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Abstract 

Background:  Age-related decline in cognitive function, such as executive function, is associated with structural 
changes in the neural substrates, such as volume reductions in the lateral prefrontal cortex. To prevent or delay age-
related changes in cognitive function, cognitive intervention methods that employ social activity, including conversa‑
tions, have been proposed in some intervention studies. Interestingly, previous studies have consistently reported 
that verbal fluency ability can be trained by conversation-based interventions in healthy older adults. However, little is 
known about the neural substrates that underlie the beneficial effect of conversation-based interventions on cogni‑
tive function. In this pilot study, we aimed to provide candidate brain regions that are responsible for the enhance‑
ment of cognitive function, by analyzing structural magnetic resonance imaging (MRI) data that were additionally 
obtained from participants in our previous intervention study.

Methods:  A voxel-based morphometric analysis was applied to the structural MRI data. In the analysis, the regional 
brain volume was compared between the intervention group, who participated in a group conversation-based 
intervention program named Photo-Integrated Conversation Moderated by Robots (PICMOR), and the control group, 
who joined in a control program based on unstructured free conversations. Furthermore, regions whose volume was 
positively correlated with an increase in verbal fluency task scores throughout the intervention period were explored.

Results:  Results showed that the volume of several regions, including the superior frontal gyrus, parahippocampal 
gyrus/hippocampus, posterior middle temporal gyrus, and postcentral gyrus, was greater in the intervention group 
than in the control group. In contrast, no regions showed greater volume in the control group than in the interven‑
tion group. The region whose volume showed a positive correlation with the increased task scores was identified in 
the inferior parietal lobule.

Conclusions:  Although definitive conclusions cannot be drawn from this study due to a lack of MRI data from the 
pre-intervention period, it achieved the exploratory purpose by successfully identifying candidate brain regions that 
reflect the beneficial effect of conversation-based interventions on cognitive function, including the lateral prefrontal 
cortex, which plays an important role in executive functions.

Trial registration:  The trial was retrospectively registered on 7 May 2019 (UMIN Clinical Trials Registry number: 
UMIN000036667).
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Background
Cognitive function, such as executive function, declines 
with advancing age [1–6]. Age-related decline in cogni-
tive function is closely associated with structural changes 
in the neural substrates [7–15], such as decreased vol-
ume in the lateral prefrontal cortex [16–21]. To prevent 
or delay age-related changes in cognitive function, cogni-
tive intervention methods that are based on social activ-
ity, such as conversations, have been proposed in some 
intervention studies [22]. Interestingly, there is a consist-
ent behavioral finding from previous studies that verbal 
fluency task scores, reflecting executive control and ver-
bal abilities [23], are enhanced by conversation-based 
interventions in healthy older adults [24, 25]. However, 
little is known about the neural substrates that underlie 
the beneficial effect of conversation-based interventions 
on cognitive function. This pilot study aimed to provide 
candidate brain regions associated with the enhance-
ment of cognitive function, by collecting structural mag-
netic resonance imaging (MRI) data from participants in 
our previous intervention study [25] and comparing the 
regional brain volume between the intervention and con-
trol groups.

Photo-Integrated Conversation Moderated by Robots 
(PICMOR) is a group conversation-based interven-
tion program that we have developed to train cognitive 
function in older adults [25]. The group conversation in 
PICMOR is characterized by strict time management 
and automatic turn-taking, which are enabled by a robot 
that acts as a chair. The conversation begins with a talk-
ing period, during which the person who is selected as a 
speaker of topics is prompted by the robot to talk about 
their daily life for a certain length of time, using photos 
they have prepared beforehand. The talking period is fol-
lowed by a discussion period, during which the speaker of 
topics has to answer questions from the other members 
of the group. The group members, who are not assigned 
as the speaker, are required to listen attentively during 
the speaker’s talks and to ask questions during the discus-
sion period. The robot has been designed to monitor the 
conversation in real-time and directly prompt and stop 
the participants’ utterances to balance the production of 
speech for each participant. The robot moderator enables 
us to force the participants to make a speech for a certain 
length of time and finish their talk when they have talked 
enough. We assumed that executive functions, such as 
flexibility, planning, working memory, and response inhi-
bition, would be exercised by repeated training in group 

conversations in PICMOR because the participants are 
required to make a speech within a limited time, flexibly 
ask and answer questions, keep in mind and manipulate 
the information to ask questions, and refrain from inter-
rupting other members of the group in the conversations. 
To examine the effect of PICMOR on cognitive function 
in healthy older adults, we previously conducted a ran-
domized controlled trial (RCT) [25]. In the RCT, those 
who were assigned to the intervention group joined the 
PICMOR once a week for 12 weeks, whereas those who 
were assigned to the control group took part in a free 
conversation program, where unstructured conversa-
tions without robotic support were offered. Confirming 
our assumptions, a beneficial intervention effect was 
observed in the score of the phonemic verbal fluency task 
[26, 27], which is often used to measure executive con-
trol and verbal abilities [23]. Specifically, a significantly 
larger increase in the verbal fluency task scores through-
out the intervention period was found in the intervention 
group than in the control group [25]. Based on this find-
ing, we hypothesized that the behavioral effect would be 
reflected in differences in the brain network responsible 
for verbal fluency between the two groups that emerged 
after the intervention period.

To examine the possible difference in the functional 
network involved in verbal fluency, we conducted an 
additional experiment for the participants in our previ-
ous RCT, using resting-state functional MRI [28, 29]. 
Indeed, we found significant differences in the resting-
state functional connectivity between the two groups, 
including a significantly higher resting-state functional 
connectivity between the left and right prefrontal cortex 
in the intervention group than in the control group [30]. 
Taken together with evidence from previous neuroim-
aging and neuropsychological studies that the prefron-
tal cortex plays an important role in executive functions 
[31–39] and that the volume of this region has been 
shown to increase in healthy older adults by an interven-
tion program designed to train executive functions [40], 
we further hypothesized that this region would have a 
greater volume in the intervention group than in the con-
trol group.

Therefore, in the present study, we applied a voxel-
based morphometric (VBM) analysis [41] to the 
structural MRI data which were obtained after the inter-
vention [30], and examined a possible difference in the 
regional brain volume between the two groups. In the 
analysis, we explored the structural difference at the 
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whole-brain level in order to examine the possibility that 
it could be observed in brain regions other than regions 
where group difference in resting-state functional con-
nectivity was found, such as the lateral prefrontal cortex 
[30]. Although we cannot fully attribute any possible dif-
ferences to the effects of PICMOR because of a lack of 
comparisons with MRI data from the pre-intervention 
period, we aimed to identify candidate brain regions that 
reflect the beneficial effect of conversation-based inter-
ventions on brain structures for future research.

Methods
Participants
We re-used the MRI data from our previous study [30]. 
The data were collected from 31 participants in the inter-
vention group (15 women and 16 men; 20 people with 
education for 13 years and more; age, mean ± stand-
ard deviation [SD] = 72.84 ± 3.45 years) and 30 par-
ticipants in the control group (17 women and 13 men; 
17 people with education for 13 years and more; age, 
mean ± SD = 72.03 ± 2.72 years) who had taken part in 
our previous RCT [25]. As reported in our previous study 
[30], we found no significant difference in age, sex, and 
education level between the two groups. MRI data were 
not available for four RCT participants: one participant 
each in the intervention and control groups had claustro-
phobia, one participant in the control group had a heart 
pacemaker, and one participant in the control group 
declined to undergo MRI scanning [30].

Intervention procedures
The intervention procedures are detailed in our previous 
studies [25, 30] and briefly described below. In the RCT, 
72 community-living older adults were recruited from the 
Silver Human Resources Center and required to receive 
screening and baseline assessment by medical interviews, 
cognitive tests, and self-reported questionnaires. The fol-
lowing exclusion criteria were employed for subsequent 
intervention phases: dementia; neurological impairment; 
any disease or medication known to affect the central 
nervous system; scoring less than 24 in the Japanese ver-
sion of the Mini-Mental State Examination (MMSE-J) 
[42]. After the baseline assessment, 65 participants, who 
were considered as eligible for the RCT, were randomly 
allocated to the intervention (n = 32) or control (n = 33) 
groups. After the intervention period, a post-assessment 
by cognitive tests was conducted for the participants. In 
addition, MRI data were acquired from 31 and 30 partici-
pants in the intervention and control group, respectively, 
as mentioned above.

During the intervention period, both the intervention 
and control groups took part in a group conversation 
once a week for 12 weeks. For the group conversation, 8 

subgroups, each with 4 members, were formed in each 
experimental group (only 1 subgroup in the control 
group had 5 members). Participants in the intervention 
group joined the group conversation offered by PICMOR, 
which is characterized by robotic support (explained in 
detail below), whereas participants in the control group 
gathered to talk freely without robotic facilitation among 
the group members, as they would converse in their daily 
life.

In the group conversations offered by PICMOR, a 
robot played the role of a chairperson and encouraged 
one participant to make a speech within a limited time 
(1 min) about an event that they had experienced in daily 
life, using a photo they had prepared beforehand. The 
photo was displayed on the screen so that it was vis-
ible for all group members. The participant selected as a 
speaker of topics was asked to provide the other mem-
bers of the group with a total of two events, using two 
photos (i.e., each speaker was given a total of 2 min to 
talk). During the 1-min talking period for each event, the 
other members had to listen carefully to ask questions 
in the following discussion period. After that, another 
member was assigned as the speaker of topics. This pro-
cedure was repeated until all members finished talking 
about their topics. The talking period was followed by a 
2-min discussion period for each event, during which the 
speaker of topics was required to answer questions asked 
by the other members of the group (i.e., each speaker 
was given a total of 4 min in the discussion). This process 
was also repeated until all members finished discussing 
their experiences. In this period, the robot moderated 
the conversation in real-time by prompting and stopping 
the participants’ utterances to balance the amount of 
speech time for each participant. For instance, when the 
robot detected that one participant had spent less time 
talking than the other members of the group, it directly 
encouraged the participant to ask questions or give com-
ments. The robot moderator enabled strict time man-
agement and automatic turn-taking based on the actual 
talking time of each person, which would be difficult for a 
human moderator.

As noted earlier, we hypothesized that executive func-
tions, including flexibility, planning, working memory, 
and response inhibition, would be trained by the group 
conversations in PICMOR, compared to unstructured 
conversations in the control program, because the par-
ticipants had to make a speech within a certain length of 
time (i.e., 1 min), flexibly ask and answer questions, keep 
in mind and manipulate the information to ask questions, 
and refrain from interrupting other members of the 
group. Consistent with this idea, a beneficial intervention 
effect was observed in the score of the phonemic verbal 
fluency task [25], in which participants were required 
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to produce as many words as possible beginning with a 
specific letter within a limited time (1 min) [26, 27]. This 
behavioral result would be reasonable, given that suc-
cessful performance of this task requires them to flexibly 
retrieve appropriate words, keep previously produced 
words in working memory, and suppress inappropri-
ate words or task-irrelevant thoughts. Behavioral results 
of multiple cognitive and mental health tests, including 
the verbal fluency task [30], in the participants of this 
VBM study (i.e., 31 and 30 participants in the interven-
tion and control group, respectively) are summarized in 
Additional file 1.

MRI data acquisition and analysis
The procedure of MRI data acquisition is described 
in our previous study [30]. In short, a high-resolu-
tion T1-weighted image was scanned with the fol-
lowing parameters: repetition time = 6.41 ms, echo 
time = 3.00 ms, field of view = 24.0 cm × 24.0 cm, matrix 
size = 256 × 256, slice thickness/gap = 1.2/0 mm, and 170 
sagittal slices. During the scanning, participants’ head 
motion was minimized by a belt and foam pads. MRI 
data were collected using a 3 T Philips Achieva MRI scan-
ner in Advanced Imaging Center Yaesu Clinic, Tokyo. As 
previously reported in our study [30], we found no signif-
icant difference in the period from the last day of inter-
ventions to the day of MRI data collection between the 
intervention (mean ± SD = 9.67 ± 0.76 weeks) and control 
(mean ± SD = 9.68 ± 0.56 weeks) groups.

The structural MRI data were analyzed using Statisti-
cal Parametric Mapping 12 (SPM 12) (www.​fil.​ion.​ucl.​ac.​
uk/​spm/) implemented in MATLAB. In the preprocess-
ing of structural images, five steps were performed. First, 
the images were segmented into intracranial parts of gray 
matter (GM), white matter (WM), cerebrospinal fluid 
(CSF), and other non-brain structures, such as cranium 
and extracranial tissues, by the standard unified segmen-
tation module [43]. Second, the registration process was 
implemented by the Diffeomorphic Anatomical Regis-
tration using Exponentiated Lie algebra (DARTEL) tool-
box [44], which enabled us to achieve a higher accuracy 
of inter-subject registration. This process began with an 
import of the DARTEL form of individual segmented GM 
and WM images, and resulted in the generation of study-
specific template images and flow fields data. Third, using 
this information, we spatially normalized individual seg-
mented images into the Montreal Neurological Institute 
(MNI) space with a resolution of 1.5 × 1.5 × 1.5 mm3 vox-
els. Fourth, normalized images were modulated to ensure 
that relative GM and WM volumes were well preserved 
after spatial normalization. Finally, these images were 
smoothed with a Gaussian kernel of 8 mm full-width at 
half-maximum.

For statistical analyses of structural MRI data, a bina-
rized mask image was made from the preprocessed 
images by the masking toolbox (www0.​cs.​ucl.​ac.​uk/​
staff/g.​ridgw​ay/​maski​ng/) [45]. Employing this mask 
image as an explicit mask, we conducted a two-sam-
ple t-test to identify group differences in regional brain 
volumes. In the unpaired t-test, the variances of data 
were assumed to be unequal between the two groups. 
Moreover, we performed a regression analysis using 
the difference in verbal fluency task scores between the 
pre- and post-intervention periods (i.e., post-minus pre-
intervention) as the regressor. These models included 
participants’ age, sex, and education level (≥ 13 years 
or < 13 years) as nuisance covariates. Total intracra-
nial volumes (GM + WM + CSF) were also entered into 
the models for global calculation, which enabled us to 
exclude global nuisance effects (see Additional file 2). In 
the present study, 1000-iteration Monte-Carlo simula-
tions were employed to determine a sufficient voxel con-
tiguity threshold [46], assuming a type I error voxel-level 
threshold of p = 0.001 and a cluster extent threshold of 
p < 0.05. Results indicated a cluster extent of 69 contigu-
ous resampled voxels was sufficient to correct for multi-
ple comparisons. Based on the simulations, clusters with 
at least 69 voxels were reported in this study. The ana-
tomical sites of the reported regions in the present study 
were determined with reference to the SPM Anatomy 
Toolbox [47–49] and MRIcro (www.​cabi.​gatech.​edu/​
mricro/​mricro/).

Results
In the present study, the regional brain volume was com-
pared between the intervention and control groups by a 
two-sample t-test. Consistent with our prediction, the 
right superior frontal gyrus, i.e., the lateral prefrontal 
cortex, showed a significantly greater volume in the inter-
vention group than in the control group (Fig.  1). Other 
regions showing the same pattern were identified in the 
right parahippocampal gyrus/hippocampus, left poste-
rior middle temporal gyrus, and right postcentral gyrus. 
In contrast, there were no regions showing significantly 
greater volume in the control group than in the interven-
tion group. These findings are summarized in Table  1. 
Results from the regression analysis revealed that the 
volume of the right inferior parietal lobule was positively 
correlated with the increased verbal fluency task scores 
throughout the intervention period (x = 45, y = − 53, 
z = 51, BA 40, 78 voxels, Z value = 3.67).

Discussion
This pilot study aimed to provide candidate brain regions 
that reflect the beneficial effect of conversation-based 
interventions on cognitive function in healthy older 
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adults, by elucidating a possible difference in regional 
brain volumes between the intervention and control 
groups in our previous RCT [25]. The main finding was 
that the volume of the lateral prefrontal cortex in the 
intervention group was significantly greater than that in 
the control group. We also found that the volume of the 
medial temporal lobe, posterior middle temporal gyrus, 
and somatosensory cortex showed the same pattern. In 
contrast, no regions showed significantly greater vol-
ume in the control group than in the intervention group. 
Additionally, the volume of the inferior parietal lobule 

showed a positive correlation with the increased verbal 
fluency task scores throughout the intervention period. 
The present findings imply a possible intervention effect 
of PICMOR on brain structures. The findings are dis-
cussed in detail below.

Our main finding of a significantly greater volume in 
the lateral prefrontal cortex in the intervention group 
is consistent with evidence from a previous interven-
tion study, which found that the volume of this region 
increased in healthy older adults who participated in 
a music training program designed to train executive 

Fig. 1  Regions showing significantly greater volume in the intervention group than in the control group. Notes: Error bars represent standard 
errors. Abbreviations: L, left; R, right

Table 1  Regions showing a significant difference in volume between the intervention and control groups

Abbreviations: L left, R right, BA Brodmann area, MNI Montreal Neurological Institute

Regions L/R BA MNI coordinates Voxel Z value

x y z

Intervention > Control
  Superior frontal gyrus R 9 24 36 48 85 3.65

  Parahippocampal gyrus/Hippocampus R 35 –30 –15 78 3.39

  Middle temporal gyrus L 21 −50 −45 −2 225 3.78

  Postcentral gyrus R 43 62 −18 35 140 3.75

Control > Intervention
  Not significant in any regions
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functions [40]. Available evidence from neuropsychologi-
cal studies of patients with brain lesions and neuroimag-
ing studies of healthy adults supports the idea that the 
prefrontal cortex is involved in executive functions, such 
as flexibility, planning, working memory, and response 
inhibition [31–39]. Given that these executive functions 
would be exercised in the group conversations offered by 
PICMOR, in which participants have to make a speech 
within a limited time, flexibly ask and answer questions, 
intentionally store and manipulate the information to ask 
questions, and inhibit their interruption of other mem-
bers [25, 30], it is reasonable that a significant group dif-
ference in volume was identified in this region. Taken 
together with our previous evidence that the resting-state 
functional connectivity between the left and right pre-
frontal cortex was significantly higher in the intervention 
group than in the control group [30], the present finding 
extends the previous finding by demonstrating that the 
group difference in the brain region responsible for exec-
utive functions emerged at the structural level. Signifi-
cance of the current VBM finding of the lateral prefrontal 
cortex could be further supported by an additional analy-
sis for the behavioral measure of multiple cognitive tests 
before and after the intervention period, in which sig-
nificant difference in the verbal fluency scores between 
the two groups was found after the intervention, but 
not before the intervention (see Additional file  1) [30]. 
Given that the participants were randomly assigned to 
the intervention or control group before the intervention 
[25], and that there was no significant group difference 
in the verbal fluency scores before the intervention, it is 
unlikely that the present finding of the lateral prefrontal 
cortex reflects an intrinsic difference in the volume of 
this region between the two groups. From these reasons, 
it would be reasonable to suppose that the lateral pre-
frontal cortex is one of the candidate brain regions that 
are responsible for the enhancement of cognitive func-
tion by conversation-based interventions.

In this study, the volume of the inferior parietal lob-
ule showed a positive correlation with the increase in 
the verbal fluency task scores throughout the interven-
tion period. This finding is consistent with those of pre-
vious neuroimaging studies showing the contributions 
of the parietal region to switching during verbal fluency 
tasks [50–52]. Switching is a strategy for successful per-
formance in verbal fluency tasks, which involves con-
secutively generating words not belonging to the same 
category [53]. This strategy requires effortful search pro-
cesses, including cognitive flexibility [53], and has been 
associated with increased activation in the parietal lobe 
[50–52]. Taken together, the present finding that indi-
viduals with higher performance gains in the verbal flu-
ency task had greater volume in the parietal region could 

reflect individual differences in the switching ability 
improved by interventions.

The volume of the medial temporal lobe has been 
shown to increase or be maintained in healthy older 
adults, who participated in other intervention programs 
designed to improve memory functions [40, 54, 55]. For 
example, one intervention study reported that healthy 
older adults, who joined in a memory training program, 
showed significantly greater increases in hippocam-
pal volume than those who did not receive such train-
ing and patients with subjective memory impairments 
who received the same training [54]. In another study, 
both of younger and older adults, who participated in a 
spatial navigation training program, showed stable hip-
pocampal volumes throughout the intervention period, 
whereas those who joined in a control program exhibited 
decreases in the volume [55]. Similar to previous inter-
vention programs, the PICMOR was designed to exercise 
medial temporal lobe-dependent memory functions dur-
ing the intervention period. In our previous RCT, partici-
pants in the intervention group were repeatedly trained 
by robotic support to talk about their daily life for a cer-
tain length of time, while those in the control group did 
not receive such training [25]. Talking about one’s own 
experiences undoubtedly requires the retrieval of autobi-
ographical memories. Also, participants in the interven-
tion group were trained to listen carefully to others and to 
ask them questions [25]. These aspects should involve the 
encoding of novel information from others and integra-
tion of this information. Given the difference in training 
demands between the two groups, it might be reason-
able that a significant group difference was observed in 
the medial temporal lobe, as this region plays an impor-
tant role in retrieval and encoding of episodic memories 
[56–59]. However, the present VBM finding of the medial 
temporal lobe could be limited by behavioral evidence 
that there was a significant group difference in the scores 
of the logical memory subtests (Logical memory I & II) 
from the Wechsler Memory Scale-Revised (WMS-R) [60] 
before the intervention period (see Additional file 1). This 
behavioral result suggests that the group difference in 
the volume of this region had already existed even before 
the intervention period. Further investigation is needed 
to examine whether the intervention effects could be 
reflected in the volume of the medial temporal lobe.

The left posterior middle temporal gyrus is included 
in a classical language-related region, termed Wernicke’s 
area [61]. Previous neuropsychological studies have 
consistently reported that patients with lesions in this 
region show impairment in language comprehension 
[62–64]. Although the precise functional contribution of 
the posterior middle temporal gyrus to the understand-
ing of spoken language is still a matter of debate [65], 
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one possible explanation by the Dual Stream Model of 
speech perception is that this region plays a pivotal role 
in language comprehension as a lexical interface, which 
matches the phonological structures of perceived words 
with the corresponding semantic structures [66–68]. As 
noted above, participants in the intervention group were 
trained to listen carefully to other members of the group 
and to ask them questions in the group conversations 
[25]. This aspect of training requires participants to com-
prehend the conceptual content of others’ utterances. 
From the perspective of the Dual Stream Model [66–68], 
the present VBM finding of the left posterior middle 
temporal gyrus could be interpreted as evidence of an 
enhanced or maintained ability of the intervention group 
to map phonological structures of utterances by the other 
members of the group onto their semantic structures 
during spoken language comprehension.

In this study, regions whose volume was differ-
ent between the two groups were identified in several 
areas. However, almost all regions were not identical to 
the regions where the group difference in resting-state 
functional connectivity was observed [30]. This discrep-
ancy could be derived from the difference in analytical 
approaches adopted in the current VBM study and the 
previous resting-state functional MRI study [30]. The 
previous study employed a seed-based approach [28, 29], 
which focuses on resting-state functional connectivity 
with specific brain areas as seed regions (in this case, the 
seeds were defined as spheres with a 5-mm radius around 
specific coordinates located in the left inferior and middle 
frontal gyri) [30] to characterize the functional network 
involved in verbal fluency, whereas this study adopted an 
unbiased approach by exploring group difference in brain 
volume at the whole-brain level to examine the possibil-
ity that the difference could be identified in brain regions 
other than the regions where group difference in resting-
state functional connectivity was observed. Although 
comprehensive interpretations for the findings from both 
studies are limited due to this discrepancy, it is notewor-
thy that both studies supported the significance of the 
dorsolateral prefrontal cortex. Taken together with ample 
evidence regarding the contributions of the lateral pre-
frontal cortex to executive functions [31–39], this region 
could be modulated in both structural and functional lev-
els by interventions designed to train executive functions.

There are two limitations in this study. One is a lack 
of comparable MRI data from the pre-intervention 
period. Although we found a significant group differ-
ence in regional brain volumes, we could not determine 
whether this difference reflects a relatively larger increase 
in the intervention group than in the control group 
or a smaller decrease in the intervention group than in 
the control group, throughout the intervention period, 

due to the lack of MRI data from the pre-intervention 
period. Taken together with available evidence showing 
age-related volume reductions in some regions, includ-
ing the lateral prefrontal cortex and medial temporal 
lobe [18, 20, 69–71], the latter might be more possible. 
To address this issue, future research will need to acquire 
longitudinal data through the intervention period and 
make comparisons with the data from both groups. The 
best way to examine this possibility would be performing 
a two-way mixed analysis of variance (ANOVA) with a 
between-subjects factor of group (intervention, control) 
and a within-subjects factor of time (pre-intervention, 
post-intervention) and investigating whether the regional 
brain volume would show an interaction between the two 
factors. Despite the limitation, this pilot study achieved 
its purpose by identifying candidate brain regions that 
are responsible for the beneficial effect of conversation-
based interventions on brain structures.

The other limitation is that some of the reported 
regions did not meet the significance criteria when addi-
tional nuisance covariates were included in the two-sam-
ple t-test. Specifically, when the scores of the Japanese 
version of the 15-item Geriatric Depression Scale (GDS-
15-J) [72] after the intervention were employed as an 
additional nuisance covariate to adjust participants’ 
mental status, the lateral prefrontal cortex and medial 
temporal lobe did not achieve statistical significance, 
whereas the other regions, including the posterior middle 
temporal gyrus and the somatosensory cortex, remained 
significant. When the scores of the Japanese version 
of the Montreal Cognitive Assessment (MoCA-J) [26] 
were used to adjust participants’ global cognition, the 
posterior middle temporal gyrus was significant, while 
the other regions were not. However, when the MMSE-
J scores [42] were employed, all of the reported regions 
met the significance criteria. Thus, note that a part of the 
present findings could be limited by some factors, such as 
mental status and/or global cognition.

The current findings imply structural changes in the 
brain induced by balanced conversations, in which 
both inputs and outputs of information are required. 
Practicing conversations in such a balanced manner 
in daily life could be an effective approach to maintain 
or improve cognitive and brain health, and the effec-
tiveness may improve by introducing the proposed 
robotic system. Our findings support existing poli-
cies to increase opportunities for community-dwelling 
older adults to interact with others. However, an alter-
native method which has similar effects on cognitive 
and brain health would have special needs for practice, 
since some people are reluctant to meet others. Toward 
addressing this issue, a dialogue-based robot system for 
daily cognitive training without meeting other people 
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at home has been recently developed [73]. The user of 
the dialogue-based robot system listens carefully to the 
robotic speech and asks questions based on the speech, 
which requires both inputs and outputs of information. 
As the next step, the effects of this dialogue system on 
cognitive health in older adults would be examined in 
future research.

Conclusions
In this pilot study, we examined the difference in brain 
structures between the intervention and control groups 
after the intervention. Our results demonstrated that 
the volume of the superior frontal gyrus was greater 
in the intervention group than in the control group. 
Greater volume in the intervention group was also 
identified in the parahippocampal gyrus/hippocam-
pus, posterior middle temporal gyrus, and postcentral 
gyrus. In contrast, no regions showed greater volume in 
the control group than in the intervention group. Fur-
thermore, the region whose volume was positively cor-
related with the increase in verbal fluency scores was 
found in the inferior parietal lobule. This pilot study 
successfully identified candidate brain regions that 
reflect the beneficial effect of conversation-based inter-
ventions on cognitive function, including the lateral 
prefrontal cortex, which plays a pivotal role in execu-
tive functions. Further investigation will be needed to 
confirm this possible effect by collecting and compar-
ing MRI data from the pre- and post-intervention peri-
ods in future studies.

Abbreviations
MRI: Magnetic resonance imaging; PICMOR: Photo-Integrated Conversation 
Moderated by Robots; RCT​: Randomized controlled trial; VBM: Voxel-based 
morphometry; SD: Standard deviation; MMSE-J: Japanese version of the 
Mini-Mental State Examination; SPM: Statistical Parametric Mapping; GM: Gray 
matter; WM: White matter; CSF: Cerebrospinal fluid; DARTEL: Diffeomorphic 
Anatomical Registration using Exponentiated Lie algebra; MNI: Montreal Neu‑
rological Institute; WMS-R: Wechsler Memory Scale-Revised; ANOVA: Analysis 
of variance; GDS-15-J: Japanese version of the 15-item Geriatric Depression 
Scale; MoCA-J: Japanese version of the Montreal Cognitive Assessment.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12877-​021-​02669-x.

Additional file 1. Behavioral results of pre/post cognitive and mental 
health tests in the intervention (n = 31) and control (n = 30) groups.

Additional file 2. VBM outputs in the intervention (n = 31) and control 
(n = 30) groups.

Acknowledgments
We would like to thank the staff of Advanced Imaging Center Yaesu Clinic 
for their technical assistance in the MRI scanning. We also thank Drs. Takuya 
Sekiguchi and Seiki Tokunaga for their support to improve the manuscript.

Authors’ contributions
MO-M designed this study. HS collected and analyzed the data and wrote the 
manuscript under the supervision of MO-M. Both authors read and approved 
the final manuscript.

Funding
This work was supported by JSPS KAKENHI Grant Numbers JP18KT0035 
(MO-M), JP19H01138 (MO-M), JP20H05022 (MO-M), JP20H05574 (MO-M), and 
JP19K14489 (HS). The funder had no role in the design of the study and collec‑
tion, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
The datasets generated and/or analyzed in the present study are not publicly 
available due to the requirement of a joint research agreement for data shar‑
ing, but are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All participants provided their written informed consent to the protocol 
approved by the Institutional Review Board of RIKEN (Wako3 30–11 (2)). All 
methods were performed in accordance with the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 18 March 2021   Accepted: 26 November 2021

References
	1.	 Nyberg L, Pudas S. Successful memory aging. Annu Rev Psychol. 

2019;70:219–43.
	2.	 Park DC, Bischof GN. The aging mind: neuroplasticity in response to 

cognitive training. Dialogues Clin Neurosci. 2013;15(1):109–19.
	3.	 Park DC, Lautenschlager G, Hedden T, Davidson NS, Smith AD, Smith PK. 

Models of visuospatial and verbal memory across the adult life span. 
Psychol Aging. 2002;17(2):299–320.

	4.	 Salthouse T. Consequences of age-related cognitive declines. Annu Rev 
Psychol. 2012;63:201–26.

	5.	 Salthouse TA. Selective review of cognitive aging. J Int Neuropsychol Soc. 
2010;16(5):754–60.

	6.	 Salthouse TA. Trajectories of normal cognitive aging. Psychol Aging. 
2019;34(1):17–24.

	7.	 Antonenko D, Floel A. Healthy aging by staying selectively connected: a 
mini-review. Gerontology. 2014;60(1):3–9.

	8.	 Goh JO, Park DC. Neuroplasticity and cognitive aging: the scaffolding the‑
ory of aging and cognition. Restor Neurol Neurosci. 2009;27(5):391–403.

	9.	 Grady C. The cognitive neuroscience of ageing. Nat Rev Neurosci. 
2012;13(7):491–505.

	10.	 Greenwood PM. Functional plasticity in cognitive aging: review and 
hypothesis. Neuropsychology. 2007;21(6):657–73.

	11.	 Hedden T, Gabrieli JD. Insights into the ageing mind: a view from cogni‑
tive neuroscience. Nat Rev Neurosci. 2004;5(2):87–96.

	12.	 Nyberg L, Lovden M, Riklund K, Lindenberger U, Backman L. Memory 
aging and brain maintenance. Trends Cogn Sci. 2012;16(5):292–305.

	13.	 Park DC, Reuter-Lorenz P. The adaptive brain: aging and neurocognitive 
scaffolding. Annu Rev Psychol. 2009;60:173–96.

	14.	 Reuter-Lorenz PA, Park DC. Human neuroscience and the aging 
mind: a new look at old problems. J Gerontol B Psychol Sci Soc Sci. 
2010;65(4):405–15.

	15.	 Salthouse TA. Neuroanatomical substrates of age-related cognitive 
decline. Psychol Bull. 2011;137(5):753–84.

	16.	 Lemaitre H, Goldman AL, Sambataro F, Verchinski BA, Meyer-Lindenberg 
A, Weinberger DR, et al. Normal age-related brain morphometric 

https://doi.org/10.1186/s12877-021-02669-x
https://doi.org/10.1186/s12877-021-02669-x


Page 9 of 10Sugimoto and Otake‑Matsuura ﻿BMC Geriatrics           (2022) 22:63 	

changes: nonuniformity across cortical thickness, surface area and gray 
matter volume? Neurobiol Aging. 2012;33(3):617 e1–9.

	17.	 Manard M, Bahri MA, Salmon E, Collette F. Relationship between 
grey matter integrity and executive abilities in aging. Brain Res. 
2016;1642:562–80.

	18.	 Nyberg L, Salami A, Andersson M, Eriksson J, Kalpouzos G, Kauppi K, et al. 
Longitudinal evidence for diminished frontal cortex function in aging. 
Proc Natl Acad Sci U S A. 2010;107(52):22682–6.

	19.	 Ramanoel S, Hoyau E, Kauffmann L, Renard F, Pichat C, Boudiaf N, et al. 
Gray matter volume and cognitive performance during normal aging. A 
voxel-based morphometry study. Front Aging Neurosci. 2018;10:235.

	20.	 Raz N, Lindenberger U, Rodrigue KM, Kennedy KM, Head D, Williamson 
A, et al. Regional brain changes in aging healthy adults: general trends, 
individual differences and modifiers. Cereb Cortex. 2005;15(11):1676–89.

	21.	 Tisserand DJ, van Boxtel MP, Pruessner JC, Hofman P, Evans AC, Jolles J. A 
voxel-based morphometric study to determine individual differences in 
gray matter density associated with age and cognitive change over time. 
Cereb Cortex. 2004;14(9):966–73.

	22.	 Kelly ME, Duff H, Kelly S, McHugh Power JE, Brennan S, Lawlor BA, et al. 
The impact of social activities, social networks, social support and social 
relationships on the cognitive functioning of healthy older adults: a 
systematic review. Syst Rev. 2017;6(1):259.

	23.	 Shao Z, Janse E, Visser K, Meyer AS. What do verbal fluency tasks 
measure? Predictors of verbal fluency performance in older adults. Front 
Psychol. 2014;5:772.

	24.	 Dodge HH, Zhu J, Mattek N, Bowman M, Ybarra O, Wild K, et al. Web-
enabled conversational interactions as a means to improve cognitive 
functions: results of a 6-week randomized controlled trial. Alzheimers 
Dement (N Y). 2015;1(1):1–12.

	25.	 Otake-Matsuura M, Tokunaga S, Watanabe K, Abe MS, Sekiguchi T, 
Sugimoto H, et al. Cognitive intervention through Photo-Integrated 
Conversation Moderated by Robots (PICMOR) program: a randomized 
controlled trial. Front Robot AI. 2021;8:633076.

	26.	 Fujiwara Y, Suzuki H, Yasunaga M, Sugiyama M, Ijuin M, Sakuma N, et al. 
Brief screening tool for mild cognitive impairment in older Japanese: 
validation of the Japanese version of the Montreal Cognitive Assessment. 
Geriatr Gerontol Int. 2010;10(3):225–32.

	27.	 Lezak MD, Howieson DB, Bigler ED, Tranel D. Neuropsychological assess‑
ment. New York: Oxford University Press; 2012.

	28.	 Miro-Padilla A, Bueicheku E, Ventura-Campos N, Palomar-Garcia MA, Avila 
C. Functional connectivity in resting state as a phonemic fluency ability 
measure. Neuropsychologia. 2017;97:98–103.

	29.	 Sala-Llonch R, Bartres-Faz D, Junque C. Reorganization of brain networks 
in aging: a review of functional connectivity studies. Front Psychol. 
2015;6:663.

	30.	 Sugimoto H, Kawagoe T, Otake-Matsuura M. Characteristics of resting-
state functional connectivity in older adults after the PICMOR interven‑
tion program: a preliminary report. BMC Geriatr. 2020;20(1):486.

	31.	 Alvarez JA, Emory E. Executive function and the frontal lobes: a meta-
analytic review. Neuropsychol Rev. 2006;16(1):17–42.

	32.	 Blumenfeld RS, Ranganath C. Dorsolateral prefrontal cortex promotes 
long-term memory formation through its role in working memory 
organization. J Neurosci. 2006;26(3):916–25.

	33.	 Buchsbaum BR, Greer S, Chang WL, Berman KF. Meta-analysis of neu‑
roimaging studies of the Wisconsin Card-Sorting task and component 
processes. Hum Brain Mapp. 2005;25(1):35–45.

	34.	 Friedman NP, Robbins TW. The role of prefrontal cortex in cogni‑
tive control and executive function. Neuropsychopharmacology. 
2022;47(1):72–89.

	35.	 Laird AR, McMillan KM, Lancaster JL, Kochunov P, Turkeltaub PE, Pardo JV, 
et al. A comparison of label-based review and ALE meta-analysis in the 
Stroop task. Hum Brain Mapp. 2005;25(1):6–21.

	36.	 Owen AM, McMillan KM, Laird AR, Bullmore E. N-back working memory 
paradigm: a meta-analysis of normative functional neuroimaging studies. 
Hum Brain Mapp. 2005;25(1):46–59.

	37.	 Steele VR, Aharoni E, Munro GE, Calhoun VD, Nyalakanti P, Stevens MC, 
et al. A large scale (N=102) functional neuroimaging study of response 
inhibition in a Go/NoGo task. Behav Brain Res. 2013;256:529–36.

	38.	 Varjacic A, Mantini D, Demeyere N, Gillebert CR. Neural signatures of Trail 
Making Test performance: evidence from lesion-mapping and neuroim‑
aging studies. Neuropsychologia. 2018;115:78–87.

	39.	 Yuan P, Raz N. Prefrontal cortex and executive functions in healthy adults: 
a meta-analysis of structural neuroimaging studies. Neurosci Biobehav 
Rev. 2014;42:180–92.

	40.	 West GL, Zendel BR, Konishi K, Benady-Chorney J, Bohbot VD, Peretz I, 
et al. Playing Super Mario 64 increases hippocampal grey matter in older 
adults. PLoS One. 2017;12(12):e0187779.

	41.	 Ashburner J, Friston KJ. Voxel-based morphometry--the methods. Neuro‑
image. 2000;11(6 Pt 1):805–21.

	42.	 Sugishita M, Koshizuka Y, Sudou S, Sugishita K, Hemmi I, Karasawa H, et al. 
The validity and reliability of the Japanese version of the Mini-Mental 
State Examination (MMSE-J) with the original procedure of the Attention 
and Calculation Task (2001). Japan J Cogn Neurosci. 2018;20(2):91–110.

	43.	 Ashburner J, Friston KJ. Unified segmentation. Neuroimage. 
2005;26(3):839–51.

	44.	 Ashburner J. A fast diffeomorphic image registration algorithm. Neuroim‑
age. 2007;38(1):95–113.

	45.	 Ridgway GR, Omar R, Ourselin S, Hill DL, Warren JD, Fox NC. Issues with 
threshold masking in voxel-based morphometry of atrophied brains. 
Neuroimage. 2009;44(1):99–111.

	46.	 Slotnick SD. Cluster success: fMRI inferences for spatial extent have 
acceptable false-positive rates. Cogn Neurosci. 2017;8(3):150–5.

	47.	 Eickhoff SB, Heim S, Zilles K, Amunts K. Testing anatomically specified 
hypotheses in functional imaging using cytoarchitectonic maps. Neuro‑
image. 2006;32(2):570–82.

	48.	 Eickhoff SB, Paus T, Caspers S, Grosbras MH, Evans AC, Zilles K, et al. 
Assignment of functional activations to probabilistic cytoarchitectonic 
areas revisited. Neuroimage. 2007;36(3):511–21.

	49.	 Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink GR, Amunts K, et al. 
A new SPM toolbox for combining probabilistic cytoarchitectonic maps 
and functional imaging data. Neuroimage. 2005;25(4):1325–35.

	50.	 Gurd JM, Amunts K, Weiss PH, Zafiris O, Zilles K, Marshall JC, et al. Posterior 
parietal cortex is implicated in continuous switching between verbal 
fluency tasks: an fMRI study with clinical implications. Brain. 2002;125(Pt 
5):1024–38.

	51.	 Hirshorn EA, Thompson-Schill SL. Role of the left inferior frontal gyrus in 
covert word retrieval: neural correlates of switching during verbal fluency. 
Neuropsychologia. 2006;44(12):2547–57.

	52.	 Scheuringer A, Harris TA, Pletzer B. Recruiting the right hemisphere: sex 
differences in inter-hemispheric communication during semantic verbal 
fluency. Brain Lang. 2020;207:104814.

	53.	 Troyer AK, Moscovitch M, Winocur G. Clustering and switching as two 
components of verbal fluency: evidence from younger and older healthy 
adults. Neuropsychology. 1997;11(1):138–46.

	54.	 Engvig A, Fjell AM, Westlye LT, Skaane NV, Dale AM, Holland D, et al. 
Effects of cognitive training on gray matter volumes in memory 
clinic patients with subjective memory impairment. J Alzheimers Dis. 
2014;41(3):779–91.

	55.	 Lovden M, Schaefer S, Noack H, Bodammer NC, Kuhn S, Heinze HJ, 
et al. Spatial navigation training protects the hippocampus against 
age-related changes during early and late adulthood. Neurobiol Aging. 
2012;33(3):620 e9–22.

	56.	 Davachi L. Item, context and relational episodic encoding in humans. 
Curr Opin Neurobiol. 2006;16(6):693–700.

	57.	 Diana RA, Yonelinas AP, Ranganath C. Imaging recollection and familiarity 
in the medial temporal lobe: a three-component model. Trends Cogn Sci. 
2007;11(9):379–86.

	58.	 Eichenbaum H, Sauvage M, Fortin N, Komorowski R, Lipton P. Towards a 
functional organization of episodic memory in the medial temporal lobe. 
Neurosci Biobehav Rev. 2012;36(7):1597–608.

	59.	 Rugg MD, Vilberg KL, Mattson JT, Yu SS, Johnson JD, Suzuki M. Item 
memory, context memory and the hippocampus: fMRI evidence. Neu‑
ropsychologia. 2012;50(13):3070–9.

	60.	 Wechsler D. WMS-R: Wechsler Memory Scale-Revised Manual. San Anto‑
nio: The Psychological Corporation; 1987.

	61.	 Ardila A, Bernal B, Rosselli M. How localized are language brain areas? 
A review of Brodmann areas involvement in oral language. Arch Clin Neu‑
ropsychol. 2016;31(1):112–22.

	62.	 Dronkers NF, Wilkins DP, Van Valin RD, Jr., Redfern BB, Jaeger JJ. Lesion 
analysis of the brain areas involved in language comprehension. Cogni‑
tion. 2004;92(1–2):145–77.



Page 10 of 10Sugimoto and Otake‑Matsuura ﻿BMC Geriatrics           (2022) 22:63 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	63.	 Kertesz A, Sheppard A, MacKenzie R. Localization in transcortical sensory 
aphasia. Arch Neurol. 1982;39(8):475–8.

	64.	 Robson H, Sage K, Ralph MA. Wernicke’s aphasia reflects a combination of 
acoustic-phonological and semantic control deficits: a case-series com‑
parison of Wernicke’s aphasia, semantic dementia and semantic aphasia. 
Neuropsychologia. 2012;50(2):266–75.

	65.	 Kemmerer D. Cognitive neuroscience of language. New York: Psychology 
Press; 2015.

	66.	 Hickok G, Poeppel D. Towards a functional neuroanatomy of speech 
perception. Trends Cogn Sci. 2000;4(4):131–8.

	67.	 Hickok G, Poeppel D. Dorsal and ventral streams: a framework for under‑
standing aspects of the functional anatomy of language. Cognition. 
2004;92(1–2):67–99.

	68.	 Hickok G, Poeppel D. The cortical organization of speech processing. Nat 
Rev Neurosci. 2007;8(5):393–402.

	69.	 Fjell AM, Walhovd KB, Fennema-Notestine C, McEvoy LK, Hagler DJ, Hol‑
land D, et al. One-year brain atrophy evident in healthy aging. J Neurosci. 
2009;29(48):15223–31.

	70.	 Gorbach T, Pudas S, Lundquist A, Oradd G, Josefsson M, Salami A, et al. 
Longitudinal association between hippocampus atrophy and episodic-
memory decline. Neurobiol Aging. 2017;51:167–76.

	71.	 Leong RLF, Lo JC, Sim SKY, Zheng H, Tandi J, Zhou J, et al. Longitudinal 
brain structure and cognitive changes over 8 years in an East Asian 
cohort. Neuroimage. 2017;147:852–60.

	72.	 Sugishita K, Sugishita M, Hemmi I, Asada T, Tanigawa T. A validity and reli‑
ability study of the Japanese version of the Geriatric Depression Scale 15 
(GDS-15-J). Clin Gerontol. 2017;40(4):233–40.

	73.	 Tokunaga S, Tamura K, Otake-Matsuura M. A dialogue-based system with 
photo and storytelling for older adults: toward daily cognitive training. 
Front Robot AI. 2021;8:644964.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	A pilot voxel-based morphometry study of older adults after the PICMOR intervention program
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 
	Trial registration: 

	Background
	Methods
	Participants
	Intervention procedures
	MRI data acquisition and analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References


