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Aging is associated with decreased functional connectivity in the main brain networks, which can underlie changes in cognitive and emotional processing. Neurofeedback is a promising non-pharmacological approach for the enhancement of brain connectivity. Previously, we showed that a single session of infra-low frequency neurofeedback results in increased connectivity between sensory processing networks in healthy young adults. In the current pilot study, we aimed to evaluate the possibility of enhancing brain connectivity during aging with the use of infra-low frequency neurofeedback. Nine females aged 52 ± 7 years with subclinical signs of emotional dysregulation, including anxiety, mild depression, and somatoform symptoms, underwent 15 sessions of training. A resting-state functional MRI scan was acquired before and after the training. A hypothesis-free intrinsic connectivity analysis showed increased connectivity in regions in the bilateral temporal fusiform cortex, right supplementary motor area, left amygdala, left temporal pole, and cerebellum. Next, a seed-to-voxel analysis for the revealed regions was performed using the post- vs. pre-neurofeedback contrast. Finally, to explore the whole network of neurofeedback-related connectivity changes, the regions revealed by the intrinsic connectivity and seed-to-voxel analyses were entered into a network-based statistical analysis. An extended network was revealed, including the temporal and occipital fusiform cortex, multiple areas from the visual cortex, the right posterior superior temporal sulcus, the amygdala, the temporal poles, the superior parietal lobule, and the supplementary motor cortex. Clinically, decreases in alexithymia, depression, and anxiety levels were observed. Thus, infra-low frequency neurofeedback appears to be a promising method for enhancing brain connectivity during aging, and subsequent sham-controlled studies utilizing larger samples are feasible.
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INTRODUCTION

Aging is widely known to be associated with cognitive decline, ranging from subclinical changes in memory and attention to severe dementia (Gauthier et al., 2006). Even mild cognitive impairment can lead to difficulties in activities with high cognitive demands and can be of high subjective significance for intellectually active people (Reppermund et al., 2013). An increasing number of studies show that aging also leads to changes in emotional processing. Late-life depression is common across populations (Luppa et al., 2012) and has a poorer prognosis compared to depression at younger ages (Mitchell and Subramaniam, 2005). Furthermore, older people show specific difficulties in understanding emotions (Phillips et al., 2002). According to the results of a large population-based study, aging is strongly associated with alexithymia—difficulties in the recognition and verbalization of emotions (Mattila et al., 2006). Importantly, both depression and alexithymia are independent cardiovascular risk factors, and cardiovascular diseases are a major cause of age-related mortality (Grabe et al., 2010; Tolmunen et al., 2010; Dhar and Barton, 2016). Thus, in addition to cognitive decline, the emotional decline may be a clinically important factor in aging.

The age-related emotional decline is thought to be based on altered functional activation and connectivity in the brain areas related to self-referential and socioemotional processing, including the visual and sensorimotor networks (Lyoo and Yoon, 2017) and the insular cortex (Dobrushina et al., 2020a). At the same time, emotional aging is associated with increased intra-network connectivity within the executive control network and also with increased inter-network connectivity between the executive control network and the default-mode network, suggesting a stronger top-down vs. bottom-up integration of self-referential information (Lyoo and Yoon, 2017). These data are in accordance with the posterior-anterior shift in aging (PASA) model, which proposes that age-related alterations in brain activation and connectivity mostly affect posterior regions, leading to a functional shift towards the frontal cortex (Davis et al., 2008; McCarthy et al., 2014).

Despite the general association of aging with cognitive and emotional declines, there is a high inter-individual variability, with some adults maintaining outstanding capabilities despite advancing age. The capacity for “brain maintenance” (Nyberg et al., 2012) may be partially explained by the adaptive functional reorganization of brain connectivity patterns (Sala-Llonch et al., 2015). Thus, it is of great significance to develop safe and practically advantageous methods for the enhancement of brain functional connectivity. Non-invasive neuromodulation refers to a group of non-pharmacological techniques for the improvement of brain functional states, and it has been shown to affect connectivity patterns (To et al., 2018). While most data come from studies on neurostimulation techniques such as transcranial magnetic stimulation and direct current stimulation, there is increasing evidence that neurofeedback can also be used to modulate brain intrinsic networks (Ros et al., 2013; Kluetsch et al., 2014; Emmert et al., 2016; Sitaram et al., 2017; Dobrushina et al., 2020b). Neurofeedback is less interventional than neurostimulation, since it is brain training rather than direct stimulation, and, in the form of electroencephalographic (EEG) neurofeedback, it can be delivered with the use of compact and affordable devices.

Currently, multiple EEG neurofeedback modalities are investigated and used in clinical practice, with the most popular approach being explicit up- or down-training of selected bandwidths (Omejc et al., 2019). Explicit trainings rely on a patient’s executive functioning and thus may be problematic to apply in individuals with cognitive decline and/or low motivation. In the current study, we investigate the feasibility of implicit infra-low frequency EEG neurofeedback in aging people. The infra-low frequency EEG domain (f < 0.1 Hz) is thought to be linked to the dynamics of intrinsic brain networks (Hiltunen et al., 2014; Haufe et al., 2018), and infra-low frequency neurofeedback is used to enhance emotional regulation and cognitive performance (Othmer, 2011; Othmer et al., 2013; Grin-Yatsenko et al., 2018). Implicit neurofeedback does not rely on executive functioning, which allows for the potential application of the method even in patients with profound cognitive impairment.

In a randomized sham-controlled study in healthy young adults, we previously showed that a single session of implicit infra-low frequency neurofeedback results in increased connectivity between the networks involved in multimodal sensory processing (Dobrushina et al., 2020b). Comparing the dynamics after real vs. sham neurofeedback, we revealed a network with increased post vs. pre connectivity, including the salience network regions (right anterior insula; left and right rostral prefrontal cortex), Wernicke’s and Broca’s areas in the language network, and the ventral visual pathway. As a follow-up step, we aimed to evaluate the long-term stability of the neurofeedback-related connectivity changes and also the transferability of the results to clinically significant groups. In the current pilot study, we tested the possibility of enhancing functional brain connectivity and improving emotional regulation in aging people with the use of infra-low frequency neurofeedback.



MATERIALS AND METHODS


Participants and Experimental Design

Nine participants were enrolled in the intervention group from a sample of female non-physician healthcare workers who participated in our previous study on the role of emotional regulation and interoception in age-related white matter changes (Dobrushina et al., 2020a). The following inclusion criteria were used: age from 40 to 65 years; female; no history of cardiovascular events, such as stroke or myocardial infarction; no severe white matter hyperintensities according to structural MRI—modified Fazekas score of 2 or less (Fazekas et al., 1987); and the presence of subclinical signs of emotional dysregulation, including anxiety, mild depression, and somatoform symptoms. The participants reported no limitations in daily and professional activities. The study protocol was approved by the Ethics Committee and the Institutional Review Board of the Research Center of Neurology, and all participants gave informed consent for participation.

The intervention included 15 sessions of infra-low frequency neurofeedback (Othmer, 2017). At enrollment and after the course of neurofeedback the participants underwent resting-state functional magnetic resonance imaging (fMRI). The participants also completed a set of questionnaires: the Toronto Alexithymia Scale 20 (TAS-20, Bagby et al., 1994), the Beck Depression Inventory (BDI, Beck et al., 1961) and the Spielberger State-Trait Anxiety Inventory (STAI, Spielberger et al., 1983) a total of three times: 2 to 4 months before enrollment (as a part of the previous study; see Dobrushina et al., 2020a), at enrollment and after the neurofeedback course. The questionnaire data were analyzed in the R project (packages “ggpubr”, “ggplot2”, and “reshape”) with the use of the Friedman test with subsequent Wilcoxon pairwise comparisons (Bonferroni correction).

Results were verified with a control dataset of nine participants taken from a study by Schumann et al. (2021) (OpenNeuro Accession Number: ds0033571); the dataset contained resting-state fMRI data acquired before and after a course of heart-rate variability biofeedback training or control training. The sessions were performed five times a week during an 8-week study period, and each session included two training runs lasting for 11 min with a short pause in between. We selected nine older participants from the control group: six males and three females aged 34 ± 10 years (range 26−53 years). During the control training, the participants played jump and run video games with their heart-rate variability recorded in the background.



Neurofeedback Procedure

Each participant from the intervention group received 15 sessions of infra-low frequency neurofeedback (Othmer, 2017) lasting 45 min and performed two to three times a week. EEG signals were recorded from Ag/AgCl sintered electrodes positioned at the P4 and T4 sites (10–20 system), while the reference electrode was placed at Cz and the ground electrode was placed on the forehead. The skin was prepared with NuPrep abrasive paste, and the electrodes were fixed with 10–20 conductive paste to reach an impedance below 5 kOhm. The EEG signal was recorded with a NeuroAmp (Corscience GmbH) DC-amplifier, sampled with 1 K samples per second, filtered and down-sampled to 250 samples per second, and 32-bit resolution. Cygnet biofeedback software (BEE Medic GmbH) was used for signal processing and feedback imagery presentation. In the Dreamscapes neurofeedback game (Somatic Vision Inc.), participants “moved” through an artificial landscape, with the speed of movement and brightness of the image governed in real time by the infra-low frequency band-limited waveform of the EEG signal. Due to the implicit principle of infra-low frequency neurofeedback, there was no goal to voluntarily influence the speed or brightness; the participants were instructed to observe the imagery, to “take a walk through the landscape.”



fMRI Acquisition and Preprocessing

For the intervention group, MRI was performed with a Siemens MAGNETOM Verio 3T scanner (Erlangen, Germany) located at the Research Center of Neurology, Moscow. A three-dimensional structural image was acquired during the first scan (at enrollment), consisting of a sagittal T1-weighted 3D-MPRAGE sequence (TR 1,900 ms, TE 2.47 ms, voxel size 1 × 1 × 1 mm3, FOV 250 mm). Functional images were acquired twice (at enrollment and after the neurofeedback course) using EPI T2*-gradient echo imaging sequences (TR 2,400 ms, TE 30 ms, voxel size 3 × 3 × 3 mm3, FOV 192 mm). The eyes-closed resting-state sequence included 190 scans. Four extra functional volumes were acquired at the start of the session and discarded by the scanner software to prevent the usage of artifactual data obtained before the magnetic equilibrium could be reached. The magnetic field map further used for the correction of images was obtained with a double-echo gradient field map sequence.

The control dataset was acquired by Schumann et al. (2021) with the use of a Siemens Prisma 3T scanner. Eyes open resting state functional imaging was performed before and after the course of control trainings. During the session, 1,900 whole-brain volumes were acquired in about 15 min. T2*-weighted images were obtained using a multiband multislice GE-EPI sequence (TR 484 ms, TE 30 ms, FA 90°, multiband factor 8) with 56 contiguous transverse slices of 2.5 mm thickness. A series of high-resolution anatomical T1-weighted volume scans (MPRAGE) were obtained in a sagittal slice orientation (TR 2,300 ms, TE 3.03 ms, TI 900 ms, FA 9°, acquisition matrix 256 × 256 × 192, acceleration factor PAT 2) with an isotropic resolution of 1 mm3.

Pre-processing of the fMRI data was performed with the use of Statistical Parametric Mapping (SPM) 122 (RRID:SCR_007037) and Conn 18b3 (RRID:SCR_009550) packages. The initial pre-processing in the SPM toolbox included slice-timing correction, calculation of the voxel displacement map, realignment and unwrapping of the functional images, co-registration of the structural images and the two sets of functional images, spatial normalization into standard Montreal Neurological Institute (MNI) space, segmentation of the anatomical image and spatial smoothing using a Gaussian kernel of 8 mm full width at half maximum.

Additional steps were performed in the Conn toolbox. Artifacts were addressed by the motion-scrubbing procedure (ART toolbox:4, RRID:SCR_005994), which involved the detection of outlier scans characterized by head displacement greater than 0.9 mm in any direction or deviation of the image global intensity by more than five standard deviations from the session mean; the outliers were further deweighted at the modeling stage. An anatomical component-based analysis of a CompCor method was applied to regress out the principal components of the BOLD-signal estimated from the white matter and cerebrospinal fluid volumes (Behzadi et al., 2007). Residual head motion parameters and their derivatives were regressed out from the signal. Temporal lowpass and highpass frequency filters were applied to the data, restricting the analysis to frequencies of 0.008–0.09 Hz.



Functional Connectivity Analysis

The functional connectivity analysis of the intervention group data included three steps. First, we performed a hypothesis-free voxel-to-voxel intrinsic connectivity analysis (intrinsic connectivity contrast, ICC). ICC maps represent a measure of node centrality at each voxel, characterized by the strength of connectivity between a given voxel and the rest of the brain and defined as the root mean square of correlation coefficients between each individual voxel and all the voxels in the brain (Martuzzi et al., 2011). The ICC values entered the second-level general linear model, and group-level contrasts were obtained. Changes in the connectivity maps after the neurofeedback (post- vs. pre- sessions) were evaluated with a T-contrast (two-sided). Multiple comparison control was implemented with a false discovery error rate with p < 0.05 at the cluster-level, given a voxel-wise statistical threshold of p < 0.001 uncorrected.

Second, the clusters revealed by the ICC analysis (six clusters) were entered as regions of interest (ROI) in a seed-to-voxel connectivity analysis. Changes in the connectivity maps for each ROI after the neurofeedback (post- vs. pre- sessions) were evaluated with a T-contrast (two-sided). Multiple comparison control was implemented with a false discovery error rate with p < 0.05 at the cluster-level, with additional Bonferroni correction for the number of ROIs (p = 0.05/6 = 0.008), given a voxel-wise statistical threshold of p < 0.001 uncorrected.

Third, to reveal the network of connectivity changes associated with the neurofeedback, the clusters revealed by both the ICC and seed-to-voxel analyses were entered into an ROI-to-ROI analysis (a total of 16 ROI). Overlapping clusters were joined with the use of MarsBaR toolbox5 (RRID:SCR_009605). A network-based statistics analysis by intensity was applied for the post- vs. pre-condition with a false discovery error rate (p < 0.001), given a connection threshold of p < 0.01 uncorrected. Network-based statistics allowed us to test hypotheses about interconnected sets, or clusters of connections (networks) rather than individual connections (Zalesky et al., 2010).

For the control dataset, we followed the same analytic strategy. First, we performed an ICC analysis for the post- vs. pre- sessions. Second, we entered the single cluster revealed by ICC as an ROI into the seed-to-voxel analysis. Third, we performed a network-based ROI-to-ROI analysis for the same set of ROIs as in the intervention group (16 ROIs) to search for possible changes in this contour after the control intervention (post- vs. pre- sessions). For the control dataset, we used the same statistical methods and thresholds as in the intervention group.




RESULTS


Voxel-to-Voxel Intrinsic Connectivity Analysis

According to the results of the ICC analysis, clusters in the left and right temporal fusiform cortex, the right supplementary motor area, the left amygdala, the left temporal pole and the cerebellum showed increased functional connectivity after the neurofeedback (see Figure 1, Table 1). The six clusters were entered as ROIs in the subsequent seed-to-voxel connectivity analysis.


[image: image]

FIGURE 1. Clusters showing increased intrinsic connectivity after neurofeedback. The connectivity map for intrinsic connectivity contrast post- vs. pre- neurofeedback is thresholded at p-FDR < 0.05 at the cluster-level with a cluster-defining voxel-wise statistical threshold of p < 0.001 uncorrected.



TABLE 1. Clusters showing increased intrinsic connectivity after neurofeedback.
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In the control dataset, the ICC analysis revealed a single cluster in the right posterior superior temporal gyrus, homologous to Wernicke’s area (peak +70 −28 +10, 42 voxels with voxel size 2.5 × 2.5 × 2.5 mm3, cluster size p-FDR < 0.01), with increased connectivity after the course of training.



Seed-to-Voxel Analysis

The seed-to-voxel analysis for the neurofeedback group revealed increased post- vs. pre- connectivity for the seed ROIs in the left and right posterior temporal fusiform cortex and in the left amygdala (Table 2). The revealed areas were mainly located in the lateral and medial occipital cortex, as well as in the right temporal pole and amygdala (Figures 2, 3, 4).
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FIGURE 2. Clusters showing increased connectivity with the left posterior temporal fusiform cortex after neurofeedback. The connectivity map for intrinsic connectivity contrast post- vs.pre-neurofeedback is thresholded at p-FDR < 0.008 at the cluster-level with a cluster-defining voxel-wise statistical threshold of p < 0.001 uncorrected.
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FIGURE 3. Clusters showing increased connectivity with the right posterior temporal fusiform cortex after neurofeedback. The connectivity map for intrinsic connectivity contrast post- vs.pre-neurofeedback is thresholded at p-FDR < 0.008 at the cluster-level with a cluster-defining voxel-wise statistical threshold of p < 0.001 uncorrected.
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FIGURE 4. Clusters showing increased connectivity with the left amygdala after neurofeedback. The connectivity map for intrinsic connectivity contrast post- vs. pre-neurofeedback is thresholded at p-FDR < 0.008 at the cluster-level with a cluster-defining voxel-wise statistical threshold of p < 0.001 uncorrected.



TABLE 2. Clusters showing increased connectivity with the seed regions after neurofeedback.
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For the control dataset, the seed-to-voxel analysis revealed increased post- vs. pre-connectivity of the ROI in the right posterior superior temporal gyrus with areas from the sensorimotor and visual cortex (Table 3).

TABLE 3. Clusters showing increased connectivity with the seed regions after the control trainings.
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Network-Based Statistics Analysis

To explore the network, related to the effects of neurofeedback, we entered the ROI revealed both in the ICC and seed-to-voxel analyses (Tables 1, 2) into an ROI-to-ROI analysis. The following overlapping clusters were joined pairwise: the right inferior lateral occipital cortex and the posterior superior temporal sulcus; the left lingual gyrus and the intracalcarine cortex; and the right temporal pole (seed-to-voxel results from the left and right temporal fusiform cortex). Thus, 16 ROIs entered the analysis.

Network-based statistics analysis for the neurofeedback group revealed a network including 15 positively connected ROIs (p-FDR < 0.0000001; all except the right cerebellum), with the main hubs represented by the left and right posterior temporal fusiform cortex (see Figures 5, 6).
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FIGURE 5. Brain network showing increased connectivity after the course of infra-low frequency neurofeedback. The network is thresholded for the post- vs. pre- neurofeedback condition with a false discovery error rate of p < 0.001 by intensity, given a connection threshold of p < 0.01 uncorrected. iLOC, inferior lateral occipital cortex; pTempFusiform, posterior temporal fusiform cortex; sLOC, superior lateral occipital cortex; SMA, supplementary motor area; SMG, supramarginal gyrus.
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FIGURE 6. Matrix of connections within the network related to the effects of infra-low frequency neurofeedback. iLOC, inferior lateral occipital cortex; pTemporal, posterior temporal; sLOC, superior lateral occipital cortex; SMA, supplementary motor area; pSTS, posterior superior temporal sulcus.



The network-based analysis for the control dataset revealed no results, even at lowered statistical thresholds (p-FDR < 0.05 NBS by intensity, given a connection threshold of p < 0.05 uncorrected).



Dynamics of Emotional Regulation

According to the results of the Friedman test, significant dynamics were observed for alexithymia measured with the TAS-20 (means of 55 ± 14, 50 ± 14, and 40 ± 9 for the three examinations; p = 0.004), depression measured with BDI (10 ± 3, 6 ± 4 and 4 ± 3 for the three examinations; p = 0.0004), STAI trait anxiety (53 ± 7, 49 ± 9 and 35 ± 6 for the three examinations; p = 0.0009) and state anxiety (40 ± 10, 40 ± 11, 31 ± 7 for the three examinations; p = 0.027). Pairwise comparisons revealed the difference between the examinations before and after the neurofeedback course, but not before and after the pre-study waiting period (Figures 7–10). Thus, the observed improvement likely developed due to the intervention rather than spontaneously.
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FIGURE 7. Dynamics of alexithymia after the course of infra-low frequency neurofeedback. The examination was performed three times: (0) 2 to 4 months before enrollment, (1) at enrollment; and (2) after the neurofeedback course. Significance for the Wilcoxon pairwise comparisons is presented on the plot (p-value, Bonferroni corrected).
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FIGURE 8. Dynamics of depression after the course of infra-low frequency neurofeedback. The examination was performed three times: (0) 2 to 4 months before enrollment, (1) at enrollment; and (2) after the neurofeedback course. Significance for the Wilcoxon pairwise comparisons is presented on the plot (p-value, Bonferroni corrected).
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FIGURE 9. Dynamics of trait anxiety after the course of infra-low frequency neurofeedback. The examination was performed three times: (0) 2 to 4 months before enrollment, (1) at enrollment; and (2) after the neurofeedback course. Significance for the Wilcoxon pairwise comparisons is presented on the plot (p-value, Bonferroni corrected).
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FIGURE 10. Dynamics of state anxiety after the course of infra-low frequency neurofeedback. The examination was performed three times: (0) 2 to 4 months before enrollment, (1) at enrollment; and (2) after the neurofeedback course. Significance for the Wilcoxon pairwise comparisons is presented on the plot (p-value, Bonferroni corrected).






DISCUSSION

In the current study, we observed strong changes in brain connectivity after the course of infra-low frequency neurofeedback. An extended network including the temporal and occipital fusiform cortex, multiple areas from the visual cortex (lateral occipital cortex, lingual and intracalcarine cortex), the right posterior superior temporal sulcus, the amygdala, the temporal poles, the superior parietal lobule, and the supplementary motor cortex showed increased connectivity post- vs. pre-neurofeedback. The fusiform cortex, which formed the main hubs of the revealed network, is involved in high-level visual processing tasks, such as the processing of human faces and bodies (Peelen and Downing, 2005; Rangarajan et al., 2014), and it is known to be anatomically and functionally connected to the lingual gyrus and the lateral occipital cortex (Rokem et al., 2017; Palejwala et al., 2020). The right posterior superior temporal sulcus, the amygdala, and the temporal poles also participate in facial perception (Gobbini and Haxby, 2007; Rokem et al., 2017), as well as in social cognition in general (Schurz et al., 2014). Specifically, the amygdala, a part of the salience network, is involved in the evaluation of face typicality (Todorov, 2012), and the temporal poles, which are a part of the default-mode network, are involved in the recruitment of biographical memories (Gobbini and Haxby, 2007; Li et al., 2014). The superior parietal lobule is mainly associated with visuospatial perception and attention, including the representation and manipulation of objects (Binkofski et al., 1999), while the supplementary motor area is involved in the execution of complex movements, including motor imagery (Szameitat et al., 2007; Nachev et al., 2008).

Taking together, the revealed network may be responsible for the processing of social stimuli, such as human faces, including the evaluation of their subjective salience in the biographical context (amygdala and temporal poles) and imagination of social interactions (supplementary motor area and superior parietal lobule). The changes in connectivity observed after neurofeedback go in the opposite direction of the age-related changes in brain connectivity of the networks involved in socioemotional processing. Contrary to the described age-related posterior-anterior shift (Davis et al., 2008; McCarthy et al., 2014; Lyoo and Yoon, 2017), we observed enhanced connectivity in the posterior part of the brain. Thus, the results of our study indicate the possibility of the therapeutic modulation of brain intrinsic networks during aging with infra-low frequency neurofeedback. Neurophysiological changes are shown to have a prognostic value during aging: networks disruption is a characteristic of progressive vs. stable mild cognitive impairment (Pusil et al., 2019). Further research is necessary to evaluate the therapeutic significance of interventions aimed at the enhancement of brain connectivity.

In our previous study on the immediate connectivity changes after a single session of infra-low frequency neurofeedback, we revealed a network with a different location, which, nevertheless, may be linked to the findings of the current study by its functional meaning (Dobrushina et al., 2020b). A single neurofeedback session resulted in the development of a multisensory network including areas from the speech, visual, and salience networks. Multisensory processing underlies the ability to perceive emotions and to give subjective meaning to social situations (Barrett, 2017; Critchley and Garfinkel, 2017). Long-term indirect stimulation of multisensory processing with infra-low frequency neurofeedback during a course of neurofeedback might have resulted in an enhanced functioning of the brain networks related to social perception—the changes we observed in the current study. Besides the assessment of long-lasting vs. immediate effects, our two studies differ in the age groups of the participants (older vs. young and middle-aged adults), and this factor might also contribute to the difference in findings.

The changes in brain connectivity were accompanied by a decrease in alexithymia, depression, and anxiety scores. Participants in our study demonstrated elevated baseline levels of alexithymia, consistent with the known age-related increase in alexithymia rates (Mattila et al., 2006). Despite alexithymia often being viewed as a trait, multiple studies show the state-like characteristics of alexithymia, with a possibility to achieve a decrease in alexithymia with psychotherapeutic interventions such as emotional intelligence training and mindfulness (Amani et al., 2013; Norman et al., 2019). On the basis of our preliminary results, it can be suggested that infra-low frequency neurofeedback also has therapeutic potential in individuals with alexithymia. A decrease in alexithymia is consistent with the observed increased connectivity in the network involved in the processing of social stimuli.

Alexithymia is strongly associated with depression, in older adults (Honkalampi et al., 2000b; Bamonti et al., 2010) and individuals with anxiety disorders (Berardis et al., 2008). It is suggested that ineffective emotional regulation may compromise the ability to manage social stressors in alexithymic individuals, making them more susceptible to affective disorders; this is known as the vulnerability hypothesis (Hemming et al., 2019). Thus, the observed concomitant decreases in alexithymia, depression, and anxiety after neurofeedback might be due to improved emotional regulation. At the same time, we cannot exclude the possibility that, conversely, a decrease in anxiety and depression levels resulted in secondary improved alexithymia scores, in accordance with the reactivity hypothesis of the association between the alexithymia and affective disorders (Honkalampi et al., 2000a).

In the control dataset taken from the study by Schumann et al. (2021), we observed no changes in the neural contour revealed in the neurofeedback group. Instead, increased connectivity of the right posterior superior temporal gyrus with areas from the sensorimotor cortex and visual cortex was evident after the course of trainings. These changes can be related to the training effect of the jump and run videogames that were used as a control intervention. Besides having a supplementary role in language processing, the right posterior superior temporal gyrus is known to participate in audiovisual integration (Specht and Wigglesworth, 2018), and the jump and run games were accompanied by sounds indicating jumps and steps. This explanation is in accordance with the observed connectivity with the sensorimotor cortex (running movement) and the visual cortex (processing of the video image). Thus, we propose that the effects observed in the neurofeedback group cannot be related to repeated scanning, as no common changes were found in the two datasets. The changes were specific and may be attributed to the participants’ experience in each study (i.e., the neurofeedback procedure vs. control video games).

Our study is a pilot investigation of the therapeutic potential of infra-low frequency neurofeedback in aging adults; it has important limitations. First, we included a small number of participants. Second, the study was not a randomized sham-controlled trial. For the neuroimaging part of the study, we used a control dataset acquired by other researchers with a different control intervention and a different resting-state fMRI scanning sequence. For the behavioral data, we used a pre-study waiting period to control for the possible spontaneous changes in alexithymia, depression, and anxiety. Third, in the current study, we focused on the emotional rather than the cognitive consequences of aging, so we cannot make inferences regarding the cognitive effects of the neurofeedback intervention and the possible mediating role of cognitive processes in emotional regulation dynamics. Fourth, the study included participants aged 52 ± 7 years, since we supposed that early age-related changes may be more sensible for therapeutic modulation; the potential effects of neurofeedback in older adults remain to be investigated. The results of our preliminary study cannot be used to guide clinical decisions. However, they illustrate the feasibility of endogenous neuromodulation in age-related brain changes, highlight the need for further research and provide the information necessary for designing subsequent randomized sham-controlled studies.
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