling maps were corrected for
multiple comparisons using the Benjamini-Hochberg procedure to control the false discovery rate (FDR)
at 0.05.

2.5.3 Evaluation for the effect of age on listener-speaker neural
coupling
Two folds of analyses were conducted to assess the effect of age on listener-speaker neural coupling.
First, we directly compared the older group to the young group at each time lag using a two-sample t-test.
Nevertheless, the between-group effects could be driven by not only the differences in the listener’s age
but also the differences in the speaker and the speech contents. To eliminate the confounding effect, we
further assessed the correlation between the chronological age of older listeners and their neural
alignment with the speaker. To measure the overall strength of neural alignment, we selected the
collection of cortical regions showing the most signi�cant listener-speaker neural coupling (for the
peaking time) at the group level. Then for each participant, the mean of the correlation values across
these regions was calculated. Before averaging, each r-value was transformed to z-value using Fisher’s z
transformation to normalize its distribution. The averaged z values were then inverse transformed (z-to-r)
to produce average r values. To ensure that the number of selected cortical regions did not have an undue
in�uence on the results, we repeated the correlation analysis over a wide range of thresholds: from the
top 10 regions showing the strongest interbrain couplings (corresponding t(26) > = 2.85) to the top 44
regions (corresponding to t(26) > =1.65). The MNI coordinates and anatomical labels for the 44 regions
were reported in the supplementary material (table S1).

2.5.4 Brain-behavior correlation
To assess the association of listener-speaker coupling with the listener’s level of speech understanding,
we computed the Spearman’s rank correlation between the comprehension score and the overall strength
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of interbrain coupling, controlling for the listeners’ memory spans. Consistent as above, we took the mean
value from the collection of cortical regions demonstrating the most signi�cant interbrain coupling and
repeated the correlation analyses over a wide range of thresholds.

2.5.5 Mediation analysis
To test whether the interbrain coupling mediated the relationship between the older listener’s age and the
level of speech understanding, we performed a mediation analysis using the Hayes' PROCESS macro
in SPSS. In the analysis, the age of the older listeners and their comprehension scores were entered as the
causal variable and the outcome, respectively, and the overall strength of listener-speaker neural coupling
was entered as the mediating variable. A series of linear regression were used to assess (1) the effect of
age on interbrain coupling (denoted as a); (2) the effect of interbrain coupling on speech understanding
after removing the effect of age (denoted as b); and (3) the total effect of age on comprehension score
(denoted as c). The mediation effect of interbrain neural coupling on the age-behavior relationship was
assessed by taking the product of coe�cient a and coe�cient b (denoted as ab, also called “indirect
effect”). In all three regression models, the backward and forward memory spans of older listeners were
included as two covariates. A bootstrapping procedure with 5,000 iterations was used to assess the 95%
con�dence interval for ab (51). The indirect (mediation) effect was statistically signi�cant if the
con�dence interval did not include zero. For the mediation analyses, we examined and reported the
collection of brain regions (the top 34) showing the strongest positive correlation with the comprehension
score. We also examined other collections and obtained similar results.

2.6 Analyses for factors potentially contributing to the aging
effect on interbrain coupling
We explored three factors that potentially accounted for the age-related decline in listener-speaker neural
couplings, including sustained attention, neural similarity across subjects, and gray matter atrophy.
Details for these analyses were provided in the supplementary material.

3. Results

3.1 Behavioral results
Despite the stories told by the older speaker were more vivid and shorter than those told by the young
speaker, whereas the complexity of speech content did not differ between the two, the older listeners still
understood the speech less well than the young, as demonstrated in both the self-reports (two-sample
t(47) = 5.95, p < 10-6, Cohen’s d = 1.73) and comprehension scores (two-sample t(53) = 5.80, p <10-6, Cohen’s
d = 1.77 ). Within the older group, the comprehension score was signi�cantly correlated with the listener’s
backward memory span (r(25) = 0.50, p < 0.01, by Spearman’s correlation), but not with the forward
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memory span (r(25) = 0.13, p > 0.5 ) or hearing level (r(25) = -0.12, p > 0.5). After controlling for the
individual differences in memory spans, the increasing age of the older listener was associated with a
lower comprehension score (Spearman’s partial r(25) = -0.37, one-tailed p = 0.035) (Fig.2). These results
are consistent with previous reports that the ability to comprehend narrative speech declines with healthy
aging.

3.2 Neural coupling between the young listener-speaker
dyads
Consistent with prior work (16,52), we found widespread neural couplings between the listener and
speaker in the young group. On average, the activities in the listener’s brain were aligned to the activities
in the speaker’s brain with some temporal delays. The strongest neural coupling at the whole-brain level
occurred at a time lag of 6s (Fig.3a). Notably, the listener’s neural alignment with the speaker followed an
orderly temporospatial progression: shortly after the speaker’s vocalization (0-2s), activities in the lower-
order auditory areas (the superior temporal gyrus and sulcus, STG/STS) of the listener’s brain exhibited
the most signi�cant coupling effects to the activities of the homologous regions in the speaker’s brain; 4-
6s later, the higher-order semantic/conceptual areas, encompassing bilateral inferior parietal lobule (IPL),
inferior and superior frontal gyrus (IFG, SFG), angular, bilateral precuneus and medial prefrontal cortex
(mPFC) exhibited the most signi�cant coupling effects (Fig. 3b). For delays longer than 6s, the interbrain
coupling declined substantially. When the listener’s brain activities were shifted to precede those in the
speaker’s brain, no signi�cant interbrain correlation was found. Thus, further analyses only focused on
the interbrain coupling with a lag from 0s to 6s. Detailed information on those signi�cant regions is
provided in the supplementary material (table S2).

3.3 Neural coupling between the older listener-speaker
dyads
As with the young group, in the older group, the listener’s brain activities got aligned with the activities in
the speaker’s brain with some temporal lags but peaked earlier (at a lag of 2s) and faded quicker (Fig.
3a). In contrast to widespread interbrain couplings of young dyads, the older listener-speaker dyads
showed signi�cant neural couplings in only a few cortical regions. At lag 0s, signi�cant couplings were
mainly located in the bilateral STG, MTG, SFG and lingual gyrus. At lag 2s, signi�cant couplings were
mainly located in the bilateral STG and middle cingulum gyrus. At lag 4s and lag 8s, there was no cortical
region exhibiting signi�cant neural couplings that survived the FDR correction for multiple comparisons
(Fig.3b). Detailed information on those signi�cant regions is provided in the supplementary material
(Table S2).
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3.4 Listener-speaker neural coupling decreased with
advancing age
The two-sample t-test revealed that neural couplings between the young dyads were signi�cantly stronger
(threshold: FDR corrected p < 0.05) than the older dyads in multiple cortical regions, including the bilateral
STG/STS (at lag 2s, 4s and 6s), SFG (at lag 4s and 6s), angular gyrus (at lag 4s and 6s), and precuneus
(at lag 4s and 6s). The older dyads showed greater neural couplings than the young dyads only in the left
MTG (at lag 2s) and right IFG (at lag 6s) (Fig. 4a). Detailed information about those cortical regions
showing signi�cant group differences is provided in the supplementary material (table S3).

Consistent with the results of between-group comparisons, there were signi�cant negative correlations
(the largest effect size was r(26) = -0.59, p = 0.001) between the older listener’s age and his/her overall
strength of neural alignment with the speaker. This effect was robust to the changes of selected cortical
regions showing signi�cant interbrain couplings (Fig. 4b). Since the story played to one half of the older
listeners was different from that of the other half, we also performed a partial correlation which took the
story identities as two binary covariates. Similar results of negative correlation between age and neural
strength were obtained (Fig.S1).

3.5 Correlation between neural coupling and speech
understanding
Consistent with previous studies (16,19), the overall strength of listener-speaker neural coupling was
positively correlated with listeners’ comprehension scores (with memory span controlled) (Fig.5a). This
relationship was found in both the young and older groups and was consistent across a wide range of
selected cortical regions (Fig.5b). In the young group, it was the 6s-lagged neural coupling (the peaking
time) that demonstrated the correlation to speech understanding. In the older group, it was the 2s-lagged
(the peaking time) neural coupling that demonstrated the correlation.

3.6 Reduced interbrain coupling mediated the negative
relationship between age and speech understanding
In the above analyses, we observed in the older group 1) a negative correlation between age and speech
understanding; 2) a negative correlation between age and interbrain coupling; and 3) a positive
correlation between interbrain coupling and speech understanding. Based on these �ndings, it was
plausible to assume a mediation role of interbrain coupling in the relationship between age and speech
understanding. Indeed, the mediation analysis revealed a signi�cant mediating effect of interbrain
coupling on the relationship between age and the comprehension score (ab = -0.62, 95% con�dence
interval: [-1.32 to -0.05], obtained from the Bootstrapping test) (Fig. 6). Moreover, after controlling for the
effect of neural coupling, the listener’s age was no longer a signi�cant predictor for the listener’s



Page 12/27

comprehension score. These results indicate the advancing age of the older listener was associated with
decreased ability to achieve neural alignment with the speaker, which in turn negatively affected their
speech understanding.

3.7 Factors potentially contributing to the aging effect on
interbrain coupling

3.7.1 Neural coupling between the older dyads decreased over time
The sliding-window analyses revealed, the older listener-speaker dyads presented extensive neural
couplings within the �rst 2 min of the communication, which gradually decreased thereafter. In
comparison, the young dyads exhibited extensive neural couplings across multiple time windows, and the
extent of interbrain coupling tended to increase over the course of the communication (Fig.S2). These
results indicate that the reduced neural alignment of the older listeners with the speaker was partially
accounted for by their de�cits in sustained attention.

3.7.2 Age-related decline in listener-speaker neural coupling was not
an epiphenomenon of age-related reduction in intersubject neural
similarity
Consistent with the previous study (39), we found the listener-listener neural correlations of the young
group were greater than that of the older group (Fig.S3). However, after statistically controlling for this
variable, the overall interbrain couplings of the young dyads were still stronger than in the older dyads
(Fig.S4a). Moreover, the partial correlation analyses which included the listener-listener neural correlation
as a covariate still yielded a quite signi�cant negative correlation between neural coupling and the age of
older adults (Fig.S4b). These results suggest the age-related decline in listener-speaker neural coupling
was not merely an epiphenomenon of age-related decline in intersubject similarity in brain activities.

3.7.3 Reduced interbrain coupling was accompanied by gray matter
loss
On those cortical regions of which the listener-speaker neural coupling decreased with age, we also
observed a signi�cant negative correlation between the listener’s age and the average GMV. This means,
the same network showing age-related decline in interbrain coupling also exhibited age-related gray
matter loss. Still, this negative relationship between age and GMV was consistent across a wide range of
selected cortical regions (Fig.S5). Nevertheless, we did not �nd a linear correlation for any of the 246
brain regions between the strength of interbrain coupling and the GMV across the participants, indicating
a complicated relationship between changes in brain function and brain structure during healthy aging. 
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3.8 Validating the main �ndings with another brain
parcellation scheme
We repeated the above analyses using the human brain atlas proposed by Craddock et.al which
partitioned the brain into 200 regions (50). The results of interbrain coupling (Fig.S6), age-coupling
correlation (Fig.S7), comprehension-coupling correlation (Fig.S8), and mediation analyses (Fig.S9) were
consistent with those using the Human Brainnetome Atlas.

4. Discussion
This study investigated whether listener-speaker neural coupling, an important mechanism underlying
information transfer across brains, may change with healthy aging and the association of this change
with age-related change in speech understanding. We found, compared to the young listener-speaker
dyads, verbal communication between the older dyads was less successful, and at the same time, neural
couplings between the older dyads were weaker and faded quicker. Moreover, within the older group, the
increasing age of the listener was associated with a decline in listener-speaker neural coupling, which in
turn associated with less well speech understanding. The implications of those �ndings are discussed
below.

4.1 Age-related reduction in listener-speaker neural coupling
Consistent with previous reports (16,17), we observed widespread neural couplings between the young
listener-speaker dyads during the communication, covering the bilateral STG/STS, MTG, the bilateral IPL,
the IFG, the angular gyrus, the precuneus, and mPFC. However, applying similar experimental protocol
and analytical methods, we found much less extensive neural couplings between the older listener-
speaker dyads, which occurred mainly in the bilateral STG, lingual gyrus and PCG. Compared to the
young dyads, the older dyads exhibited reduced neural couplings in both frontal-temporal language areas
and a set of extra-linguistic areas, including the angular gyrus, the precuneus and medial prefrontal
cortex. Moreover, the overall strength of interbrain coupling was negatively correlated with the age of the
older listener. The two folds of results provide reliable evidence for the age-related decline in interbrain
coupling during verbal communication. 

Among those cortical regions showing signi�cant between-group differences in interbrain coupling, the
STG/STS, MTG, and IFG are critical for the phonological, semantic, and syntactic processing of language
(53). The angular gyrus, precuneus and mPFC are involved in social cognition critical for interpersonal
communication, including mentalizing, simulation, and making inferences for other’s emotions and
intentions (54). The reduced neural couplings in those regions indicate the older listener-speaker dyads
achieved less alignment on both linguistic and extra-linguistic representations (such as the situation
model) than did the young dyads. The aging effect in interbrain coupling also implies that, as we get
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older, our brains become less able to resonate with and be shaped by other brains during social
interactions.

Previous studies have investigated the age-related neurofunctional changes at multiples levels of
language processing within individual brains. It has been repeatedly shown that activations in core
language areas (such as the left STG/STS and IFG) were maintained or reduced in older adults compared
to the young, while activations in those extra-linguistic regions (such as the precuneus and prefrontal
cortex) were increased (4,6,8,55). Interestingly, most of those cortical regions showing age-related
changes in brain activations were detected by this study, exhibiting reduced interbrain couplings. This
overlap raises the possibility that the de�cits of older adults in interbrain couplings might originate from
the changes in neural processing in single brains. Future studies should measure both within-brain
activations and interbrain couplings, and examine whether the two neural indices change in parallel or
independently with healthy aging. Exploring this issue will provide a more complete picture of the aging
brain and deepen our understanding of the anatomo-functional basis of interpersonal neural coupling.

4.2 Possible causes for age-related decline in interbrain
coupling
The reduced neural coupling between the older listener-speaker dyads may arise from age-related
declines in peripheral hearing, high-level cognitive functions, as well as regional brain atrophy. It has been
suggested that the brain-to-brain neural couplings are built on the brain-to-stimuli couplings (26,56).
Given that healthy aging is accompanied by reductions in neural entrainments to the temporal structure
of speech (57), it is possible that reduced couplings to the stimuli in the listener’s brain partially lead to
the reduced neural couplings to the speaker. Another possible cause is the decreased ability of older
listeners to keep attention to the external speech. Indeed, the sliding window analyses revealed the extent
of neural coupling between the older listener-speaker dyads tended to decrease over the course of
communication, while that between the young dyads tended to increase. Finally, age-related brain
structural changes may play a role in the reduced interbrain coupling. We found the same network
showing age-related decline in interbrain coupling also exhibited age-related reduction in GMV.
Nevertheless, we did not �nd a signi�cant linear relationship between the GMV and interbrain coupling,
possibly because there exist complicated nonlinear interactions between brain function and structure
during the aging process. 

4.3 How reduced neural alignment relates to poorer speech
understanding
In both the young and older groups, stronger neural alignment of the listener with the speaker was
associated with better speech understanding. Currently, despite that brain-to-brain couplings have been
frequently reported, how this interbrain effect contributes to interpersonal communication remains
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elusive. Notably, prior studies have revealed that greater neural similarity between the encoding and
retrieval of an event was associated with better memory for the event (58,59). In addition, it has been
demonstrated that neural patterns observed as participants watched a movie were significantly
correlated with the neural patterns of naïve participants listening to the spoken description of the movie,
and greater viewing-listening pattern similarity was associated with listener’s better memory for the
speech (60). Considering that the interbrain neural alignment re�ects the degree of neural similarity (in
the temporal space), an intriguing possibility is that resembling the neural activities in the speaker’s brain
can help the listener to store the �eeting speech information into memory. In this study, the de�cit in
neural alignments with the speaker may reduce the e�ciency of the older listeners to store the currently
decoded information into memory, which may lead to less successful online comprehension and
subsequently poorer recall for the speech contents. 

4.4 Limitations
In order to construct an ecological setting of natural communication and to ensure the participants’
intention to communicate, the current study employed the task of storytelling based on personal
experience. This design limited this study in at least two aspects. First, we failed to exert strict control
over the properties (such as semantic content, linguistic complexity, prosodies) of the stories played to
the young and older adults. Thus, in addition to age, variations in speech properties may also play a role
in the between-group differences in listener-speaker neural coupling. Second, only one speaker was
exposed to a group of listeners, limiting the generalizability of our �ndings. It remains to be seen whether
the aging effect in interbrain coupling persists regardless of the speaker. To test this, future studies
should recruit a range of speakers and randomize the exposure between speakers and listeners. A related
question deserving further investigation is whether different speakers (such as a young versus an older
adult) have different abilities to induce resonance in the listener’s brain.

4.5 Conclusions and outlook
In summary, this study revealed for the �rst time that the listener-speaker neural coupling during
naturalistic verbal communication declined with the increasing age of the listener, which in turn was
linked to the poorer performance of listener in comprehending and memorizing the speech contents.
These �ndings provide novel insights into the neural basis underlying age-related decline in speech
understanding, and suggest the between-brain neural coupling can potentially be used as a biomarker for
quantifying the degree to which an individual understands other people via speech. Future studies should
combine the analyses of between-brain interactions and within-brain activities to obtain a more complete
picture of the neural mechanism underlying speech comprehension and the effect of age on this
function. Besides, it would be interesting for future studies to examine the neural coupling between
children, together with our �ndings on the young and older adults, to uncover the developmental trajectory
of interbrain interactions.
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Figure 1

Experimental and analytical protocols. We scanned with fMRI a young and an older speaker telling real-
life stories, and then played the recordings to groups of young and older listeners, respectively. In the
experiment, a �xation cross lasting for 20s and then an icon of a horn lasting until the end of the
scanning were presented to all participants. To assess interbrain coupling, the brain of each participant
was �rst partitioned into 246 regions based on the Brainnetome Atlas, and Pearson’s correlations were
calculated between the mean signals of each cortical region in the speaker’s brain and those of the
homologous region in each listener’s brain.
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Figure 2

Behavioral results. (a). Older adults understood the narratives less well than did the young, as
demonstrated by both self-reports and comprehension scores. (b). The age of the older listener was
negatively correlated with the comprehension score (with memory spans controlled). *: p < 0.05; ***: p <
0.0005.
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Figure 3

The temporospatial pattern of listener-speaker neural coupling. (a) The coupling strength averaged
across the whole brain and across all subjects. (b) The t-statistic maps thresholded with FDR corrected p
< 0.05. In both groups, the listener’s brain activities got aligned with the speaker’s brain activities with
some temporal lags. Compared to the young listener-speaker dyads, neural couplings between the older
dyads were less extensive and peaked earlier (6s versus 2s).
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Figure 4

Reduced listener-speaker neural couplings with aging. (a). Direct contrast between the young and the
older group. Orange: young > older; Blue: older > young. Threshold: FDR corrected p < 0.05. (b). The
overall strength of interbrain coupling declined as a function of the older listener’s age. Left: a scatter plot
showing the negative correlation between the older listener’s age and the overall strength of listener-
speaker neural coupling. Right: The negative correlation was consistent across a wide range of selected
cortical regions. The horizontal line indicates the r value corresponding to p = 0.05.
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Figure 5

Stronger listener-speaker neural coupling was associated with better speech understanding in both the
young and older groups. (a). A scatter plot showing a signi�cant positive correlation between the overall
strength of listener-speaker neural coupling and the listener’s comprehension score (with the effect of
memory spans controlled). (b). This positive correlation was consistent across a wide range of selected
cortical regions. The horizontal line indicates the r value corresponding to p = 0.05.
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Figure 6

Reduced interbrain coupling mediated the negative relationship between age and speech understanding.
The a denotes the negative effect of older listener’s age on listener-speaker neural coupling. The b
denotes the positive effect of neural coupling on speech understanding after controlling for the effect of
age. The c denotes the total effect of age on speech understanding. The c’ denotes the direct effect of
age on speech understanding. The ab denotes the indirect effect of age on speech understanding through
interbrain coupling.
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