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Social media has been associated with decreased attention, memory, and learning abilities; however, the underlying mechanisms remain unclear. Dynamic function network connectivity (dFNC) analysis is suitable for uncovering dynamical brain activity. Besides, the effects of a cognitive task may persist for a while on the brain, even after the termination of the task, also known as the carryover effect. Consequently, we combined the dFNC analysis and cerebral carryover effects to study the brain dynamics of reading social media posts in the natural state and comparatively investigated the brain dynamics of reading science fiction on the smartphone. We performed functional MRI (fMRI) scans of all subjects at baseline and then assigned them a social media post or science fiction reading task. Immediately after, another fMRI scanning was performed for these subjects. We found that the change between dFNC states, the number of dFNC states, and the total distances increased after reading science fiction. Furthermore, the global, local, and nodal efficiencies of the deep-thinking state tended to increase after reading science fiction. On reading social media posts, the functional connectivity (FC) between the default mode network (DMN) and bilateral frontoparietal network (FPN) decreased, while the FC between DMN and visual network (VN) increased. Given the current evidence, we concluded that reading science fiction could substantially increase brain activity and network efficiency, while social media was related to abnormal FCs between DMN, VN, and FPN.
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INTRODUCTION

With the advances in the Internet, social media has become a pervasive component of our daily lives; Twitter and Facebook are the most used social networking sites (Kuss and Griffiths, 2017). For several individuals, social media has become an important leisure activity as it allows individuals to connect online regardless of time and space constraints. However, previous studies show that social media is associated with decreased attention, memory, and learning abilities (Crone and Konijn, 2018; Firth et al., 2019), along with poor performance in text comprehension relative to the print-based medium (Annisette and Lafreniere, 2016; Clinton, 2019). However, there is no conclusive evidence underlying these cognitive deficits due to the usage of social media. Thus, brain activity when reading social media posts should be investigated to elucidate the underlying neural mechanisms causing these deficits (Meshi et al., 2015).

Functional MRI (fMRI) is commonly used to study functional brain activity. In recent years, researchers have shown great interest in dynamic functional network connections (dFNCs) and consequently found that dFNC may bring in more efficient information than the static ones. In addition, considering that the brain is in a dynamic state while reading social media posts, dFNC analysis is more suitable to study the dynamics of brain activity. This method is robust and has been verified in several previous studies, including those involving the migraines (Tu et al., 2019), autism (Li et al., 2020), and lower back pain (Tu et al., 2020). Therefore, brain activity of reading social media posts can be studied by combined fMRI and dFNC analyses.

Several fMRI studies have investigated brain activity while reading social media posts; however, in these studies, the relevant tasks were conducted in the MR scanners, which is not the normal state (Moisala et al., 2016; Sherman et al., 2016; Su et al., 2021). Recent neuroimaging studies show that transient cognitive tasks can result in carryover effects of intrinsic brain activity that can be traced after the task through the functional connectivity (FC) (Gaviria et al., 2021a,b). In brief, the effects of a cognitive task on the cerebral FC may persist for a while, even after the task is terminated. Consequently, we took the advantage of this physiological mechanism to study the brain dynamics of reading social media posts in the natural state.

Although the present study aimed to investigate the influence of social media, we could not preclude the influence of reading activity on the smartphone itself. Thus, we also investigated the brain dynamic activity after reading science fiction on smartphones as the control condition. Science fiction was used as the control because it usually involves a continuous and thought-provoking plot that expands the imagination, thinking, and cognitive abilities, which are assumed to be in contrast from the content consumed through social media (Kidd and Castano, 2013; Scherer, 2009; Hall et al., 2015).

In the current study, we aimed to investigate the brain dynamics of reading social media posts in the natural state. To comprehensively elucidate this issue, we also investigated the brain dynamics of reading science fiction in the natural state as the control. A total of 77 subjects were recruited, and they underwent fMRI scanning at the baseline. Next, the task of reading social media posts or science fiction was performed. Immediately after, the subjects underwent another fMRI scanning procedure. Independent component analysis (ICA), dFNC, graph theory, and FC analyses were combined to investigate the differences between the baseline and after-reading states. The findings may shed light on the brain dynamics of reading social media posts and science fiction and guide the reading habits among the general public.



MATERIALS AND METHODS


Subjects

We recruited a total of 175 subjects from the undergraduate cohort of the Fourth Military Medical University who had responded to a questionnaire with complete demographic information (age, sex, height, weight, family structure, urbanization, ethnic group, smoking habits, drinking habits, color blindness, handedness, and history of traumatic brain injury) and their smartphone-related habits (including time spent on social media, games, chat, movies/TV series, reality shows, novels, and shopping per day). Time spent on social media referred to time spent on the three most common social media apps in China (Microblog, TikTok, and Kwai).



Overall Study Design

Of the 175 subjects who had responded, 77 were recruited based on the amount of time they usually spent on social media per day (Figure 1). Briefly, the top 35 subjects were included in the HSM-SM group (Table 1) to investigate the effects of social media on these subjects with pronounced use of social media. Forty-two subjects with the least use of social media in the cohort were also included (Table 1) and randomly divided into two subgroups (21 subjects each): one to investigate the effect of social media on subjects having less use of social media (defined as the LSM-SM group) and the other to investigate the effect of reading science fiction (defined as the SF group) as the control. Exclusion criteria included a BMI of >30 or <18.5, smoking, alcohol consumption, color blindness, left-handedness, and a history of traumatic brain injury or a family history of mental illness. The experimental design was as follows (Figure 1): (1) subjects underwent a multimodal MRI scan on the first visit; (2) the subjects performed a 2 h reading task (reading social media posts or science fiction); and (3) the subjects underwent a second multimodal MRI scan immediately after the reading task.
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FIGURE 1. The flow chart for subject recruitment and study design.



TABLE 1. Demographic parameters of subjects in the HSM-SM, LSM-SM, and SF groups.
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Task Design for Reading Social Media Posts

Microblog (Weibo.com) is one of the most widely used social media apps in China with similar functions as Twitter and Facebook. Consequently, surfing Microblog composed the task of reading social media posts; no other apps were allowed to be used during the task to prevent potential biases. The reading tasks were conducted in a quiet room in the laboratory.



Task Design for Reading Science Fiction

To study the brain dynamics of reading science fiction, 21 subjects in the SF group were included in the science fiction reading task with The Three-Body Problem written by Ci-Xin Liu, a full-length science fiction with a continuous and thought-provoking plot. To avoid bias due to smartphone use, subjects read an electronic version of the novel on their smartphones. Similar to the social media task, the subjects were not allowed to use other apps during the task.



Neuroimaging Acquisition and Data Preprocessing

All MRI scans were obtained using the GE Discovery MR750 3.0-T scanner with an eight-channel phased-array head coil. Foam pads were used to limit head movement, and earplugs were used to reduce the scanner’s noise. During the acquisition, participants were told to close their eyes, but not fall asleep. All parameters of neuroimaging data acquisition as listed below were the same as described previously (Hu et al., 2019a,b, 2021).


T1-Weighted Imaging Data Acquisition and Processing

We used three-dimensional brain volume (3D-BRAVO) sequences to acquire high-resolution T1-weighted images based on the following parameters: time of echo (TE) = 3.2 ms, time of repetition (TR) = 8.2 ms, flip angle (FA) = 12°, field of view (FOV) = 256 × 256 mm2, matrix = 256 × 256, slice thickness = 1.0 mm, and slice number = 188. T1-weighted imaging data were processed using the VBM8 toolkit1 with the statistical parameter mapping (SPM12, Wellcome, Imaging Neurology Group, London, United Kingdom2) plug-in of MATLAB 2014a. T1 images were spatially normalized to the Montreal Neurological Institute (MNI) space using the diffeomorphic anatomical registration through the exponentiated Lie algebra (DARTEL) algorithm. The Brain Extraction Tool (BET integrated with MRIcro3) was used to obtain the brain tissue. The T1 data were used to normalize resting-state blood oxygen level-dependent (BOLD) data to standard space.



Resting-State Blood Oxygen Level-Dependent Data Acquisition and Processing

Resting-state BOLD images were acquired using the gradient-recalled EPI (GRE-EPI) sequences with the following parameters: TR = 2,000 ms, TE = 30 ms, FA = 90°, slice number = 36, gap = 3 mm, FOV = 220 × 220 mm2, matrix = 64 × 64, slice thickness = 3 mm, in-plane spatial resolution = 3.44 × 3.44 mm2, and time points = 185. The BOLD images were preprocessed using the DPABI (Yan et al., 2016) toolkit. The first 10 time points were discarded to ensure magnetization stability and allow for consideration of participant adaptation to the scanning environment. Slice timing and head-motion corrections were performed, and scans with a head motion of translation greater than 2.0 mm or a rotation greater than 2° were excluded. BET was used to extract brain tissue and form BOLD brain images, which were co-registered with the corresponding T1-weighted brain images; the raw BOLD images were also co-registered. We used the transformation field data obtained from T1-weighted image normalization to normalize the co-registered BOLD images to MNI space; subsequently, they were resampled to 3 × 3 × 3 mm3 dimensions. The BOLD images were smoothened with an 8-mm full width at half maximum (FWHM) isotropic Gaussian kernel.



Independent Component Analysis and Dynamic Function Network Connectivity Analysis

The protocol for ICA and dFNC analysis closely followed that enumerated in previous research on chronic low back pain (Tu et al., 2020). Briefly, the process consisted of the following five steps: (1) group ICA (GICA) was performed to decompose the BOLD data into multiple independent components (ICs); (2) according to a pre-constructed brain network map, each IC was matched to the brain network; (3) the graphic LASSO sliding window method was used to calculate dFNC between networks; (4) the K-means clustering was used to identify dFNC states and their parameters; and (5) the graph-theory characteristics of each dFNC state were analyzed (including global, local, and nodal efficiencies). Other processes included (1) elimination of linear, quadratic, and cubic trends; (2) regression covariates of head movement; (3) de-spiking of outliers; and (4) low-pass filtering with a cutoff frequency of 0.15 Hz.



Abnormal Visual Networks in Each Dynamic Function Network Connectivity State

The investigation of the visual networks (VN) in dFNC states included the following four steps. (1) We selected the two ICs of the VN as our regions of interest (ROIs) by plotting spheres around the peak coordinates (radius = 6 mm). (2) We calculated the correlation between the time series of each ROI and all the other voxels in the brain for each sliding window and obtained Fisher’s r-to-z transformed connectivity map. Given that there were 150 sliding windows in the previous procedure, in this step, we obtained 150 corresponding connectivity maps for each subject and each ROI. (3) The connectivity maps of all sliding windows belonging to the same state were averaged. Herein, we obtained four connectivity maps (corresponding to the four dFNC states) for each subject and each ROI. (4) We averaged the connectivity maps between two ROIs of VN to form the final connectivity map. In this final step, we obtained four connectivity maps for each subject.




Statistical Analysis

SPSS 20.0 was used for statistical analysis. One-way analysis of variance (ANOVA) was used to compare the demographic information among the three groups. The paired t-test was used to compare neuroimaging characteristics that conformed to the Gaussian distribution within the group (baseline and after the reading task), while the nonparametric test was used for non-normal distributions. For the comparison of dFNC parameters and states, a false discovery rate (FDR) correction was used for multiple comparison correction (Tu et al., 2020). In the voxel-wise comparison, the Gaussian random field (GRF) correction was used for multiple comparison correction. The significance levels for the voxel and cluster were set to P < 0.005 and P < 0.025, respectively, which could effectively control the false-positive rate within 0.05 (Chen et al., 2018).




RESULTS


Demographic Information and Smartphone Habits

The demographic information and smartphone habits of the three groups are listed in Table 1. There were no significant differences in demographic parameters and smartphone habits among the three groups, except for the time spent on social media per day (P < 0.001).



Estimation of Whole-Brain Independent Component and Dynamic Function Network Connectivity Analysis

We used the GICA method to decompose the BOLD data into a total of 28 ICs (automatically estimated) and finally identified 10 ICs that matched well with a previously published brain network map (Figure 2A; Iraji et al., 2019). We then calculated the dFNC with a 25 TR window (σ = 3 TRs). K-means clustering was performed with the elbow criterion to generate four reoccurring dFNC patterns (Figure 2B), with the corresponding frequencies of 20, 46, 23, and 11%. All the brain networks were found to be tightly connected in state 1, while in state 2, all brain networks showed loose connections. In state 3, only the auditory network (AudN), somatomotor network (SMN), and VN were tightly connected. State 4 was similar to state 1, except for the left frontoparietal network (LFPN) and the right frontoparietal network (RFPN), which were loosely connected with other networks.
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FIGURE 2. ICs and brain states. (A) Ten ICs were derived from group ICA (GICA) and further matched with a previously reported brain network map. (B) After K-means clustering for dynamic functional connectivity (FC) between aforementioned ICs, four reoccurring brain states were derived. ATN, Attention network; AudN, Auditory network; DMN, Default mode network; LANG, Language network; LFPN, Left frontal-parietal network; SMN, Somatomotor network; RFPN, Right frontal-parietal network; VN-pri, Primary visual network.




Impact of Reading Tasks on Dynamic Function Network Connectivity Features

The meta-state dFNC features in LSM-SM (Figure 3A) and HSM-SM groups (Figure 3C) were not significantly altered after the social media post reading task. However, in the SF group, after reading science fiction (Figure 3B), the changes in state (baseline = 21.90 ± 9.66, after reading = 28.81 ± 9.84, P = 0.028, FDR corrected), the number of states (baseline = 14.05 ± 7.62, after reading = 18.62 ± 7.02, P = 0.035, FDR corrected), and the total distance (baseline = 25.33 ± 12.74, after reading = 33.19 ± 12.61, P = 0.024, FDR corrected) showed a significant increase. In state 3, in the LSM-SM group, after the social media post reading task, there was an increase in the FC between the default mode network (DMN) and AudN, along with a decrease in FC between DMN and bilateral FPN (Figure 3D, P < 0.05, FDR corrected).
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FIGURE 3. The intragroup comparisons for dFNC parameters. Three dFNC parameters (changes between states, number of states, and total distance) in the baseline and the states after the reading tasks were compared among the (A) HSM-SM group, (B) LSM-SM group, and (C) SF group. Significant differences are labeled with asterisks. (D) The comparison of dFNC states within the LSM-SM group at the baseline state and after the reading task. Results have been displayed either as a matrix plot (left, significant results are labeled with asterisks) or as a circle plot (right, only significant results are plotted as edges).




Impact of Reading Tasks on Dynamic Network Efficiency

After the science fiction reading task in the SF group (Figure 4A), the global (baseline = 0.035 ± 0.055, after reading = 0.080 ± 0.057, P = 0.054, FDR corrected) and local efficiencies (baseline = 0.015 ± 0.027, after reading = 0.036 ± 0.029, P = 0.060, FDR corrected) in state 1 tended to increase. Moreover, the nodal efficiencies of almost all networks of state 1 increased significantly (Figure 4B). However, after the social media post reading task, the changes in network efficiencies were smaller (Figure 4A).
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FIGURE 4. The intragroup comparisons of graph-theory parameters of each dFNC state. (A) Two graph-theory parameters (global and local efficiencies) of the baseline and the states after reading tasks were compared among the HSM-SM group, LSM-SM group, and SF group. (B) The nodal efficiencies of the 10 networks in the baseline state and after reading science fiction were compared within the SF group. Significant differences are labeled with asterisks.




Abnormalities in the Visual Network

Given that the reading behavior is directly related to visual information processing, we decided to set VN as an ROI to study its dynamic FC with other brain networks. We found that after the social media post reading task, the LSM-SM group showed increased FC between the VN and bilateral precuneus in state 2 (Figure 5A, P < 0.05, GRF corrected) as also between the VN and bilateral posterior cingulate cortex (PCC) in state 3 (Figure 5B, P < 0.05, GRF corrected). The ROI-based dynamic FC values have been displayed by drawing 6-mm spheres around the peak coordinates in Figure 5C.
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FIGURE 5. Intragroup differences of VN-whole-brain dFNC. (A) In state 2, the differences between baseline and after reading social media posts in the LSM-SM group. (B) In state 3, the differences between baseline and after reading social media posts in the LSM-SM group. (C) ROI-based FC values in (A,B).




Validation

In our primary experiment, we used the ICA template from Iraji et al. (2019) to assign ICs to the brain networks. We also used two other ICA templates from4, the NeuroMark template, and the template from Allen et al. (2011), for network assignment. The results showed that most network assignments were consistent (Supplementary Table 1), especially for those not involved in specific tasks, such as VN, AudN, SMN, and DMN.

We also validated the influence of the Gaussian window alpha value (σ) and window size on the results. In the main experiment, the σ was 3 TRs and the window size was 25 TRs. Consequently, we repeated the dFNC analysis when σ was 1 TR and when the window sizes were 20 TRs and 30 TRs, separately. For dFNC states, all results were consistent with the findings in the main text (Supplementary Figure 1). For dFNC parameters, some differences decreased to the trend levels; however, most results were consistent (Supplementary Table 2).




DISCUSSION

In this study, we combined the cerebral dFNC analysis with the carryover effect to study the brain dynamics of reading social media posts or science fiction. We found that the changes between dFNC states, the number of dFNC states, and the total distance between all dFNC states increased after reading science fiction. Furthermore, the global, local, and nodal efficiencies of the deep-thinking state tended to increase after reading science fiction. After surfing social media, participants showed decreased FC between DMN and bilateral FPN, while that between DMN and VN increased.

After GICA and cluster analysis, four repeated states were found among all subjects and scans. The first state was a tightly connected one, with a high overall FC value. This state may reflect the process of deep thinking, which requires several or all the brain networks to work together for effective communication. In contrast, state 2 was a loosely connected state with a low overall FC, most likely reflecting the cerebral resting state with no overthinking. State 3 was also loosely connected, but herein, VN, AudN, and SMN were closely connected. This suggested that state 3 may reflect visual and auditory stimuli, as also the finger and eye movements while reading. State 4 was also tightly connected, except for the LFPN and RFPN, which were found to be loosely connected with other networks. The main functions of LFPN are to do with semantic comprehension and working memory, while those of RFPN are in the working memory, reasoning, and abstraction (Smith et al., 2009). Consequently, state 4 may reflect the processes during mind wandering.

After the reading science fiction task, three dFNC parameters were found to increase, including changes between states, the number of states, and the total distance. However, after the reading social media posts task, these parameters were unchanged. The changes between states and the number of states reflect the ability to switch from one state to another. The total distance not only indicates a change between states but also the extent of transition. Previous research suggests that these parameters increase in schizophrenic patients, who are thought to have pathologically increased mental activity (Sanfratello et al., 2019). Besides, studies also report that these parameters decrease in autistic patients, with pathologically decreased mental activity (Fu et al., 2019). These results suggest that reading science fiction makes the brain more active and increases the number of states and transitions, along with the extent of transition.

Network efficiency is the most widely used graph-theory parameter in brain network analysis. It was developed from the transdisciplinary combination between brain network and physics of complex systems (Bullmore and Sporns, 2009). The network efficiency measures the efficiency to transmit information within a specified network. Previous studies report a negative relationship between aging and network efficiency (Madden et al., 2020). Besides, in depression, wherein the main manifestations include apathy and retardation of thinking, the network efficiency also decreases (Li et al., 2017; Yu et al., 2020). We found that after the reading science fiction task, the global, local, and nodal efficiencies of state 1 improved, thereby indicating the enhanced efficiency of thinking. Furthermore, state 1 is regarded as a brain state of deep thinking. Thus, reading science fiction could specifically improve the efficiency of deep thinking.

After the reading social media posts task, there was an increase in the FC between the VN and precuneus in state 2, as also between VN and PCC in state 3 (Figure 5). Precuneus and PCC are key components of DMN, a complex network system with multiple functions (Raichle, 2015). In state 3, in the LSM-SM group, after the social media post reading task, the FC between DMN and bilateral FPN was found to decline (Figure 3D). A major function of the DMN is in mind wandering (Brewer et al., 2011), including thinking about others, thinking about self, remembering the past, and looking forward to the future (Yeshurun et al., 2021). Consequently, the current results suggest that social media could stimulate the VN and induce mind wandering, along with a decrease in the abilities of reasoning and working memory, specifically among those who do not have pronounced social media-related habits.

Social media is known to be related to inattention and mind wandering (Firth et al., 2019). This may be because the content on social media apps is shallow (short, modular, and unrelated to neighboring content) and usually associated with shallow reading behavior, which is negatively related to the ability to focus on a given task (Baron, 2015; Wang et al., 2019). A recent study also shows that shallow reading is a type of inattentive reading, wherein the mind tends to wander (Delgado and Salmerón, 2021). Consequently, our results overlapped with several findings on shallow reading maybe because the reading mode for social media is relatively shallow. Previous neuroimaging research also reports similar findings, including increased brain activation in the DMN and increased coupling between activated DMN and neural pathways underlying auditory and visual processing, as well as the FPN (Su et al., 2021). In contrast, brain activity increases after reading books, and this mainly results from the increased FC between the visual word forming area and the regions related to language, visual processing, and cognitive control (Horowitz-Kraus and Hutton, 2018). In terms of graph theory, there was a positive relationship between the global modularity of an individual’s brain network and reading habit (Bailey et al., 2018). The findings were in line with previous studies which show increased brain activity and topological characteristics after reading science fiction. However, we not only reported changes in imaging characteristics after reading social media posts or science fiction but also confirmed the corresponding brain states using dFNC analysis.

However, our study has some limitations. The sample size was relatively small, especially per group; we plan to recruit more subjects in the future. We used the brain carryover effect to study the brain dynamics after reading social media posts or science fiction, which may not fully reflect the real-time conditions. Therefore, we plan to conduct this experiment along with simultaneous scanning and evaluate the consistency between the two. Due to the severe sex imbalance in the cohort (only 8 females out of 175 subjects and only 3 willing participants in the research), only male subjects were included to prevent any potential bias. This was a tough decision, as females generally tend to use social media more frequently than males (Spiller et al., 2019). Therefore, the inclusion of females in future research will be one of our goals.



CONCLUSION

According to the aforementioned evidence, we concluded that science fiction reading was related to increased brain activity and network efficiency, while social media post reading was related to abnormal FCs between DMN, VN, and FPN.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by The Ethics Committee of Tangdu Hospital of Fourth Military Medical University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

WW and G-BC: conceptualization and writing – review and editing. BH and Y-LC: data curation. QS and JZ: formal analysis. Y-LC, BH, and G-BC: funding acquisition. BH: investigation. L-FY and YY: methodology. BH and WW: project administration. J-TS: resources. Y-TL: software. WW and G-BC: supervision. Y-LC: visualization. BH and YY: roles/writing – original draft. All authors contributed to the article and approved the submitted version.



FUNDING

This study received financial support from the National Natural Science Foundation of China (grant numbers 81771815 and 81801676). This study received financial support from Hovering Program of Fourth Military Medical University (grant number axjhww), and the Talent Foundation of Tangdu Hospital (grant numbers 2018BJ003 and 2018MZ012).



ACKNOWLEDGMENTS

Our gratitude goes to Wu-Xun Cui and Si-Jie Xiu from the Department of Radiology of Tangdu Hospital for their outstanding technique support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.827396/full#supplementary-material


FOOTNOTES

1http://dbm.neuro.uni-jena.de/vbm/

2http://www.fil.ion.ucl.ac.uk/spm

3http://www.mricro.com

4https://trendscenter.org/data/


REFERENCES

Allen, E. A., Erhardt, E. B., Damaraju, E., Gruner, W., Segall, J. M., Silva, R. F., et al. (2011). A baseline for the multivariate comparison of resting-state networks. Front. Syst. Neurosci. 5:2. doi: 10.3389/fnsys.2011.00002

Annisette, L. E., and Lafreniere, K. D. (2016). Social media, texting, and personality: a test of the shallowing hypothesis. Person. Individ. Differ. 115, 154–158.

Bailey, S. K., Aboud, K. S., Nguyen, T. Q., and Cutting, L. E. (2018). Applying a network framework to the neurobiology of reading and dyslexia. J. Neurodev. Disord. 10:37. doi: 10.1186/s11689-018-9251-z

Baron, N. S. (2015). Words Onscreen: The Fate of Reading in a Digital World. Oxford: Oxford University Press.

Brewer, J. A., Worhunsky, P. D., Gray, J. R., Tang, Y. Y., Weber, J., and Kober, H. (2011). Meditation experience is associated with differences in default mode network activity and connectivity. Proc. Natl. Acad. Sci. U.S.A. 108, 20254–20259. doi: 10.1073/pnas.1112029108

Bullmore, E., and Sporns, O. (2009). Complex brain networks: graph theoretical analysis of structural and functional systems. Nat. Rev. Neurosci. 10, 186–198. doi: 10.1038/nrn2575

Chen, X., Lu, B., and Yan, C. G. (2018). Reproducibility of R-fmri metrics on the impact of different strategies for multiple comparison correction and sample sizes. Hum. Brain Mapp. 39, 300–318. doi: 10.1002/hbm.23843

Clinton, V. (2019). Reading from paper compared to screens: a systematic review and meta-analysis. J. Res. n Read. 42, 288–325. doi: 10.1111/1467-9817.12269

Crone, E. A., and Konijn, E. A. (2018). Media use and brain development during adolescence. Nat. Commun. 9:588. doi: 10.1038/s41467-018-03126-x

Delgado, P., and Salmerón, L. (2021). The inattentive on-screen reading: reading medium affects attention and reading comprehension under time pressure. Learn. Instr. 71:101396. doi: 10.1016/j.learninstruc.2020.101396

Firth, J., Torous, J., Stubbs, B., Firth, J. A., Steiner, G. Z., Smith, L., et al. (2019). The “online brain”: how the Internet may be changing our cognition. World Psychiatry 18, 119–129. doi: 10.1002/wps.20617

Fu, Z., Tu, Y., Di, X., Du, Y., Sui, J., Biswal, B. B., et al. (2019). Transient increased thalamic-sensory connectivity and decreased whole-brain dynamism in autism. Neuroimage 190, 191–204. doi: 10.1016/j.neuroimage.2018.06.003

Gaviria, J., Rey, G., Bolton, T., Delgado, J., Van De Ville, D., and Vuilleumier, P. (2021a). Brain functional connectivity dynamics at rest in the aftermath of affective and cognitive challenges. Hum. Brain Mapp. 42, 1054–1069. doi: 10.1002/hbm.25277

Gaviria, J., Rey, G., Bolton, T., Ville, D. V., and Vuilleumier, P. (2021b). Dynamic functional brain networks underlying the temporal inertia of negative emotions. Neuroimage 240:118377. doi: 10.1016/j.neuroimage.2021.118377

Hall, M. P., O’hare, A., Santavicca, N., and Jones, L. F. (2015). The power of deep reading and mindful literacy: an innovative approach in contemporary education. Innovación Educ. 15, 49–60.

Horowitz-Kraus, T., and Hutton, J. S. (2018). Brain connectivity in children is increased by the time they spend reading books and decreased by the length of exposure to screen-based media. Acta Paediatr. 107, 685–693. doi: 10.1111/apa.14176

Hu, B., Yan, L. F., Sun, Q., Yu, Y., Zhang, J., Dai, Y. J., et al. (2019a). Disturbed neurovascular coupling in type 2 diabetes mellitus patients: evidence from a comprehensive fmri analysis. Neuroimage Clin. 22:101802. doi: 10.1016/j.nicl.2019.101802

Hu, B., Yu, Y., Dai, Y. J., Feng, J. H., Yan, L. F., Sun, Q., et al. (2019b). Multi-modal Mri reveals the neurovascular coupling dysfunction in chronic migraine. Neuroscience 419, 72–82. doi: 10.1016/j.neuroscience.2019.09.022

Hu, B., Yu, Y., Wang, W., and Cui, G. B. (2021). Mica: a toolkit for multimodal image coupling analysis. J. Neurosci. Methods 347:108962. doi: 10.1016/j.jneumeth.2020.108962

Iraji, A., Deramus, T. P., Lewis, N., Yaesoubi, M., Stephen, J. M., Erhardt, E., et al. (2019). The spatial chronnectome reveals a dynamic interplay between functional segregation and integration. Hum. Brain Mapp. 40, 3058–3077. doi: 10.1002/hbm.24580

Kidd, D. C., and Castano, E. (2013). Reading literary fiction improves theory of mind. Science 342, 377–380. doi: 10.1126/science.1239918

Kuss, D. J., and Griffiths, M. D. (2017). Social networking sites and addiction: ten lessons learned. Int. J. Environ. Res. Public Health 14:311. doi: 10.3390/ijerph14030311

Li, X., Steffens, D. C., Potter, G. G., Guo, H., Song, S., and Wang, L. (2017). Decreased between-hemisphere connectivity strength and network efficiency in geriatric depression. Hum. Brain Mapp. 38, 53–67. doi: 10.1002/hbm.23343

Li, Y., Zhu, Y., Nguchu, B. A., Wang, Y., Wang, H., Qiu, B., et al. (2020). Dynamic functional connectivity reveals abnormal variability and hyper-connected pattern in autism spectrum disorder. Autism Res. 13, 230–243. doi: 10.1002/aur.2212

Madden, D. J., Jain, S., Monge, Z. A., Cook, A. D., Lee, A., Huang, H., et al. (2020). Influence of structural and functional brain connectivity on age-related differences in fluid cognition. Neurobiol. Aging 96, 205–222. doi: 10.1016/j.neurobiolaging.2020.09.010

Meshi, D., Tamir, D. I., and Heekeren, H. R. (2015). The emerging neuroscience of social media. Trends Cogn. Sci. 19, 771–782. doi: 10.1016/j.tics.2015.09.004

Moisala, M., Salmela, V., Hietajärvi, L., Salo, E., Carlson, S., Salonen, O., et al. (2016). Media multitasking is associated with distractibility and increased prefrontal activity in adolescents and young adults. Neuroimage 134, 113–121. doi: 10.1016/j.neuroimage.2016.04.011

Raichle, M. E. (2015). The brain’s default mode network. Annu. Rev. Neurosci. 38, 433–447.

Sanfratello, L., Houck, J. M., and Calhoun, V. D. (2019). Dynamic functional network connectivity in schizophrenia with magnetoencephalography and functional magnetic resonance imaging: do different timescales tell a different story? Brain Connect 9, 251–262. doi: 10.1089/brain.2018.0608

Scherer, M. (2009). Challenging the Whole Child: Reflections on Best Practices in Learning, Teaching, and Leadership. Association for Supervision & Curriculum Development (ASCD).

Sherman, L. E., Payton, A. A., Hernandez, L. M., Greenfield, P. M., and Dapretto, M. (2016). The power of the like in adolescence: effects of peer influence on neural and behavioral responses to social media. Psychol. Sci. 27, 1027–1035. doi: 10.1177/0956797616645673

Smith, S. M., Fox, P. T., Miller, K. L., Glahn, D. C., Fox, P. M., Mackay, C. E., et al. (2009). Correspondence of the brain’s functional architecture during activation and rest. Proc. Natl. Acad. Sci. U.S.A. 106, 13040–13045. doi: 10.1073/pnas.0905267106

Spiller, H. A., Ackerman, J. P., Spiller, N. E., and Casavant, M. J. (2019). Sex- and age-specific increases in suicide attempts by self-poisoning in the United States among youth and young adults from 2000 to 2018. J. Pediatr. 210, 201–208. doi: 10.1016/j.jpeds.2019.02.045

Su, C., Zhou, H., Gong, L., Teng, B., Geng, F., and Hu, Y. (2021). Viewing personalized video clips recommended by TikTok activates default mode network and ventral tegmental area. Neuroimage 237:118136. doi: 10.1016/j.neuroimage.2021.118136

Tu, Y., Fu, Z., Mao, C., Falahpour, M., Gollub, R. L., Park, J., et al. (2020). Distinct thalamocortical network dynamics are associated with the pathophysiology of chronic low back pain. Nat. Commun. 11:3948.

Tu, Y., Fu, Z., Zeng, F., Maleki, N., Lan, L., Li, Z., et al. (2019). Abnormal thalamocortical network dynamics in migraine. Neurology 92, e2706–e2716. doi: 10.1212/WNL.0000000000007607

Wang, Y., Mckee, M., Torbica, A., and Stuckler, D. (2019). Systematic literature review on the spread of health-related misinformation on social media. Soc. Sci. Med. 240:112552. doi: 10.1016/j.socscimed.2019.112552

Yan, C. G., Wang, X. D., Zuo, X. N., and Zang, Y. F. (2016). Dpabi: data processing & analysis for (Resting-State) brain imaging. Neuroinformatics 14, 339–351.

Yeshurun, Y., Nguyen, M., and Hasson, U. (2021). The default mode network: where the idiosyncratic self meets the shared social world. Nat. Rev. Neurosci. 22, 181–192. doi: 10.1038/s41583-020-00420-w

Yu, Z., Qin, J., Xiong, X., Xu, F., Wang, J., Hou, F., et al. (2020). Abnormal topology of brain functional networks in unipolar depression and bipolar disorder using optimal graph thresholding. Prog. Neuropsychopharmacol. Biol. Psychiatry 96:109758. doi: 10.1016/j.pnpbp.2019.109758


Conflict of Interest: The 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.

Copyright © 2022 Hu, Cui, Yu, Li, Yan, Sun, Sun, Zhang, Wang and Cui. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-16-827396-t001.jpg
Age (years)
Height (cm)
Weight (kg)

BMI (kg/m?)
Smartphone use habits
Chatting (h)
Game (h)
Film/TV series (h)
Social media (h)
Novel reading (h)
Shopping (h)

HSM-SM (N = 30)

21.13+£0.72
17510+ 4.25
67.15 £6.31
21.89 +£1.81

0.98 £0.91
0.55+£0.52
0.29 £0.59
2.05+0.85
0.33+£1.11
0.10+£0.23

20.79£1.01
174.21 +£6.67
67.45+7.66
22.18+1.63

0.87 £0.89
0.5683+0.42
0.21+£0.59
0.41+£0.36
0.39+0.74
0.06 +£0.22

LSM-SM (N = 19) SF (N = 21)

20.91 +1.01
177.41 £6.02
68.93 +9.42
21.82+2.08

1112085
0.68 £0.52
0.356 £0.57
0.36 £0.79
0.74 £1.07
0.08 £0.23

P-value

0.495
0.171
0.679
0.766

0.679
0.707
0.666
<0.001*
0.269
0.778

Values are reported as mean + standard deviation; significant differences are marked with asterisks.





OPS/images/fnins-16-827396-g005.jpg
FC of LSM-SM group

State 2
LSM-SM group

State 3
LSM-SM group

—_—
SN

— © o o ©
o S© N B N OO0

VN-precuneus in state 2

.

Baseline state Using social media

FC of LSM-SM group

1.2
1.0
0.8
0.6
0.4
0.2

-0.2

T-value

-3

T-value

-3

VN-PCC 1n state 3

AT

Baseline state Using social media





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Combining Dynamic Network Analysis and Cerebral Carryover Effect to Evaluate the Impacts of Reading Social Media Posts and Science Fiction in the Natural State on the Human Brain



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects



		Overall Study Design



		Task Design for Reading Social Media Posts



		Task Design for Reading Science Fiction



		Neuroimaging Acquisition and Data Preprocessing



		T1-Weighted Imaging Data Acquisition and Processing



		Resting-State Blood Oxygen Level-Dependent Data Acquisition and Processing



		Independent Component Analysis and Dynamic Function Network Connectivity Analysis



		Abnormal Visual Networks in Each Dynamic Function Network Connectivity State







		Statistical Analysis







		RESULTS



		Demographic Information and Smartphone Habits



		Estimation of Whole-Brain Independent Component and Dynamic Function Network Connectivity Analysis



		Impact of Reading Tasks on Dynamic Function Network Connectivity Features



		Impact of Reading Tasks on Dynamic Network Efficiency



		Abnormalities in the Visual Network



		Validation







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fnins-16-827396-g004.jpg
Global efficiency Global efficiency

Local efficiency

Nodal efficiency

State 1 State 2
0.20 0.20
Pror =0.895  Prpr =0.895 Prpr = 0.402
0.15 - Prpr =0.180  Prpr =0.054 Prpr = 0.833 > 0,15
c
)
;g 5!
0.101 ‘-*q—)* 0.10 1
=
R
b=
0.05 - O 0.05-
0 w 0 —L
State 4 State 1
0.20
0.14 -
Prpr=10.922 Prbr=0.528 Prpr=0.922 Pror=0.294  Pror=0.060 Prpr=0.833
0.12 4
0.15 1 / 5\
- g 0.10
o tg @)
0.10 O = 0.08 -
'§ 0.06
o
0.05 - = 0.04 -
0.02 4
0 0 —L L
State 3 State 4
.14 - 0.14 .
Pror=0.713  Pror=0.917 Prpr=0.294 Pror =0.922  Pror=0.438 Pror =0.962
0.12 - 012 -
. ’
™ 2
0.10 - < S 0.10 1 :
0.08 1 &= 0.08 - 0 S
) (D] ‘
0.06 - @ 1 8 0.06 -
; @)
0.04 - = 0.04 -
0.02 - 0.02
0 0
State 1
0.25
Pror = 0.02
O
0.20 4 Pror = 0.06 o
SRR N T Pror = 0 ()')PFDR_:_O'O2 Pepr = 0.02
& O 8 o B &3 Ei Pror = 0~02P —— B PFDR_g%0.0Z
T T Por=0.10¢ ¢ ® @ Za S
0.15 S & b oT So o ® 88 o © O g B
sP of S § =h T T “¢
o @ B P 8 é a'F B o 3
P T o P b T e
¢ od g < o B
0.10 - © P (D] o g; O d
P © ) D) © = O
© O P D) P
> D D P P
D
0.05 - T
" | | I
0 - ! e ! ! . - o ke = ! ! ! N

ATN AudN 1 AudN 2 DMN LANG LFPN SMN RFPN

VNpri

Global efficiency

Local efficiency

State 3

0.20

0.15 1

0.10 1

0.05 1

Prpr = 0.650

Prpr = 0.902

Prpr = 0.294

State 2

0.144
.12+
0.10
0.08 1
0.06
0.041
0.02-

Pror=0.402 Pror=0.972 PFDR‘ =(0.830

_ By REE 0

LSM-SM at baseline state

LLSM-SM after using social media

SF at baseline state

SF after reading science fiction

HSM-SM at baseline state

HSM-SM after using social media






OPS/images/fnins-16-827396-g003.jpg
>

Change between states

Change between states

@)

Change between states

State 3

Pror = 0.407 Pror = 0.257
S0 ™
40 1
5
e =
30+ @) 20 o o
— o
2 E
= S
204 = =
~g-
10 4 i . - .
Baseline  After reading social media posts Baseline After reading social media posts
Condition Condition
Pror = 0.035
40
7]
3 3
301 k7 =
Z 2. g
= ps
S o
2 E
20 1 E 45
= ~
z 10 1
10
Baseline After reading science fiction Baseline After reading science fiction
Condition Condition
Pror = 0.385 Pror = 0.306
50 4
30 +
5 o
b= 3]
<
40 - 7 g
72
20 S
30 4 B §
o
§ S
20 1
LG
10 . v - :
Baseline  After reading social media posts Baseline After reading social media posts
Condition Condition
DMN
ATN
AudN 1
o~
AudN 2 Y
S
DMN a
e
LANG S
)
LFPN =
N
=
SMN ED
RFPN i
VNpri 1
VNpri 2

—
£ %
5 B
< <

VNpri 2

D
(e}
A

D
S
2

I
S
2

[\
(e}
]

Pror = 0.346

50 o

40 -

30 -

20 o

Baseline After reading social media posts
Condition

Pror = 0.024

(8}
&
2

Baseline After reading science fiction
Condition

Pror = 0.371

Baseline After reading social media posts

Condition

AudN 2






OPS/images/fnins-16-827396-g002.jpg
ATN (3,-58,63)

1.0 Z-value 12.4

LANG (-57,-54,16)

1.0 Z-value T

VN-pri 1 (-13,-57,4)

1

AudN 1 (-60,-3,27)

[
1.0 Z-value 9.5

-,
N

1.0 Z-value 11.6

State 2 (46%)

LFPN (-39,-63,51)

2 —

AudN 2 (-63,-19,13) DMN (1,-64,37)

L S §
I
1.0 Z-value 8.7 1.0 Z-value 94
SMN (1,-21,75) RFPN (51,-46,51)

= . i /o 1

1.0 Z-value 10.0 1.0

State 3 (23%) State 4 (11%)

.
ok

Correlation

f .
= =

.
b






OPS/images/fnins-16-827396-g001.jpg
175 students from the undegraduate
cohort of Fourth Military Medical University

Y

Questionnaires
Participants were ranked according to their
self-reported daily time spent on social media

S +

Top 35 subjects Bottom 42 subjects (According to

98 subjects were

excluded from (According to the the time spent on social media),
further research time spent on randomly andequally separated
social media) into two groups
HSM-SM group LSM-SM group SF group

¢ ' %

FIRST fMRI scanning

: . 2 h of reading science
Zniefiusing bicroblog fiction (Realdigg 'Il'he

‘ ‘ Three-Body Problem)

Y

SECOND fMRI scanning immediately after the task

Exclusion: Exclusion:

4 subjects with 1 subjects with

excessive i excessive

head motion head motion

1 subject with 1 subject quit

claustrophobic the experiment v

30 subjects remained 19 subjects remained 21 subjects remained
(HSM-SM group) (LSM-SM group) (SF group)

Task: Social media Task: Science fiction





OPS/images/cover.jpg
, frontiers
In Neuroscience

Combining Dynamic Network
Analysis and Cerebral Carryover
Effect to Evaluate the Impacts
of Reading Social Media Posts
and Science Fiction
in the Natural State on
the Human Brain









OPS/images/logo.jpg
' frontiers

in Neuroscience





