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In the SoUth Korean study to PrEvent cognitive impaiRment and protect BRAIN health through lifestyle intervention in at-risk elderly people (SUPERBRAIN), we evaluated the impact of multidomain lifestyle intervention on regional homogeneity (ReHo) in resting-state functional brain magnetic resonance imaging (MRI) data. Of 152 participants aged 60–79 years without dementia assigned to either facility-based multidomain intervention (FMI), home-based MI, or controls, we analyzed 56 scanned MRIs at baseline and 24 weeks. ReHo values from regions with significant longitudinal changes were compared between the intervention and control groups and their correlations with the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) or serum brain-derived neurotrophic factor (BDNF) were evaluated. ReHo values in the left medial orbitofrontal gyrus and right superior parietal lobule were increased [p = 0.021, correlated positively with serum BDNF changes (r = 0.504, p = 0.047)] and decreased [p = 0.021, correlated negatively with changes in the total (r = −0.509, p = 0.044) and attention (r = −0.562, p = 0.023). RBANS], respectively, in the participants assigned to the FMI group than those of the controls. Our results suggest that facility-based group preventive strategies may have cognitive benefits through neuroplastic changes in functional processing circuits in the brain areas which play a crucial role in the adaptive learning and internally directed cognition.
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Introduction

Recent studies report that multidomain lifestyle interventions including dietary counseling, physical exercise, cognitive training, and vascular/metabolic risk monitoring can yield cognitive benefit in at-risk people. The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) (Ngandu et al., 2015) exploratory subgroup analyses in the French Multidomain Alzheimer Preventive Trial (MAPT) (Andrieu et al., 2017; Chhetri et al., 2018), the Dutch Prevention of Dementia by Intensive Vascular Care (PreDIVA) (Moll van Charante et al., 2016) studies, or the SoUth Korean study to PrEvent cognitive impaiRment and protect BRAIN health through lifestyle intervention in at-risk older adults (SUPERBRAIN) (Moon et al., 2021) proved the cognitive benefits of a multidomain lifestyle intervention in participants with increased risk of dementia. Such interventions may increase cognitive reserve and reduce inflammation and vascular/oxidative damage in the brain (Livingston et al., 2017, 2020). Cognitive reserve is responsible for the efficiency of the brain functions and its neural substrate is referred to brain volume, cerebral metabolism, or the neural networks such as density of synapses and dendrites branching. Therefore, enhanced cognitive reserve after multidomain lifestyle interventions could be investigated by changes in structural or functional brain imagings or concentration of neurotrophic factors such as the brain-derived neurotrophic factor (BDNF). The exploratory analysis of the SUPERBRAIN (Moon et al., 2021) previously showed that serum BDNF levels were significantly increased in the facility-based multidomain intervention (FMI) compared to the control group. However, benefits on structural or functional brain imagings of multidomain lifestyle interventions remain unclear. The FINGER MRI exploratory sub-study did not reveal significant differences between the intervention and control groups in changes in regional brain volumes, cortical thickness, and white matter lesion volume after 2 years in at-risk elderly without substantial impairment (Stephen et al., 2019). In another FINGER MRI exploratory sub-study using diffusion tensor imaging (DTI), fractional anisotropy decreased to a greater extent in the intervention group than in the control group, with no significant intergroup differences for changes in diffusivity along domain and non-domain diffusion orientations, mean diffusivity, axial diffusivity, or radial diffusivity (Stephen et al., 2020). Furthermore, to our best knowledge, there are no studies on the impact of multidomain lifestyle interventions on the regional networks of resting-state functional magnetic resonance imaging (rs-fMRI) data in at-risk older adults without substantial impairment.

The rs-fMRI is a non-invasive neuroimaging technique for investigating spontaneous brain activity in vivo (Smith, 2012). The regional homogeneity (ReHo) and the amplitude of low-frequency fluctuations (ALFFs) are common approaches for depicting the regional characteristics of rs-fMRI data. The ReHo calculates the synchronization of low-frequency fluctuations between a given voxel and the neighboring voxels (Zang et al., 2004), reflecting the neural function synchronization in the local brain region. ALFF measures the ALFFs of individual voxels (Zang et al., 2007), characterizing spontaneous neural activity in the local brain region. Early pathological changes in regional spontaneous brain activity among the Alzheimer's disease (AD) spectrum have been studied using the ReHo and ALFFs (Dai et al., 2012; Long et al., 2016; Ni et al., 2016). Therefore, it would be possible to study the impact of multi-domain lifestyle interventions on the cognitive reserve through the change of the ReHo and ALFFs at risk of dementia.

In this study, we evaluated the impact of a 6-month multidomain lifestyle intervention on changes in ReHo and ALFFs of rs-fMRI using data from the SUPERBRAIN.



Methods


Study population

The SUPERBRAIN trial protocol (ClinicalTrials.gov: NCT03980392) (Park et al., 2020) and primary findings (Moon et al., 2021) have been described previously. Briefly, this was a 24-week, multicenter, outcome assessor-blinded, randomized controlled trial with a three-parallel-arm design performed at eight medical centers across South Korea. The study included the facility-based multidomain intervention (FMI), home-based multidomain intervention (HMI), and control groups. The participants included 152 individuals aged 60–79 years who had no dementia but had one or more modifiable dementia risk factors such as hypertension, diabetes mellitus, dyslipidemia, smoking, obesity, abdominal obesity, metabolic syndrome, educational level of ≤ 9 years, social isolation, and physical inactivity. In addition, they had a Mini-Mental State Examination z score of ≥-1.5, were able to perform independent activities of daily living and pass a literacy test, and had a reliable informant who can provide investigators with the requested information. Individuals with dementia, conditions affecting safe participation or cooperation such as major psychiatric illness, other neurodegenerative disease, malignancy within the previous 5 years, cardiac stent or revascularization within the previous 1 year, serious or unstable symptomatic cardiovascular disease, other serious or unstable medical disease, severe loss of vision or hearing or communication ability, or concurrent participation in another trial were excluded. This study was conducted in accordance with the International Conference on Harmonization Good Clinical Practice Guidelines. The institutional review boards of all institutions approved the protocol and consent forms before the start of the study. Written informed consent was obtained from all potential participants prior to enrollment. The SUPERBRAIN MRI exploratory sub-study included 63 participants from three trial sites (Ajou University Hospital, Ewha Womans University Medical Center, and Inha University Hospital) (Figure 1). Brain scans were conducted at baseline and 24-week visits. The present study included 56 participants with both baseline and repeat scans of good quality.
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FIGURE 1
 Diagram depicting the exploratory MRI analyses in the SUPERBRAIN trial. SUPERBRAIN, South Korean Study to Prevent Cognitive Impairment and Protect Brain Health Through Lifestyle Intervention; MRI, magnetic resonance imaging; FMI, facility-based multidomain intervention; HMI, home-based multidomain intervention.




Randomization and intervention

The participants were randomly assigned to the FMI, HMI, and control groups at baseline at a 1:1:1 ratio. The participants from the FMI and HMI groups received interventions of the five components previously described in detail (Park et al., 2020; Moon et al., 2021), including the monitoring and management of metabolic and vascular risk factors, cognitive training and social activity, physical exercise (Lee et al., 2020), nutritional guidance, and motivational enhancement.

The metabolic and vascular risk factors were assessed by blood tests and anthropometric measurements before the intervention. Hypertension, diabetes mellitus, dyslipidemia, obesity, abdominal obesity, smoking, and high alcohol consumption were monitored and managed. Each participant met a study doctor at baseline and week 12. The study doctors informed participants of their risk factors, and prescribed medications if necessary. Participants were educated at baseline by a study nurse and given education booklets describing their risk factors and a booklet of lifestyle guidelines to prevent dementia. They also met the study nurse every 4 weeks for anthropometric measurements and the monitoring of the smoking status and alcohol consumption. Measurements were recorded at each visit in the participants' notebooks for SUPERBRAIN. If the risk factors for a participant did not improve, the study nurse again educated the participant at week 12 with the aid of the booklets. The participants in the FMI group received facility-based interventions three times/week. The HMI group received the same cognitive training and physical exercise programs as the FMI group. The HMI group participated in one group-based cognitive training session (50 min) and one home-based cognitive training session (30–40 min) per week and one group exercise session (60 min) and two home-based exercise sessions (60 min) per week during the first 2 months of the trial. For the remainder of the 6-month study, the HMI group attended one group cognitive training session and one group exercise session every 2 weeks. For the weeks that included group sessions, the participants attended one cognitive training session and two exercise sessions individually at home each week. For weeks that did not include group sessions, participants attended two cognitive training sessions and three exercise sessions alone at home each week. Cognitive training targeted the cognitive domains of episodic memory, executive function, attention, working memory, calculation, and visuospatial function. Cognitive training in group sessions were conducted by trained health professionals (psychologists, occupational therapists, and study nurses) using a tablet-based application. If a participant had difficulty in using a tablet, they were provided with workbooks to be completed under the supervision of trained health professionals. The content of the workbook is similar to the cognitive training application. The physical exercise program consisted of aerobic exercise, exercise to enhance balance and flexibility, muscle-strengthening activities involving major muscle groups, and finger-and-toe movements. The exercise programs in group session were guided by trained exercise professionals at a gym. The physical exercise programs used portable tools such as elastic bands, nine floor plates with numbers, and chairs. Every 2 months, the exercise intensity increased. During home-based exercise sessions, participants exercised at home watching videos on the tablet PC. If participants had difficulty using the tablet, they exercised at home while following instructions on a poster or in a booklet. Participants were given appropriate equipment to enable them to perform the exercises. The nutritional intervention included three individual counseling sessions (each lasting 30 min) and seven group sessions (each lasting 50 min) led by study nutritionists. Individual sessions included tailoring the participant's daily diet and providing education on customized diets to manage individual vascular risk factors. Group sessions provided discussions, practical exercises for facilitating changes in diet, and advice on how to make meals with recommended ingredients via a cooking lesson. Motivational enhancement included four group counseling sessions lasting 50 min each and led by a psychologist (at 1, 2, 13, and 24 weeks). Group meetings provided information and support for facilitating dementia prevention program activities, and include discussions on the importance of change, ambivalence, and self-efficacy, as well as family education using video clips. In addition, through the family-coach program, a family member participated in reinforcing the motivation of a participant. Encouraging pop-up video messages made by participants' families and self-rated achievement pop-up messages were provided every week before the tablet-based cognitive intervention. Participants in workbook-type cognitive interventions were sent the encouraging pop-up video messages on their cell phones and performed self-rated achievement assessments on paper. The control group received regular health advice according to the established guidelines.



Cognitive outcomes and serum brain-derived neurotrophic factor (BDNF)

The total scale index score of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) was assessed at baseline and within 4 weeks post-intervention. Before initiating the study, all assessors participated in a workshop to receive education on how to perform outcome measurements (Park et al., 2020). The RBANS consists of tests A, B, C, and D of identical degree of difficulty. Each test includes 12 subtests and evaluates the following five cognitive domains: attention, language, visuospatial/constructional abilities, immediate memory, and delayed memory (Randolph et al., 1998). The participants performed tests A and D of the RBANS at baseline and post-intervention, respectively. A standard score based on same-aged peers for each of the five cognitive domains was obtained. These indices were combined to compute the total scale scores of cognitive functioning. Higher scores indicated better cognitive functioning.

Changes in serum BDNF levels after the multidomain intervention were investigated. Fasting blood samples were collected at ~9 am in serum separator tubes (SSTs) within 4 weeks before the intervention and within 4 weeks after the last intervention. The SSTs were maintained at room temperature for 30 min, centrifuged for 10 min at 3,000 rpm, and sent to a central laboratory. Serum samples were stored at ≤ -70°C until analysis. Serum BDNF levels were measured using a quantitative sandwich enzyme-linked immunosorbent assay (ELISA) (DBD00; R&D Systems, Inc., Minneapolis, MN, USA), according to the manufacturer's instructions.



MRI acquisition and processing

Brain MRI scans at each clinical site were taken with the following MR systems and rs-fMRI parameters: 3T Achieva, Philips (slice thickness, 4.5 mm; number of slices 31; repetition time (TR), 2,000 ms; echo time (TE), 30 ms; flip angle, 80°; voxel size 3.0 × 3.0 mm2 and 176 volumes) at the Ajou University Hospital, 3T Achieva, Philips (slice thickness, 4.5 mm; number of slices 31; TR, 2,000 ms; TE, 30 ms; flip angle, 80°; voxel size 3.0 × 3.0 mm2 and 176 volumes) at the Ewha Woman's University Medical Center, and 3T Signa Architect, GE, at the Inha University Hospital (slice thickness, 4.5 mm; number of slices 31; TR, 2,000 ms; TE, 30 ms; flip angle, 90°; voxel size 1.875.0 × 1.875 mm2 and 180 volumes). The same imaging parameters and MRI scanners were used for the baseline and 24-week scans. Regular phantom scans were performed within each site, although the phantom was not shared among three centers. Functional data were preprocessed using Data Processing Assistant for rs-fMRI Advanced Edition (DPARSFA) v5.1 and Statistical Parametric Mapping (SPM) 12 implemented on Matlab 2020b (Mathworks, http://www.mathworks.com). The first five volumes were discarded to ensure magnetization equilibrium, and the functional data were corrected for slice timing using the middle volume as a reference. Then, the data were spatially realigned to the middle slice using a least-squares approach and six-parameter rigid body spatial transformations, and no subjects showed excessive head motions >2.5 mm and 2.5° in any dimensions during the scan acquisition. The realigned data were spatially normalized to a Montreal Neurological Institute (MNI) standard space using an echo planar image template and smoothed with a Gaussian kernel of 4-mm full-width-half-maximum, followed by the removal of linear trend and regression of covariates including Friston 24-motion parameters and signals from the white matter and cerebrospinal fluid. Calculations for ALFF and ReHo were performed using DPARSFA software. The ALFF value was calculated by obtaining a power spectrum via a Fast Fourier Transform and averaging the square root of the power spectrum at the frequency bands of 0.01–0.08 Hz at each voxel. Then, the ALFF value of each voxel was modulated by dividing it by global mean ALFF. Prior to ReHo calculation, temporal band-pass filtering at 0.01–0.1 Hz was applied to spatially normalized functional data. ReHo was calculated by applying Kendall's Coefficient of Concordance which calculates the similarity of the time series of a voxel with that of 27 neighboring voxels. The ReHo at each voxel was divided by the global mean ReHo, and the individual modulated ReHo maps were spatially smoothed with a Gaussian kernel of 4-mm full-width-half-maximum.



Statistical analysis

Group differences at baseline were analyzed by t-test (MRI vs. non-MRI groups) or one-way analyses of variance (ANOVA, FMI vs. HMI vs. controls) for independent samples and the chi-square test for categorical variables. In addition, two-way ANOVA, with time and groups as independent factors, was used to compare changes in the RBANS and serum BDNF levels from baseline to the study endpoint. The groups were considered similar when p > 0.05. Post-hoc analyses were done by Dunnett test.

Individual ALFF and ReHo maps at baseline were compared among groups using one-way analyses of covariance (ANCOVA) with age, sex, years of education, and imaging site effects added as covariates of no interest. In addition, to compare changes in the ALFF and ReHo maps from baseline to the study endpoint, we used two statistical analyses. First, two-way ANCOVA was used, with time and groups as independent factors and age, sex, years of education, and imaging site effects added as covariates of no interest. Secondly, voxel-wise paired t-tests were employed to analyze longitudinal changes in spontaneous brain activity for each group, using age, sex, years of education, and site effects as covariates. The statistical significance level was set at family-wise error corrected p-value <0.05 at the cluster level. ALFF and ReHo values were compared among groups using two-sample t-tests (FMI vs. controls and HMI vs. controls). Finally, correlations between clinical parameters (total and standard scores cognitive domains of the RBANS) or the serum BDNF level and changes in ALFF or ReHo were evaluated at a statistical significance level of p <0.05 (uncorrected for multiple corrections).




Results

The population undergoing MRI was younger, more educated, and had a higher baseline RBANS total scale index than the population not undergoing MRI in SUPERBRAIN. However, there were no differences in intervention adherence, sex distribution, APOE ε4 carriers, and group distribution between the two populations (Supplementary Table 1). The intervention and control groups in the SUPERBRAIN exploratory MRI sub-study were not significantly different in demographic, clinical, cognitive, and MRI characteristics at baseline (Table 1). The adherence rates in the FMI and HMI groups were 96.0 and 97.0%, respectively.


TABLE 1 Baseline clinical characteristics in the intervention and control groups.

[image: Table 1]

Changes in the RBANS total scale index scores, attention and visuospatial/construction were different among three groups (Table 2). Post-hoc analyses revealed that the FMI groups showed significantly improved post-intervention RBANS total scale index scores (p = 0.047), attention (p = 0.016) and visuospatial/construction (p = 0.009) compared to the control group. Serum BDNF levels did not significantly change among groups (Table 2).


TABLE 2 Changes in clinical characteristics after 24 weeks in the intervention and control groups.

[image: Table 2]


Longitudinal changes in ALFF

The spontaneous functional activity represented by ALFF was comparable among the groups at baseline. In the first statistical analysis using two-way ANCOVA, any significant difference in longitudinal changes in the ALFF maps was not revealed. In the second statistical analysis which analyze longitudinal changes in spontaneous brain activity for each group, we did not detect any longitudinal changes in ALFF in the HMI and control groups. However, a significant increase in ALFF in the left medial orbitofrontal gyrus was observed at follow-up in the FMI group (Supplementary Table 2 and Supplementary Figure 1). The ALFF in the left medial orbitofrontal gyrus in the FMI group tended to be more increased than that in the control group at follow-up (mean ± standard error, 0.312 ± 0.060 vs. 0.101 ± 0.069, p = 0.083). Longitudinal changes in ALFF in the left medial orbitofrontal gyrus were not different between the HMI and control groups (mean ± standard error, −0.013 ± 0.060 vs. 0.101 ± 0.069, p = 0.691). Averaged ALFF images in each group at baseline or follow-up were provided in the Supplementary Figure 2.



Longitudinal changes in ReHo

One-way ANOVA revealed no group differences in ReHo at baseline. In the first statistical analysis using two-way ANCOVA, any significant difference in longitudinal changes in the ReHo maps was not revealed. In the second statistical analysis which analyze longitudinal changes in spontaneous brain activity for each group, in the HMI group, increased ReHo was evident only in the right cuneus at follow-up, whereas increased ReHo in the left medial orbitofrontal gyrus and left anterior cingulate and decreased ReHo in the right superior parietal lobule and right precuneus were observed in the FMI group (Figure 2 and Table 3). However, longitudinal alterations in ReHo were not found in the control group. The ReHo change (follow-up ReHo - baseline ReHo) in the right cuneus was significantly higher in the HMI group than in the control group (mean ± standard error, 0.204 ± 0.046 vs. 0.001 ± 0.052, p = 0.017). There was a significant difference between the FMI and control groups in ReHo changes in the left medial orbitofrontal gyrus (mean ± standard error, 0.244 ± 0.056 vs. −0.001 ± 0.065, p = 0.021) and the right superior parietal lobule (mean ± standard error, −0.182 ± 0.038 vs. −0.015 ± 0.044, p = 0.021). However, the difference in ReHo changes in the left anterior cingulate (mean ± standard error, 0.225 ± 0.052 vs. 0.077 ± 0.060, p = 0.217) and the right cuneus (mean ± standard error, −0.150 ± 0.021 vs. −0.078 ± 0.024, p = 0.090) was not significant between the FMI and control groups. Averaged ReHo images in each group at baseline or follow-up were provided in the Supplementary Figure 3.
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FIGURE 2
 Within-group differences in ReHo in the HMI (upper panel) and FMI groups (lower panel). A warm color indicates increased ReHo at follow-up, and a cool color indicates decreased ReHo. In the HMI group, increased ReHo was evident only in the cuneus at follow-up, whereas increased ReHo in the medial orbitofrontal gyrus and anterior cingulate and decreased ReHo in right superior parietal lobule and precuneus were observed in the FMI group. FMI, facility-based multidomain intervention; HMI, home-based multidomain intervention; ReHo, regional homogeneity.



TABLE 3 Brain regions with significant longitudinal changes in ReHo.
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Correlations between ALFF and ReHo and clinical variables

Correlations between ALFF and ReHo and clinical variables were evaluated in participants with longitudinal changes in spontaneous regional activity. In the FMI group, ALFF changes in the left medial orbitofrontal gyrus did not correlate significantly with clinical data, though longitudinal changes in ReHo in the left medial orbitofrontal gyrus correlated positively with BDNF (Figure 3 and Table 4). Negative correlations were found between the longitudinal changes in ReHo in the right superior parietal lobule and the attention and total RBANS scores in the FMI group, and between the longitudinal changes in ReHo in the right cuneus and delayed memory in the HMI group (r = −0.538, p = 0.032).


[image: Figure 3]
FIGURE 3
 Correlations between longitudinal changes in ReHo and RBANS score and serum BDNF in the FMI group. Significant correlation was found between the serum BDNF and longitudinal changes in ReHo in the left medial orbital gyrus (upper panel) and between the attention/RBANS total scores and longitudinal changes in the ReHo in the right superior parietal lobule (lower panel) in the FMI group. A positive correlation was found between longitudinal changes in ReHo in the left medial orbitofrontal gyrus and BDNF in the FMI group. Negative correlations were found between longitudinal changes in ReHo in the right superior parietal lobule and attention/RBANS total scores in the FMI group. BDNF, brain-derived neurotrophic factor; FMI, facility-based multidomain intervention; HMI, home-based multidomain intervention; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; ReHo, regional homogeneity.



TABLE 4 Correlation between clinical variables and longitudinal changes in ReHo in regions with significant longitudinal changes in the FMI group.
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Discussion

To our best knowledge, this is the first study to reveal that a multidomain lifestyle intervention for dementia prevention could be beneficial on regional spontaneous brain activity. In the FMI group, the post-intervention increase in ReHo in the left medial orbitofrontal gyrus was significantly higher than that in the control group and correlated positively with changes in serum BDNF. Additionally, in the FMI group, the post-intervention decrease in ReHo in the right superior parietal lobule was significantly higher than that in the control group and correlated negatively with changes in the attention and total RBANS scores. Finally, in the HMI group, the post-intervention ReHo in the right cuneus was significantly increased compared to that in the control group and correlated negatively with changes in the delayed memory score. Therefore, in this study, enhanced cognitive reserve after the facility-based multidomain lifestyle intervention could be revealed by changes in functional brain imaging for regional spontaneous brain activity or concentration of the BDNF.

ReHo, which is based on the similarity of neighboring voxels over a time series, can be used to determine localized functional changes in the brain. It is highly reliable for studying the consistency of local brain activity (Zang et al., 2004; Li et al., 2020). Local brain activity may be altered in various ways across the Alzheimer's disease (AD) spectrum. A recent activation likelihood estimation meta-analysis including 30 functional neuroimaging studies in a salience network in mild cognitive impairment (MCI) revealed a decreased ReHo in the anterior cingulate gyrus in amnestic MCI (Song et al., 2021). A recent study reported that patients with AD showed a significant decrease in ReHo in the right posterior cingulate cortex (a hub region of the default mode network) compared to healthy controls (Zhang et al., 2021). These alternations in local brain activity may be novel targets for formulating interventions to delay AD progression of health. In agreement with previous studies, our study showed that a multidomain lifestyle intervention could alter local brain connectivity, and that these changes correlated in a beneficial way with changes in the serum BDNF and cognitive outcomes in the FMI group.

In prodromal AD patients, ReHo is reported to increase or decrease according to the resilience of the anti-amyloidosis mechanisms. One study revealed that ReHo was significantly higher in the bilateral precuneus (a hub region of the default mode network) for amyloid-positive subjective cognitive decline (SCD) compared to amyloid-negative SCD (Li et al., 2021), whereas other studies reported that ReHo decreases in the left precuneus in prodromal AD (Kang et al., 2017). Therefore, alterations in ReHo may be interpreted in the context of other outcomes. In our study, there was a post-intervention increase in ReHo in the left medial orbitofrontal gyrus in the FMI group, which correlated positively with serum BDNF level changes. Interestingly, one human study showed that BDNF polymorphism influenced working memory performance and ReHo in working memory-related brain areas including the left medial frontal gyrus and right medial orbitofrontal gyrus (Chen et al., 2016); another study revealed that physical exercise in mice increased ReHo in the limbic system and improved hippocampal BDNF levels (Dong et al., 2020). Although the increased ReHo in the left orbitofrontal gyrus in the FMI group did not correlate with cognitive outcomes in our study, it correlated with the changes in BDNF levels. Therefore, considering previous studies, increased ReHo in the left orbitofrontal gyrus in the FMI group could be interpreted to be beneficial and may prevent cognitive decline. In the FMI group, the post-intervention decrease in ReHo in the right superior parietal lobule correlated negatively with changes in the attention and RBANS total scores. This may signify a benefit with reference to cognitive improvement. However, in the HMI group, the post-intervention increase in ReHo in the right cuneus correlated negatively with changes in the delayed memory score, which was not beneficial. Therefore, in our study, changes in the regional brain connectivity after the multidomain life intervention occurred in beneficial way in the FMI group, in contrast to that in the HMI group.

In the FMI group, the ReHo in the left orbitofrontal gyrus increased post-intervention. This area is important in signaling the expected rewards/punishments of an action in a given situation (Chen et al., 2016). Accordingly, the brain is capable of comparing the expected reward/punishment with the actual delivery of reward/punishment, thus making the orbitofrontal gyrus critical for adaptive learning. The orbitofrontal gyrus is affected extensively by AD pathology (Van Hoesen et al., 2000). The posterior and medial orbitofrontal areas are the most severely damaged, which suggests that this pathology may contribute heavily to the non-memory-related behavioral changes in AD. However, orbitofrontal areas exhibit a distinct gene expression profile characterized by the relative upregulation of genes implicated in ionotropic and metabotropic neurotransmission as well as the activation of immune responses; the above confers a higher capacity for plastic changes in response to lifetime intellectual enrichment and a potential higher resilience to age-related pathologic brain changes (Bartrés-Faz et al., 2019). In agreement with previous studies, the FMI applied in our study induced increased local connectivity in the medial orbitofrontal areas and may thus be able to prevent non-memory-related behavioral changes and improve adaptive learning. The ReHo in the right superior parietal lobule decreased in the FMI group after the intervention; this area continues onto the medial surface of the hemisphere as the precuneus and is involved in mental imagery and recall of personal experiences. Like the medial prefrontal cortex, it is part of the default mode network of the brain and is engaged during activities such as daydreaming and introspection (Yuan et al., 2021). The decreased ReHo in one component of the default network observed in our study may be interpreted as a shift in brain activation (in an efficient way) from introspection into task-driven activation because the decreased ReHo in this area correlated with cognitive improvement.

In contrast to the FMI, the HMI did not exert beneficial changes in ReHo. In the HMI group, the post-intervention increase in ReHo in the right cuneus correlated negatively with changes in delayed memory. The HMI group participants may spend more time watching the intervention-related tablet/poster than the controls. In our study, the population undergoing MRI was younger, more educated, and had a higher baseline RBANS total scale index than the population not undergoing MRI. In younger and/or intelligent populations, a more powerful intervention might be necessary to provoke plastic changes in the brain. The FMI program involved face-to-face interventions and group-based interactions. Therefore, this FMI could provide more stimuli for plastic changes in the brain than HMI. In future studies on HMI, time spent on passive watching of interventional materials should be reduced, and time spent with other participants/supervisors for social interaction with the objective monitoring of intervention intensity should be increased.

The main strengths of this study are the randomized controlled design, the multidomain intervention, and the availability of MRI scans at baseline and 6 month. The main limitation of this study is that the MRI scanners differed between sites; however, this was adjusted for during analysis. Additionally, as this was a SUPERBRAIN MRI exploratory sub-study, the results should be interpreted with caution. Future studies including regional spontaneous brain activity as a primary outcome measure are necessary to confirm the impact of multidomain lifestyle interventions on regional spontaneous brain activity.

In conclusion, significant changes in regional spontaneous brain connectivity in at-risk elderly without substantial impairment after the FMI suggest that facility-based group preventive strategies may confer cognitive benefits through neuroplastic changes of functional processing circuits in the brain areas which play a crucial role in adaptive learning and internally directed cognition.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The studies involving human participants were reviewed and approved by Inha University Hospital, Ajou University Hospital, and Ewha Womans University Medical Center. The patients/participants provided their written informed consent to participate in this study.



Author contributions

SM, JJ, CH, YP, J-ML, and SC: conceptualization, methodology, writing-review and editing, and funding acquisition. SM and SS: formal analysis, investigation, and writing-original draft preparation. HN, HP, SL, H-SS, MC, and B-OC: supervision. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This work was supported by grants from the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI) and Korea Dementia Research Center (KDRC), funded by the Ministry of Health & Welfare and Ministry of Science and ICT, Republic of Korea (HU20C0198, and HU21C0016). The funders had no role in the study design, data collection, analysis, interpretation of data, writing of the report, or decision to submit the manuscript for publication.



Conflict of interest

SM received a research grant from Hyundai Pharmaceutical Co. Ltd. CH receives research support from Eisai Korea Inc. JJ receives research grants from Chong Kun Dang Pharmaceutical Corp., Jeil Pharmaceutical Co. Ltd., and Kuhnil Pharmaceutical Co. Ltd., and consults for PeopleBio Co. Ltd. SM, CH, JJ, YP, HN, and SC are shareholders of Rowan Inc. YP consults for Pulmuone Co. Ltd. HN consults for Hyundai Pharmaceutical Co. Ltd. SC consults for Hyundai Pharmaceutical Co. Ltd. and PeopleBio Co. Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2022.926077/full#supplementary-material



References

 Andrieu, S., Guyonnet, S., Coley, N., Cantet, C., Bonnefoy, M., Bordes, S., et al. (2017). Effect of long-term omega 3 polyunsaturated fatty acid supplementation with or without multidomain intervention on cognitive function in elderly adults with memory complaints (MAPT): a randomised, placebo-controlled trial. Lancet Neurol. 16, 377–389. doi: 10.1016/S1474-4422(17)30040-6

 Bartrés-Faz, D., González-Escamilla, G., Vaqué-Alcázar, L., Abellaneda-Pérez, K., Valls-Pedret, C., Ros, E., et al. (2019). Characterizing the molecular architecture of cortical regions associated with high educational attainment in older individuals. J. Neurosci. 39, 4566–4575. doi: 10.1523/JNEUROSCI.2370-18.2019

 Chen, W., Chen, C., Xia, M., Wu, K., Chen, C., He, Q., et al. (2016). Interaction effects of BDNF and COMT genes on resting-state brain activity and working memory. Front. Hum. Neurosci. 10, 540. doi: 10.3389/fnhum.2016.00540

 Chhetri, J. K., de Souto Barreto, P., Cantet, C., Pothier, K., Cesari, M., Andrieu, S., et al. (2018). Effects of a 3-year multi-domain intervention with or without omega-3 supplementation on cognitive functions in older subjects with increased CAIDE dementia scores. J. Alzheimers Dis. 64, 71–78. doi: 10.3233/JAD-180209

 Dai, Z., Yan, C., Wang, Z., Wang, J., Xia, M., Li, K., et al. (2012). Discriminative analysis of early Alzheimer's disease using multi-modal imaging and multi-level characterization with multi-classifier (M3). Neuroimage 59, 2187–2195. doi: 10.1016/j.neuroimage.2011.10.003

 Dong, Z., Liu, Z., Liu, Y., Zhang, R., Mo, H., Gao, L., et al. (2020). Physical exercise rectifies CUMS-induced aberrant regional homogeneity in mice accompanied by the adjustment of skeletal muscle PGC-1a/IDO1 signals and hippocampal function. Behav. Brain Res. 383, 112516. doi: 10.1016/j.bbr.2020.112516

 Jones, J. L., Esber, G. R., McDannald, M. A., Gruber, A. J., Hernandez, A., Mirenzi, A., et al. (2012). Orbitofrontal cortex supports behavior and learning using inferred but not cached values. Science 338, 953–956. doi: 10.1126/science.1227489

 Kang, D. W., Choi, W. H., Jung, W. S., Um, Y. H., Lee, C. U., and Lim, H. K. (2017). Impact of amyloid burden on regional functional synchronization in the cognitively normal older adults. Sci. Rep. 7, 14690. doi: 10.1038/s41598-017-15001-8

 Lee, S. M., Song, H. S., Chun, B. O., Choi, M., Sun, K., Kim, K. S., et al. (2020). Feasibility of a 12 week physical intervention to prevent cognitive decline and disability in the at-risk elderly population in Korea. J. Clin. Med. 9, 3135. doi: 10.3390/jcm9103135

 Li, M. G., Liu, T. F., Zhang, T. H., Chen, Z. Y., Nie, B. B., Lou, X., et al. (2020). Alterations of regional homogeneity in Parkinson's disease with mild cognitive impairment: a preliminary resting-state fMRI study. Neuroradiology 62, 327–334. doi: 10.1007/s00234-019-02333-7

 Li, S., Daamen, M., Scheef, L., Gaertner, F. C., Buchert, R., Buchmann, M., et al. (2021). Abnormal regional and global connectivity measures in subjective cognitive decline depending on cerebral amyloid status. J. Alzheimers Dis. 79, 493–509. doi: 10.3233/JAD-200472

 Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., et al. (2020). Dementia prevention, intervention, and care: 2020 report of the Lancet Commission. Lancet 396, 413–446. doi: 10.1016/S0140-6736(20)30367-6

 Livingston, G., Sommerlad, A., Orgeta, V., Costafreda, S. G., Huntley, J., Ames, D., et al. (2017). Dementia prevention, intervention, and care. Lancet 390, 2673–2734. doi: 10.1016/S0140-6736(17)31363-6

 Long, Z., Jing, B., Yan, H. J., Dong, J., Liu, H., Mo, X., et al. (2016). A support vector machine-based method to identify mild cognitive impairment with multi-level characteristics of magnetic resonance imaging. Neuroscience 331, 169–176. doi: 10.1016/j.neuroscience.2016.06.025

 Moll van Charante, E. P., Richard, E., Eurelings, L. S., van Dalen, J. W., Ligthart, S. A., van Bussel, E. F., et al. (2016). Effectiveness of a 6-year multidomain vascular care intervention to prevent dementia (preDIVA): a cluster-randomised controlled trial. Lancet 388, 797–805. doi: 10.1016/S0140-6736(16)30950-3

 Moon, S. Y., Hong, C. H., Jeong, J. H., Park, Y. K., Na, H. R., Song, H. S., et al. (2021). Facility-based and home-based multidomain interventions including cognitive training, exercise, diet, vascular risk management, and motivation for older adults: a randomized controlled feasibility trial. Aging 13, 15898–15916. doi: 10.18632/aging.203213

 Ngandu, T., Lehtisalo, J., Solomon, A., Levälahti, E., Ahtiluoto, S., Antikainen, R., et al. (2015). A 2 year multidomain intervention of diet, exercise, cognitive training, and vascular risk monitoring versus control to prevent cognitive decline in at-risk elderly people (Finger): a randomised controlled trial. Lancet 385, 2255–2263. doi: 10.1016/S0140-6736(15)60461-5

 Ni, L., Liu, R., Yin, Z., Zhao, H., Nedelska, Z., Hort, J., et al. (2016). Aberrant spontaneous brain activity in patients with mild cognitive impairment and concomitant lacunar infarction: a resting-state functional MRI study. J. Alzheimers Dis. 50, 1243–1254. doi: 10.3233/JAD-150622

 Park, H. K., Jeong, J. H., Moon, S. Y., Park, Y. K., Hong, C. H., Na, H. R., et al. (2020). South Korean study to prevent cognitive impairment and protect brain health through lifestyle intervention in at-risk elderly people: protocol of a multicenter, randomized controlled feasibility trial. J. Clin. Neurol. 16, 292–303. doi: 10.3988/jcn.2020.16.2.292

 Randolph, C., Tierney, M. C., Mohr, E., and Chase, T. N. (1998). The repeatable battery for the assessment of neuropsychological status (RBANS): preliminary clinical validity. J. Clin. Exp. Neuropsychol. 20, 310–319.

 Smith, K. (2012). Brain imaging: fMRI 2.0. Nature 484, 24–26. doi: 10.1038/484024a

 Song, Y., Xu, W., Chen, S., Hu, G., Ge, H., Xue, C., et al. (2021). Functional MRI-specific alterations in salience network in mild cognitive impairment: an ALE meta-analysis. Front. Aging Neurosci. 13, 695210. doi: 10.3389/fnagi.2021.695210

 Stephen, R., Liu, Y., Ngandu, T., Antikainen, R., Hulkkonen, J., Koikkalainen, J., et al. (2019). Brain volumes and cortical thickness on MRI in the finnish geriatric intervention study to prevent cognitive impairment and disability (FINGER). Alzheimers Res. Ther. 11, 53. doi: 10.1186/s13195-019-0506-z

 Stephen, R., Solomon, A., Ngandu, T., Levälahti, E., Rinne, J. O., Kemppainen, N., et al. (2020). White matter changes on diffusion tensor imaging in the FINGER randomized controlled trial. J. Alzheimers Dis. 78, 75–86. doi: 10.3233/JAD-200423

 Van Hoesen, G. W., Parvizi, J., and Chu, C. C. (2000). Orbitofrontal cortex pathology in Alzheimer's disease. Cereb. Cortex. 10, 243–251. doi: 10.1093/cercor/10.3.243

 Yuan, Q., Qi, W., Xue, C., Ge, H., Hu, G., Chen, S., et al. (2021). Convergent functional changes of default mode network in mild cognitive impairment using activation likelihood estimation. Front. Aging Neurosci. 13, 708687. doi: 10.3389/fnagi.2021.708687

 Zang, Y., Jiang, T., Lu, Y., He, Y., and Tian, L. (2004). Regional homogeneity approach to fMRI data analysis. Neuroimage 22, 394–400. doi: 10.1016/j.neuroimage.2003.12.030

 Zang, Y. F., He, Y., Zhu, C. Z., Cao, Q. J., Sui, M. Q., Liang, M., et al. (2007). Altered baseline brain activity in children with ADHD revealed by resting-state functional MRI. Brain Dev. 29, 83–91. doi: 10.1016/j.braindev.2006.07.002

 Zhang, Q., Wang, Q., He, C., Fan, D., Zhu, Y., Zang, F., et al. (2021). Altered regional cerebral blood flow and brain function across the Alzheimer's disease spectrum: a potential biomarker. Front. Aging Neurosci. 13, 630382. doi: 10.3389/fnagi.2021.630382



OPS/images/fnagi-14-926077-t002.jpg
FMI (n = 20) HMI (n = 20) Control (n =16) p-value

Group Time Group * time

RBANS indexes

Total 70464 52497 —23+98 0.047 0295 0452
Attention 15482 ~05£9.0 —2749.1 0011 0.866 0.837
Immediate recall 6294 734141 334104 0209 0.072 0902
Delayed recall 106103 110£93 29479 0572 0.004 0.446
Visuospatial/construction 30493 09164 —84£134 0.006 0.366 0202
Language 214121 01115 —31111 0811 0.964 0.649
BDNE ng/mL 147 £246 4222 —37%£26 0744 0.100 0.088

EMI, facility-based multidomain intervention; HMI, home-based multidomain intervention, RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; BONE,
brain-derived neurotrophic factor.





OPS/images/fnagi-14-926077-t003.jpg
Group Contrast Brain region* Cluster size Peak, T-value MNI coordinate

x y z
Control Baseline < Follow-up -
Baseline > Follow-up -
HMI Baseline < Follow-up Cuneus, R 329 6.84 3 —84 15
590 6 -9 6
531 12 -81 6
Baseline > Follow-up -
EMI Baseline < Follow-up Medial orbital gyrus, L. 101 733 -1 30 -15
573 - 30 -4
398 —18 48 -12
Anterior cingulate gyrus, L 106 642 -12 15 -6
573 -9 36 o
4.14 9 45 -9
Baseline > Follow-up Superior parietal lobule, R 126 673 27 -4 6
3.97 24 —48 45
3.90 39 =30 51
Precuneus, R 84 522 18 —54 21
470 36 -3 -3
4.65 12 —45 9

 family-wise error corrected prvalue < 005 at clusterlvel

ion; HMI, home-based multidomain intervention; L, left; MNI, Montreal Neurological Institute; R, right; ReHo, regional homoy

FMI, facility-based multidomain interver






OPS/images/fnagi-14-926077-g003.gif





OPS/images/fnagi-14-926077-t001.jpg
Age,y
Education, y

Female, n (%)

APOE e4 carriers, 1 (%)
RBANS indexes

Total

Attention

Immediate recall

Delayed recall
Visuospatial/construction
Language

BDNE ng/mL

FMLI, fa
brain-derived neurotrophic factor.

FMI (n = 20)

681445
120£37
14 (70.0)
3(15.0)

1101 £ 137
1133+ 142
1042 £ 160
982+ 115
9.1 111
1087 £ 152
2094114

y-based multidomain intervention; HMI, home-based multidom:

HMI (n = 20)

68847
11.6 £ 4.0
12/(60.0)
2(10.0)

109.6 4 19.1
1123165
106.1 157
99.7 £ 183
10154 142
1118103
2994114

Control (n = 16)

673444
9843
14(87.5)
3(18.8)

10554 188
1048 £ 18.1
1011152
99.9% 174
9564 134
12151
4054221

p-value

0.663
0352
0352
0782

0.682
0286
0649
0944
0413
0752
0.168

ntervention, RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; BONE,





OPS/images/fnagi-14-926077-t004.jpg
Brain region

Medial orbital gyrus, L

Anterior cingulate, L

Superior parietal lobule, R

Precuneus, R

*“Significant at p-
BDNE, brain-derived nearotrophic factor; M, faciltybased multidomain intervention; HMI, home-based multidomain interventions L et R right;

As tus; ReHo, regional homoy

lue < 0.05.

ment of Neuropsychological St

Measure

r
p-value
r
prvalue
r
prvalue
r

p-value

BDNF

0.504°
0.047¢
0398
0.127
~0.101
0710
~0.308
0247

Immediate
memory

0.084
0756
0324
0220
—0276
0302
—-0333
0208

Delayed
memory

0347
0.187
0451
0.080
~0.198
0463
~0.089
0744

Visuocon-
struction

~0.258
0336
0124
0648

—0.175
0518
0.097
0720

Language

~0.069
0.800
—0.136
0615
~0.093
0733
0277
0298

Attention Total

RBANS
0.260 0.165
0331 0542
0268 0429
0316 0.097
—0.509* —0.562*
0.044* 0.023*
0.020 —0317
0.943 0232

S, Repeatable Battery for the





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Impact of a multidomain lifestyle intervention on regional spontaneous brain activity



		Introduction



		Methods



		Study population



		Randomization and intervention



		Cognitive outcomes and serum brain-derived neurotrophic factor (BDNF)



		MRI acquisition and processing



		Statistical analysis







		Results



		Longitudinal changes in ALFF



		Longitudinal changes in ReHo



		Correlations between ALFF and ReHo and clinical variables







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Aging Neuroscience

Impact of a multidomain
lifestyle intervention on regional
spontaneous brain activity





OPS/images/fnagi-14-926077-g001.gif
E==0]

.
) ) [z

P S—

[ ]

(3 i ] [Emrrreem) (|






OPS/images/fnagi-14-926077-g002.gif
OB

QQQOO ) |
* ‘Q\ A6/ |
0000










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Aging Neuroscience





