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Background: In recent years, interest has grown in brain connectivity during infancy and adolescence, particularly in understanding neurodevelopment. Research is focusing on how brain network complexity evolves, providing insight into developmental neural connectivity. While some studies highlight key periods of brain maturation, findings remain inconsistent, leaving the neural correlates of typical development uncertain. This meta-analysis aims to identify brain regions and functional connectivity networks that show age-related activation patterns. Our goal is to clarify how neural wiring and complexity change with age, using seed-based d mapping (SDM) to analyze resting-state functional connectivity.

Methods: We reviewed studies employing resting-state functional magnetic resonance imaging (rs-fMRI) to examine brain connectivity in typically developing children and adolescents. After thoroughly application of the rigorous inclusion criteria, five studies published between 2013 and 2024 remained selected for this analysis. While this is a small number, this limitation reflects our unwavering commitment to methodological rigor and the current scarcity of available literature, ensuring that only high-quality studies were considered.

Results: Consistent increases in seed-based connectivity involving the left frontal and prefrontal cortices were observed, particularly the left superior frontal gyrus and bilateral anterior cingulate cortex. These areas showed increased connectivity in older compared to younger participants.

Conclusion: The left frontal and prefrontal cortices, which are critical for executive function, attention, and intelligence, appear to strengthen their connectivity during childhood and adolescence. These observations provide a preliminary glimpse into typical brain maturation. However, due to the small number of studies and heterogeneity in age comparisons. No clinical implications can be drawn at this stage, and further research is required to confirm these developmental trends.
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1 Introduction

The human brain comprises numerous functional networks that interact with one another. These systems evolve as significant changes in the functional development of the brain take place between childhood and adolescence (Tian et al., 2023). Neurodevelopmental research on brain maturation seeks to elucidate the organization of these complex neural circuits during development. These investigations can advance our understanding of this window of vulnerability for disruptions of normative development and, consequently, the increased incidence of psychiatric and neuropsychological conditions (Sato et al., 2015; Wainberg et al., 2022). A recent meta-analysis conducted by Solmi et al. (2022) estimated that in almost two thirds of cases, mental disorders emerge before the age of 25. Considering the relevance of such critical stages, the study of these age-related variations in healthy children and adolescents furnishes a fundamental framework for understanding the neurodevelopmental mechanisms of mental disorders.

Measurement of blood oxygen level-dependent signal using functional magnetic resonance imaging (fMRI) is now the gold-standard for tracking neural development in the human brain (Li et al., 2019). Among them, resting-state fMRI (rs-fMRI) is the most commonly used method to study brain developmental trajectories. It reveals the intrinsic functional connectivity (FC) that occurs in the absence of any external input (Razi et al., 2017). This provides exceptionally relevant information about the coupling dynamics and the relationships between networks as it unveils the brain activity driven essentially by spontaneous fluctuations (Buckner et al., 2013). The absence of an external complex task is a benefit of this method: it facilitates data acquisition and requires less participants’ collaboration. Therefore, FC estimates are frequently applied to pediatric population (Bernal, 2022; Buckner et al., 2013). For the reasons exposed, the resting-state paradigm has garnered much attention in the last few years in the field of neurodevelopment.

During adolescence, the functional networks undergo a process of specialization with age, and recent studies indicate that during this stage, the functional connections of the brain restructure. This process of refinement is characterized by increased within-network connectivity and decreased between-network connectivity. This is, functional segregation -or strength in the correlation with near areas- diminishes, while functional integration –or connection with far regions- enhances (Cao et al., 2016; Içer, 2019).

Wierenga et al. (2016) explored developmental patterns during childhood and adolescence and describe fine-tuning of brain organization with less path length and more node strength and network clustering. With age, global and local efficiency in adolescents increases compared to children, which they consider a mediator of the gradual progress of executive functions. Comparing children to adolescents, Tian et al. (2023) concluded that transmission efficiency of the brain gradually incremented as degree centrality and nodal efficiency increased with age and nodal shortest path was reduced. Li et al. (2019) suggest specialization begins as early as 3 to 5 years of age, as during this age period they observe a tendency to strengthen brain connections and to reduce generalization of brain activation.

All in all, it seems that the brain development trajectory in children shares the same core regions as adults. The main differences lie in the number of connections and their strength: less but stronger links appear with age (Içer, 2019; Jolles et al., 2011). The significant age-related shift of FC patterns appears to be associated with frontal regions (Jolles et al., 2011; Kelly et al., 2009). To this date, structural imaging findings have delineated typical brain developmental trajectories; however, the functional changes during this sensitive development period of childhood and adolescence remains less explored. The systematic review carried out by Cosío-Guirado et al. (2024) represents an attempt to understand typical brain development using rs-fMRI. This meta-analysis could help fill in the gap on whether there are discernible developmental patterns using a resting-state fMRI approach and go beyond the results issued by the previous review. Such patterns might help to describe possible preliminary patterns of normative development, which ultimately can contribute both as a baseline and as a comparison point to detect atypical developmental trajectories and diagnose emerging mental and neurological disorders.

We aim to perform a meta-analysis of FC in typically developing children and adolescents studied through resting-state fMRI. The purpose of this meta-analysis is to identify brain regions that show distinctive activation with age at rest. Hence, our goal is to characterize age-related changes and brain maturation in relation to the wiring of neural networks and brain complexity. Based on published literature, we expect to find a pattern of increased FC with age. To this end, we included papers that compared different groups of age and traced their brain connectivity changes, and we identified the combined size effect of the brain connectivity areas, as well as the possible effect of other mediator variables on estimating the effect sizes (sample size, sex, mean age and age range). In this study Seed-based d mapping (SDM) was used, a meta-analysis tool for neuroimaging data that has shown to have high levels of validity and consistency (Albajes-Eizagirre et al., 2021; Shepardson et al., 2023).



2 Methods


2.1 Literature search and selection criteria

Following PRISMA guidelines (Page et al., 2021), an extensive review was conducted. Articles included in this study were sourced from the PubMed, Web of Science (WoS), and PsycInfo databases, focusing on publications from 2013 to March 2024. The literature search applied a Boolean algorithm combining the following keywords: (“fMRI” OR “functional magnetic resonance imaging”) AND (“children” OR “adolescents” OR “youth” OR “child” OR “teenager”) AND (“resting state” OR “rs-fMRI”) within the title or abstract of the papers.

Two researchers independently conducted the search, resulting in a total of 3,889 studies and reaching 100% agreement. The search yielded 1790 papers from the WoS database, 1,350 from PubMed, and 749 from PsycInfo. Following deduplication across the databases, 1980 duplicate records were removed with the help of Rayyan (Ouzzani et al., 2016). Subsequently, all articles underwent two rounds of screening by two independent reviewers (MGTM, RCG). The initial agreement level during the screening process was 92%, and discrepancies were resolved through discussion. At this stage, 1729 studies were excluded during title/abstract screening due to non-compliance with the inclusion criteria. Following the screening process, 180 articles remained for eligibility assessment. During the eligibility process, 175 studies were excluded due to inconsistencies with the inclusion criteria after the full text had been reviewed. In this phase, agreement reached 93%. Discrepancies were resolved through consensus discussions. As a result, the final sample comprised five papers, which carry the symbol * in the bibliography. Figure 1 provides a visual summary of this search process.

[image: Figure 1]

FIGURE 1
 Flowchart of the meta-analysis search conducted.


The inclusion criteria were as follows: (a) participants in the study were required to be children and adolescents aged between 3 and 20 years covering early childhood through late adolescence; (b) only healthy or typically developing (TD) individuals were included; (c) the study measured brain signals using fMRI during the resting state and applied a consistent threshold across the entire brain; (d) reported coordinates needed to be in either MNI or Talairach space; (e) only Seed Based approaches were included; and (f) additionally, the studies had to compare two distinct age groups.

We applied the following exclusion criteria: (a) participants had a history or current diagnosis of psychiatric or neurodevelopmental disorders, or if they had serious medical conditions that could affect normal development; (b) studies involving participants with parental histories of major psychiatric or neurological disorders were also excluded, as were those with parent-reported prenatal exposure to alcohol or drugs; (c) task-based approaches and neuroimaging techniques other than fMRI were not considered; (d) systematic reviews, meta-analyses, theses, or clinical essays were excluded from the analysis, as were animal studies; and (e) studies focusing on the impact of socioeconomic conditions, poverty, or parental neglect on brain signals were also excluded.



2.2 Data extraction

Relevant information from each article was recorded in a spreadsheet, covering: (1) sample characteristics, detailing the population type (children, adolescent), sample size, gender, and age; (2) resting time during fMRI; (3) established comparisons; (4) study design; (5) signal analysis; (6) examined brain areas; (7) coordinates (MNI or Talairach) and peaks; (8) software used for image preprocessing; and (9) main findings.



2.3 Meta-analysis

Voxel-wise meta-analysis was conducted using the Seed-based d Mapping (SDM) software (available at http://www.sdmproject.com) to analyze the differences between two age groups in healthy participants. The approach details are described by Müller et al. (2018) and Radúa and Mataix (2012) with the following parameters: 20 mm FWHM, 2 mm voxel size, 50 imputations, and 1,000 permutations. The reporting thresholds were set at p < 0.005 with a cluster size ≥ 10 voxels. First, we selected the reported peak coordinates of all functional differences significant at the whole brain level in these studies. All studies included used the same statistical threshold throughout the whole brain to avoid potential bias towards regions with liberal thresholds. The minimum threshold was defined by a p-value of 0.001 and Student’s t reference value, with degrees of freedom (df) estimated by the conventional expression (n1 + n2–2). Second, we recreated peak coordinates for each study with a standard MNI map of the group differences’ effect size based on their peak t value using a non-normalized Gaussian kernel, assigning higher values to the voxels closer to the peaks. Third, we obtained the mean map by voxel-wise calculation of the study maps’ random-effects mean, weighted by the sample size. Fourth, to correctly balance sensitivity and specificity, we used a p-value of 0.05 as the main threshold with an additional peak height of Z = 1.

Lastly, after calculating Cohen’s d and the confidence intervals (CI) for the papers, we conducted a covariate analysis for mean age, total sample size, male percentage, and minimum age. To control for false positives, we used the correction described by Albajes-Eizagirre et al. (2021), based on the permutation of images to minimize error. Additionally, we examined the potential publication or analytic bias, and we found no significant evidence of either of these issues.



2.4 Quality assessment

Quality assessment was performed using a 10-point checklist based on previous meta-analyses (Chen et al., 2015; Du et al., 2014; Shepherd et al., 2012; Ruiz-Torras et al., 2023) to evaluate the imaging-specific methodology, demographic and clinical aspects of the included studies. The quality assessment details are shown in Supplementary material. This checklist was not designed as an assessment tool; however, it provided an objective indication of the rigor of the individual studies included. One author reviewed the included articles and determined a rating for each one, another researcher evaluated the resulting scores, and a consensus quality assessment score was obtained. The quality scores for each study are presented in Table 1.



TABLE 1 Demographic characteristics of the participants in data included in this meta-analysis.
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3 Results


3.1 Studies included in the meta-analysis

Table 1 presents the data obtained from each study, detailing the mediator variables analyzed in each paper (sample size, percentage of males, mean age, and age range). Four studies focus on the FC of children aged 3 to 6 years, while only one study in this meta-analysis examines children and adolescents aged 8 to 18 years. The total sample size across all studies is 194 participants. Table 1 also provides fMRI characteristics, including resting time, which ranges from 7.6 to 8 min; one study, however, does not report the resting time. Additionally, the table includes information on the magnetic field strength (measured in Teslas) of the MRI machines used in each study. And finally, the score of the quality assessment. All studies in this meta-analysis have addressed FC using seed-based analysis. We have restricted this meta-analysis to a single strategy, seed-based fMRI, to control confounding variables that could introduce “noise” into the results and avoid comparing results obtained through different strategies.



3.2 Qualitative study

All the results from each article included in the meta-analysis have been analyzed. Table 2 lists the clusters, maximum and minimum peaks detected by the preprocessing for each study. Additionally, in the Cohen’s d column, the studies with a significant effect size, as well as the associated Z and p values, can be found (Albajes-Eizagirre et al., 2021). As it can be observed, out of the five studies included in the meta-analysis sample, only two have obtained a significant effect size. However, the main results of all five studies included in the sample will continue to be presented in order to enrich the results and findings.



TABLE 2 Peak coordinates obtained in the different studies included in the meta-analysis.
[image: Table2]

Figure 2 visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv/; Xia et al., 2013) displays the different positive and negative coordinates of the results from each article after preprocessing with SDM. The green node indicates the maximum peak, while the blue nodes represent the minimum peaks. It is also noteworthy that the nodes labelled as 3 and 4 represent studies with a significant effect size. The other effects present non-relevant statistical significance values and very low Cohen’s d values although we included them in the corresponding table and figure for a more exhaustive description.
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FIGURE 2
 Representation of the positive and negative peak coordinates obtained in the different studies included in the meta-analysis. Blue color represents the minimum peaks and green color represents the maximum peak. The size of every node is proportioned to the Cohen’s d calculated through the meta-analysis. (1) Dai et al. (2019), (2) Içer (2019), (3) Liuzzi et al. (2023), (4) Xiao et al. (2016a), (5) Xiao et al. (2016b).




3.3 Meta-analysis results

Figure 3 presents the forest plot of the studies, indicating the effect size and the 95% confidence interval (CI). As can be observed from the sample of five studies, only two show significant effects. The most significant negative effect size is −1.442, with a lower CI of −2.257 and an upper CI of −0.627 (Xiao et al., 2016a). Regularly, in the forest plot of a standard meta-analysis, the effect sizes of both significant and non-significant studies are added. However, in our meta-analysis, the studies cover different brain areas, consequently the meta-analytic process excludes certain information that we believe is relevant to explaining the effect of neurodevelopment. That is why in the following results, we will continue to present the details of the five studies in the sample.
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FIGURE 3
 Forest plot of the negative effect size. The effect size (Cohen’s d; blue circle) is shown with the 95% confidence interval.


In the meta-analysis, older participants exhibited activation in frontal areas compared to younger participants. Notably, there was decreased activation in the left superior frontal gyrus medial (SFG), specifically in Brodmann area (BA) 9. One cluster comprising 714 voxels was identified. The results of the principal meta-analysis are displayed in Table 3. In the second part of the table can be found the breakdown of the principal cluster.



TABLE 3 Major differences in activation between older participants and younger participants in this meta-analysis.
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The graphical representation of activated areas is shown in Figure 4. The size of each node is proportional to the number of voxels it represents; thus, larger nodes correspond to regions with a greater number of voxels and indicate larger areas. Notably, blue nodes represent the left SFG medial, yellow nodes denote the left anterior cingulate cortex (ACC)/paracingulate gyri (PaCG), and red nodes indicate the right ACC/ PaCG.

[image: Figure 4]

FIGURE 4
 Representation of the most significant coordinates that show activation in older participants compared with younger participants. The left superior frontal gyrus, medial, is shown in blue; the left anterior cingulate/paracingulate gyri is shown in yellow; the right anterior cingulate/paracingulate gyri is shown in red.


When performing the complementary analyses with the covariates –sample size, sex, mean age, and age range- no different results were found from those presented in the main meta-analysis. This allows us to infer that these variables only confirm the importance of frontal areas in the neurodevelopment of healthy children and adolescents. The data from the covariate analysis can be found in Supplementary Table S1.



3.4 Heterogeneity analysis

In examining the included studies in this meta-analysis, we found that the value of tau (τ) is <0.001, suggesting no heterogeneity in the estimated effect sizes. Additionally, the Q statistic has a value of 0.422, which does not provide significant evidence of heterogeneity. The degrees of freedom (df) are 1, related to the number of studies in the analysis. Finally, the p-value is 0.515, indicating no significant evidence of heterogeneity. In summary, based on these data, there appears to be no substantial heterogeneity among the analyzed studies.




4 Discussion

The present study integrates previous evidence about brain activity during development in childhood and adolescence measured with fMRI at rest. This article aims to systematize and analyze the current knowledge in this field by pooling rs-fMRI studies that compare different age groups, where age was analyzed as an element associated with connectivity at rest. The main finding is that seed-based connectivity involving the frontal and prefrontal regions was greater in older participants compared with younger ones, specifically in the left SFG medial and bilateral ACC/PaCG.

Frontal and prefrontal circuits are accountable for executive function (EF) and cognitive control (CC), which are often used as synonyms (Friedman and Robbins, 2021). EF is defined as the ability to flexibly select, maintain and act towards goal-oriented information, while suppressing irrelevant stimuli (Silvieira et al., 2021). Impaired EF is known to be a transdiagnostic feature of several mental disorders (McTeague et al., 2016) and it has been proven to predict psychopathology in children (Romer and Pizzagalli, 2021). Although EF begin to develop during childhood, its improvement and refinement continue through adolescence and even early adulthood (Luna et al., 2015). Hence, this period plays a crucial role in determining the trajectory toward either healthy or impaired neurocognitive development.

Research over the past decade has revealed ACC as a major neural hub for EF; specifically, attention control, error detection, reward and error prediction, response selection, and conflict monitoring (Vassena et al., 2017; Vassena et al., 2020). Also, Gennari et al. (2018) suggest that ACC/PaCG activity modulates attention and stimulus encoding in order to optimize performance. Evidence underlines the role of ACC in decision-making and flexible behavioral patterns: it drives pursuing more rewarding options, even when more effort is required, along with updating predictive models in changing contexts (Brown and Alexander, 2017; Monosov and Rushworth, 2022; Vassena et al., 2020). Altogether, this alludes to a more refined process of decision-making where ACC leads to effortful behavior as well as disengagement from less adaptative behaviors (Brown and Alexander, 2017). This might respond to the major need of humans to adapt their behavior to a rapidly changing environment requiring speed and flexibility to evaluate stimulus and feedback, in order to give an adequate behavioral response. These environmental demands greatly escalate during the early years, which may explain the peak activity of ACC observed in this meta-analysis. In addition, preparing for a cognitively effort-demanding task is linked to increased ACC activity, as described by Vassena et al. (2014). Our results seem consistent with this idea, since we observe higher activation within the ACC in the older youth compared to the younger ones and, presumably, more cognitively demanding tasks are expected to appear with age.

SFG has received limited research attention. This region has shown to be associated with cognitive functions such as working memory (Maconeavu et al., 2023; Rottschy et al., 2012), executive cognitive control (Maconeavu et al., 2023), and problem-solving and decision-making (Barretto-García et al., 2024). SFG activation has also shown to be implied in better ability to suppress intrusive thoughts, a trait of certain psychiatric disorders, including neuroticism, depression and attention-deficit/hyperactivity disorder (Lu et al., 2022).

A very relevant goal of research within the neurodevelopmental field is to identify the sensitive brain areas that indicate healthy and unhealthy development. Some emerging studies point to ACC and EF as one of the brain regions and cognitive functions, respectively, that influence the typical healthy development of children and adolescents. Silvieira et al. (2021) conclude that FC of the dorsal ACC (dACC) mediates the development of externalizing and internalizing psychopathology, in a group of 12–22 years old adolescents. They found that childhood adversity was negatively associated with activation of the dACC. Similarly, Maggioni et al. (2024) studied a sample of children and adolescents with emotional-behavioral problems, and they noticed a link between prenatal complications, grey matter volume reductions in the right SFG and ACC, and withdrawn problems.

Taken together, there is accumulated evidence that supports that the importance of frontal areas in development, specifically the SFG and ACC might be considered as key regions within the delicate developmental phase. However, given the limited and heterogeneous age range no general conclusions can be drawn about executive function, frontal activation or clinical implications from this work. Moreover, most studies to this date are based on already impaired children and use task-based fMRI. More studies are needed in the healthy population of children and adolescents from the paradigm of rs-fMRI.

The papers included were considered high-quality and we believe it is appropriate to promote the use of rs-fMRI to explain cognitive neurodevelopment and brain maturation. We are aware that the sample for this meta-analysis is very limited and this is due to two main reasons. One, the little evidence available in science nowadays regarding typical development studied with fMRI at rest. Traditionally, this approach of studying healthy maturation has been overshadowed by the research of the pathological brain. Hence, the current evidence in this matter is scarce. Two, with aims of preserving the methodological quality and offering reliable results, we established strict inclusion and exclusion criteria. This decision necessarily reduced the final sample for this work. Therefore, we acknowledge that it is currently optimistic to claim generalized conclusions, in view of the little evidence available. However, we believe that the conclusions derived from this meta-analysis reflect the reality of the current state of the art.

After the extensive literature review we have performed for this meta-analysis, we aim to provide useful indications to support future works based on rs-fMRI with children and adolescents.

First, it is acknowledged that reducing noise and head movement effects is a prominent concern in the field of fMRI, especially when working with pediatric populations, where there is an inverse relationship between head motion and age (Fassbender et al., 2017). Large head motion can lead to severe noise that results in useless recordings or inflates correlation between adjacent brain areas and disregards correlations between distant regions. In this regard, the recommendations by Bernal (2022), Ciric et al. (2017), and Greene et al. (2016) are a great guide for reducing the undesirable effects of high-movement populations such as children. To avoid these movement effects, training the children for staying in the resonator should be the first option. Children and adolescents can be anxious during unfamiliar and uncomfortable situations such as an fMRI scanner. It has been demonstrated that a training session in a fMRI mock scanner effectively suppresses head motion (Gao et al., 2023), improves patient compliance and reduces anxiety (Durston et al., 2009). Furthermore, a potentially useful approach that can be added to the mock scanner is promoting fantasy surrounding the task. Only one study in this meta-analysis, by Liuzzi et al. (2023) trained their children for the scanner. Once the recordings are obtained, there are several alternatives to correct head movement effects. One, discarding participants whose mean displacement values are above the 1.5-mm threshold of framewise displacement for 3-mm isotropic voxels, as suggested by Soares et al. (2016). Two, applying certain statistical adjustments. Scrubbing regression has emerged as an effective choice at removing spurious sources of activity in fMRI data. This method removes those repetition times exceeding 0.2 Jenkinson’s framewise displacement, according to Yan et al. (2013) and Power et al. (2012, 2013). Three, analyzing head movement as a nuisance covariate, as used by Cañete-Massé et al. (2023) in a delicate population like Down Syndrome. The innovative motion correction method developed by Steinbrenner et al. (2023) for pediatric epilepsy patients should also be considered for all pediatric population. All five studies included apply some type of motion artifact statistical correction, mainly framewise displacement, and covariation with head movement parameters from realignment.

A second recommendation is to include total brain volume as a covariate in rs-fMRI developmental studies. As it is known, brain structures grow in volume with age (Groeschel et al., 2010; Mills et al., 2016). This introduces a potential confounding factor of whether the increase in connectivity with age is due to the increase in volume. Therefore, we reiterate the control of total brain volume as a covariable in rs-fMRI developmental studies because it can have important perverse effects over brain measurements. Power et al. (2012) already recommended the inclusion of gray/white brain matter as a covariable to use in regression analysis of nuisance variables. Recently, some rs-fMRI studies have implemented it, such as and Chen et al. (2022) in young adults and Montalà-Flaquer et al. (2023) in healthy ageing. None of the papers in this meta-analysis register total brain volume and correlate it with the significant brain areas observed in their data.

A third point might be the lack of clarity when explaining the fMRI analysis strategy employed. The analysis of the rs-fMRI signal can be performed from several approaches, including seed-based, independent component analysis (ICA), amplitude of low-frequency fluctuations (ALFF) and fractional ALFF (fALFF), and graph theory. We observe that several papers do not explicitly mention the strategy they use, and it is for the reader to infer the one they are following, which affects the replicability of the investigation. In this work, we only included seed-based fMRI, as it is not generally recommended to mix results pooled from different analysis strategies.

Fourth, there is a lack of consensus on how the resting-state paradigm in fMRI should be applied. The different interpretations lead to some studies to use rs-fMRI while children are naturally asleep in the resonator (Dai et al., 2019; Xiao et al., 2016a,b), or awake (Içer, 2019), or movie-watching (Liuzzi et al., 2023), or even sedated. The challenge of using rs-fMRI with children and adolescents implies that applying the classic resting-state paradigm is sometimes troublesome–awake, with eyes opened and fixed on a cross symbol on the screen but refraining from thinking anything particular-. For this reason, other applications of rs-fMRI have arisen. Some authors argue that within-scanner sleep is a source of variance in network connectivity and suggest careful monitoring and correction if wakefulness is not possible (Soehner et al., 2019). Movie-watching inside the scanner reduces movement in high movers, however, the selection of the film must follow careful considerations not to cause uncontrolled noise. Vanderwal et al. (2015) propose a movie paradigm that was designed to provide enough stimulation to improve compliance related to motion and wakefulness while reducing cognitive load during data collection. Their movie proposal cause FC patterns that closely resemble awake rest, compared with conventional movies. As an exceptional resource, sedation might be required with children. Sedated rs-fMRI images should be interpreted with greater caution as it produces alterations: it globally disconnects low-level functional networks, while simultaneously increases within connectivity (Hassanzadeh et al., 2023; Wein et al., 2024). This lack of consensus challenge researchers to decide what approach of rs-fMRI they consider more suitable considering their study goals and their sample idiosyncrasy.

As a fifth point, we underline that the sample sizes are small. This is a recurring issue in studies working with children, but the sampling obstacles intensify in the neuroimaging field, thus reducing the reliability of findings. Task-based neuroimaging approaches entail more difficulties in children than resting-state paradigms; however, the small sample problem is evident in this work –sample sizes vary from 30 to 63 participants-.

Along the line of the last point, most developmental studies nowadays cover small age ranges, and hence, few developmental stages. This hinders obtaining useful results since they compare groups of age that are very close to one another. Except for Içer (2019), who covers 8–18 years old, the rest of the papers included work with very small periods of age: 3–5 years of age (Dai et al., 2019; Xiao et al., 2016a,b) and 4–6 years of age (Liuzzi et al., 2023). We advocate for studying broader periods of age, covering various stages of development, from early childhood to late adolescence.

Another challenge is the lack of consensus on the specific age ranges that define each developmental stage. This absence of agreement induces to mix adolescents and children in the same group, and therefore, this distorts the comparisons that we make, and the results obtained from them. There is a need for more clear segmentation of developmental stages and age groups, so that these do not depend on the researcher subjectivity or availability of participants.

As a final point, it is surprising that longitudinal rs-fMRI studies in youth are scarce. Longitudinal studies provide exceptionally important information as they track the changes that neural networks experience throughout the normal development. In this meta-analysis, only Liuzzi et al. (2023) follows a longitudinal perspective and it covered a short age range, yet. These short-ranged longitudinal studies do not exploit the full potential that the nature of these investigations has to unveil the expected neurodevelopment of youth in terms of brain complexity. From of our perspective, performing a cross-sectional evaluation instead of following the changes as in a longitudinal study seems almost a contradiction when the main goal of a developmental study is, precisely, to assess development. The work of Telzer et al. (2018) is a valuable resource for methodological considerations on developmental longitudinal fMRI research.

There are some limitations to this meta-analysis. The first key limitation is that, of the 3,889 studies that were initially identified, only five remained eligible for inclusion. This reflects the scarcity of studies tracking typical development with fMRI at rest. Second, and due to the limited data, none of the variables we considered as potential mediators showed a significant effect (sample size, sex, mean age and age range). Third, we acknowledge that only two of five included studies showed statistically significant effects. As such, these findings must be interpreted with caution and considered preliminary. Nonetheless, it is important to emphasize that one of the main strengths of meta-analytic approaches is precisely their capacity to identify consistent patterns across studies, even when individual studies do not reach statistical significance. Another point to take into account is the great age variability. The inclusion of studies with differing age splits, particularly the broader range in Içer (2019), introduces variability that may obscure non-linear patterns of brain maturation, limit direct comparisons and may reduce precision of developmental inferences. While our results suggest general age-related changes, we acknowledge that these may not reflect a linear progression and caution against overinterpreting them as such. Future longitudinal or multi-point cross-sectional studies are warranted to explore non-linear developmental trajectories. Fifth, we did not include studies that did not report the three-dimensional activation brain coordinates and/or studies that did not report the corresponding statistical contrasts associated with those coordinates. Thus, it is worth mentioning that the available studies allow us to draw some conclusions that need to be taken with caution. The validity of the findings should be further tested in larger samples.

Our work also has some strengths. To the best of our knowledge, this is the first meta-analytic study that approaches healthy neurodevelopment activation using a rs-fMRI approach. We must note that two independent researchers carried out a thorough search of the literature following the PRISMA guidelines. Finally, the fact that the final number of studies included is small responds to an accurate and rigorous process of selection of studies. Finally, the quality of the studies was assessed, and they were all judged high quality.



5 Conclusion

In summary, our results showed that seed-based connectivity involving the frontal lobe, in particular the left SFG medial and bilateral ACC/PaCG, was greater in older compared with younger participants. Ultimately, we suggest that measures of brain activation during resting-state may represent an index of brain maturation that allow us to track the underlying processes of healthy typical neurodevelopment. However, these observations are based on a small and heterogeneous sample. Therefore, while our study provides early insight into normative brain development in healthy children and adolescents, it does not support of clinical applications or generalizable conclusions at this stage. From a methodological perspective, we have identified key challenges in studying resting-state FC in pediatric populations and offered some notable points to guide future research in this field. We acknowledge that the number of studies included in this meta-analysis is relatively small, reflecting the scarcity of literature on heathy development using rs-fMRI. Despite these limitations, we believe the results in this meta-analysis provides valuable foundation for future research in this area, but we caution against extrapolating beyond the data presented. Methodologically this study serves as a foundation for future research indicating the importance of including larger sample sizes, more diverse participant groups, and longitudinal designs. Moreover, conducting multimodal meta-analyses or subgroup comparisons based on different fMRI strategies may prove beneficial. Therefore, we argue that the conclusions drawn from this meta-analysis hold certain substantial scientific relevance and hope to contribute to the ongoing discourse in the field. Although our results may offer a glimpse into typical brain maturation and they could potentially inform efforts to differentiate between typical and atypical developmental trajectories, further research, particularly involving clinical populations and symptom data, is needed to better understand their potential clinical relevance and how they might contribute to diagnostic practices or treatment strategies for neurodevelopmental disorders.



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.



Author contributions

MT-M: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Writing – original draft. RC-G: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Software, Writing – original draft. MP-C: Writing – review & editing. CC-M: Writing – review & editing. EV-G: Writing – review & editing. JG-O: Funding acquisition, Project administration, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was funded by Ministerio de Ciencia, Innovación y Universidades/Agencia Estatal de Investigación/10.13039/501100011033 and European Social Fund Plus (PRE2022-102574, Project CEX2021-001159-M-20-4), and the Agency for Management of University and Research Grants of the Catalan Government (2021SGR00366).



Acknowledgments

The authors would like to thank Ministerio de Ciencia, Innovación y Universidades/Agencia Estatal de Investigación, European Social Fund Plus, the Agency for Management of University and Research Grants of the Catalan Government, and Secretaria de Ciencia, Humanidades, Tecnología e Innovación.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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/fnins.2025.1576932/full#supplementary-material



References

 Albajes-Eizagirre, A., Solanes, A., Vieta, E., Salvador, R., Pomarol, E., and Radua, J. (2021). Voxel-based meta-analysis via permutation of subject images (PSI): theory and implementation for SDM. NeuroImage 186, 174–184. doi: 10.1016/j.Neuroimage.2021.117859

 Barretto-García, M., Grueschow, M., Moisa, M., Polania, R., and Ruff, C. C. (2024). Causal evidence for a domain-specific role of left superior frontal sulcus in human perceptual decision making. eLife. doi: 10.7554/eLife.94576.1

 Bernal, B. (2022). Practical aspects of functional magnetic resonance in children. J. Pediatr. Neurol. 20, 83–96. doi: 10.1055/s-0041-1733853

 Brown, J. W., and Alexander, W. H. (2017). Foraging value, risk avoidance, and multiple control signals: how the anterior cingulate cortex controls value-based decision-making. J. Cogn. Neurosci. 29, 1656–1673. doi: 10.1162/jocn_a_01140 

 Buckner, R. L., Krienen, F. M., and Yeo, B. T. (2013). Opportunities and limitations of intrinsic functional connectivity MRI. Nat. Neurosci. 16, 832–837. doi: 10.1038/nn.3423 

 Cañete-Massé, C., Carbó-Carrete, M., Peró-Cebollero, M., Cui, S. X., Yan, C. G., and Guàrdia-Olmos, J. (2023). Abnormal degree centrality and functional connectivity in down syndrome: a resting-state fMRI study. Int. J. Clin. Health Psychol. 23:100341. doi: 10.1016/j.ijchp.2022.100341 

 Cao, M., Huang, H., Peng, Y., Dong, Q., and He, Y. (2016). Toward developmental connectomics of the human brain. Front. Neuroanat. 10:25. doi: 10.3389/fnana.2016.00025 

 Chen, Y., Bukhari, Q., Lin, T. W., and Sejnowski, T. J. (2022). Functional connectivity of fMRI using differential covariance predicts structural connectivity and behavioral reaction times. Netw. Neurosci. 6, 614–633. doi: 10.1162/netn_a_00239 

 Chen, Z.-Q., Du, M.-Y., Zhao, Y.-J., Huang, X.-Q., Lui, S., Sun, H.-Q., et al. (2015). Voxel-wise meta-analyses of brain blood flow and local synchrony abnormalities in medication-free patients with major depressive disorder. J. Psychiatry Neurosci. 40, 401–411. doi: 10.1503/jpn.140119 

 Ciric, R., Wolf, D. H., Power, J. D., Roalf, D. R., Baum, G. L., Ruparel, K., et al. (2017). Benchmarking of participant-level confound regression strategies for the control of motion artifact in studies of functional connectivity. NeuroImage 154, 174–187. doi: 10.1016/j.neuroimage.2017.03.020 

 Cosío-Guirado, R., Tapia-Medina, M. G., Kaya, C., Peró-Cebollero, M., Villuendas-González, E. R., and Guàrdia-Olmos, J. (2024). A comprehensive systematic review of fMRI studies on brain connectivity in healthy children and adolescents: current insights and future directions. Dev. Cogn. Neurosci. 69:101438. doi: 10.1016/j.dcn.2024.101438 

 Dai, J., Li, C., and Zhai, H. (2019). Development of the functional connectivity of the frontoparietal mirror neuron network in preschool children: an investigation under resting state. J. Clin. Neurosci. 70, 214–220. doi: 10.1016/j.jocn.2019.07.070 

 Du, M., Liu, J., Chen, Z., Huang, X., Li, J., Kuang, W., et al. (2014). Brain grey matter volume alterations in late-life depression. J. Psychiatry Neurosci. 39, 397–406. doi: 10.1503/jpn.130275 

 Durston, S., Nederveen, H., Van Dijk, S., Van Belle, J., De Zeeuw, P., Langen, M., et al. (2009). Magnetic resonance simulation is effective in reducing anxiety related to magnetic resonance scanning in children. J. Am. Acad. Child Adolesc. Psychiatry 48, 206–207. doi: 10.1097/CHI.0b013e3181930673 

 Fassbender, C., Mukherjee, P., and Schweitzer, J. B. (2017). Minimizing noise in pediatric task-based functional MRI; adolescents with developmental disabilities and typical development. NeuroImage 149, 338–347. doi: 10.1016/j.neuroimage.2017.01.021 

 Friedman, N. P., and Robbins, T. W. (2021). The role of prefrontal cortex in cognitive control and executive function. Neuropsychopharmacology 47, 72–89. doi: 10.1038/s41386-021-01132-0 

 Gao, P., Wang, Y. S., Lu, Q. Y., Rong, M. J., Fan, X. R., Holmes, A. J., et al. (2023). Brief mock-scan training reduces head motion during real scanning for children: a growth curve study. Dev. Cogn. Neurosci. 61:101244. doi: 10.1016/j.dcn.2023.101244 

 Gennari, S. P., Millman, R. E., Hymers, M., and Mattys, S. L. (2018). Anterior paracingulate and cingulate cortex mediates the effects of cognitive load on speech sound discrimination. NeuroImage 178, 735–743. doi: 10.1016/j.neuroimage.2018.06.035 

 Greene, D. J., Black, K. J., and Schlaggar, B. L. (2016). Considerations for MRI study design and implementation in pediatric and clinical populations. Dev. Cogn. Neurosci. 18, 101–112. doi: 10.1016/j.dcn.2015.12.005 

 Groeschel, S., Vollmer, B., Kind, M. D., and Connelly, A. (2010). Developmental changes in cerebral grey and white matter volume from infancy to adulthood. Int. J. Dev. Neurosci. 28, 481–489. doi: 10.1016/j.ijdevneu.2010.06.004

 Hassanzadeh, E., Hornak, A., Hassanzadeh, M., Warfield, S. K., Pearl, P. L., Bolton, J., et al. (2023). Comparison of fMRI language laterality with and without sedation in pediatric epilepsy. Neuroimage Clin. 38:103448. doi: 10.1016/j.nicl.2023.103448 

 Içer, S. (2019). Functional connectivity differences in brain networks from childhood to youth. Int. J. Imaging Syst. Technol. 30, 75–91. doi: 10.1002/ima.22366

 Jolles, D. D., van Buchem, M. A., Crone, E. A., and Rombouts, S. A. (2011). A comprehensive study of whole-brain functional connectivity in children and young adults. Cereb. Cortex 21, 385–391. doi: 10.1093/cercor/bhq104 

 Kelly, A. M. C., Di Martino, A., Uddin, L. Q., Shehzad, Z., Gee, D. G., Reiss, P. T., et al. (2009). Development of anterior cingulate functional connectivity from late childhood to early adulthood. Cereb. Cortex 19, 640–657. doi: 10.1093/cercor/bhn117 

 Li, C. L., Deng, Y. J., He, Y. H., Zhai, H. C., and Jia, F. C. (2019). The development of brain functional connectivity networks revealed by resting-state functional magnetic resonance imaging. Neural Regen. Res. 14, 1419–1429. doi: 10.4103/1673-5374.253526 

 Liuzzi, M. T., Kryza-Lacombe, M., Christian, I. R., Owen, C., Redcay, E., Riggins, T., et al. (2023). Irritability in early to middle childhood: cross-sectional and longitudinal associations with resting state amygdala and ventral striatum connectivity. Dev. Cogn. Neurosci. 60:101206. doi: 10.1016/j.dcn.2023.101206 

 Lu, F. Y., Yang, W. J., Wei, D. T., Sun, J. Z., Zhang, Q. L., and Qiu, J. (2022). Superior frontal gyrus and middle temporal gyrus connectivity mediates the relationship between neuroticism and thought suppression. Brain Imaging Behav. 16, 1400–1409. doi: 10.1007/s11682-021-00599-1 

 Luna, B., Marek, S., Larsen, B., Tervo-Clemmens, B., and Chahal, R. (2015). An integrative model of the maturation of cognitive control. Annu. Rev. Neurosci. 38, 151–170. doi: 10.1146/annurev-neuro-071714-034054 

 Maconeavu, J., Petersen, J. Z., Fisher, P. M., Kessing, L. V., Knudsen, G. M., and Miskowiak, K. W. (2023). Associations between aberrant working memory-related neural activity and cognitive impairments in somatically healthy, remitted patients with mood disorders. Psychol. Med. 53, 7203–7213. doi: 10.1017/S0033291723000715

 Maggioni, E., Pigoni, A., Fontana, E., Delvecchio, G., Bonivento, C., Bianchi, V., et al. (2024). Right frontal cingulate cortex mediates the effect of prenatal complications on youth internalizing behaviors. Mol. Psychiatry 29, 2074–2083. doi: 10.1038/s41380-024-02475-y 

 McTeague, L. M., Goodkind, M. S., and Etkin, A. (2016). Transdiagnostic impairment of cognitive control in mental illness. J. Psychiatr. Res. 83, 37–46. doi: 10.1016/j.jpsychires.2016.08.001 

 Mills, K. L., Goddings, A. L., Herting, M. M., Meuwese, R., Blakemore, S. J., Crone, E. A., et al. (2016). Structural brain development between childhood and adulthood: convergence across four longitudinal samples. NeuroImage 141, 273–281. doi: 10.1016/j.neuroimage.2016.07.044 

 Monosov, I. E., and Rushworth, M. F. S. (2022). Interactions between ventrolateral prefrontal and anterior cingulate cortex during learning and behavioural change. Neuropsychopharmacology 47, 196–210. doi: 10.1038/s41386-021-01079-2 

 Montalà-Flaquer, M., Cañete-Massé, C., Vaqué-Alcázar, L., Bartrés-Faz, D., Peró-Cebollero, M., and Guàrdia-Olmos, J. (2023). Spontaneous brain activity in healthy aging: an overview through fluctuations and regional homogeneity. Front. Aging Neurosci. 14:1002811. doi: 10.3389/fnagi.2022.1002811 

 Müller, V. I., Cieslik, E. C., Laird, A. R., Fox, P. T., Radua, J., Mataix-Cols, D., et al. (2018). Ten simple rules for neuroimaging meta-analysis. Neurosci. Biobehav. Rev. 84, 151–161. doi: 10.1016/j.neubiorev.2017.11.012 

 Ouzzani, M., Hammady, H., Fedorowicz, Z., and Elmagarmid, A. (2016). Rayyan — a web and mobile app for systematic reviews. Syst. Rev. 5:210. doi: 10.1186/s13643-016-0384-4 

 Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D., et al. (2021). The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 372:n71. doi: 10.1136/bmj.n71

 Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., and Petersen, S. E. (2012). Spurious but systematic correlations in functional connectivity MRI networks arise from subject motion. NeuroImage 59, 2142–2154. doi: 10.1016/j.neuroimage.2011.10.018 

 Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., and Petersen, S. E. (2013). Steps toward optimizing motion artifact removal in functional connectivity MRI; a reply to carp. NeuroImage 76, 439–441. doi: 10.1016/j.neuroimage.2012.03.017 

 Radúa, J., and Mataix, D. (2012). Meta-analytic methods for neuroimaging data explained. Biol. Mood Anxiety Disord. 2:6. doi: 10.1186/2045-5380-2-6

 Razi, A., Seghier, M. L., Zhou, Y., McColgan, P., Zeidman, P., Park, H. J., et al. (2017). Large-scale DCMs for resting-state fMRI. Netw. Neurosci. 1, 222–241. doi: 10.1162/NETN_a_00015 

 Romer, A. L., and Pizzagalli, D. A. (2021). Is executive dysfunction a risk marker or consequence of psychopathology? A test of executive function as a prospective predictor and outcome of general psychopathology in the adolescent brain cognitive development study®. Dev. Cogn. Neurosci. 51:100994. doi: 10.1016/j.dcn.2021.100994 

 Rottschy, C., Langer, R., Dogan, I., Reetz, K., Laird, A. R., Schulz, J. B., et al. (2012). Modelling neural correlates of working memory: a coordinate-based meta-analysis. NeuroImage 60, 830–846. doi: 10.1016/j.neuroimage.2011.11.050

 Ruiz-Torras, S., Gudayol-Ferré, E., Fernández-Vázquez, O., Cañete-Massé, C., Peró-Cebollero, M., and Guàrdia-Olmos, J. (2023). Hypoconnectivity networks in schizophrenia patients: a voxel-wise meta-analysis of Rs-fMRI. Int. J. Clin. Health Psychol. 23:100395. doi: 10.1016/j.ijchp.2023.100395 

 Sato, J. R., Salum, G. A., Gadelha, A., Vieira, G., Zugman, A., Picon, F. A., et al. (2015). Decreased centrality of subcortical regions during the transition to adolescence: a functional connectivity study. NeuroImage 104, 44–51. doi: 10.1016/j.neuroimage.2014.09.063

 Shepardson, S., Dahlgren, K., and Hamann, S. (2023). Neural correlates of autobiographical memory retrieval: an SDM neuroimaging meta-analysis. Cortex 166, 59–79. doi: 10.1016/j.cortex.2023.05.006 

 Shepherd, A. M., Matheson, S. L., Laurens, K. R., Carr, V. J., and Green, M. J. (2012). Systematic meta-analysis of insula volume in schizophrenia. Biol. Psychiatry 72, 775–784. doi: 10.1016/j.biopsych.2012.04.020 

 Silvieira, S., Boney, S., Tapert, S. F., and Mishra, J. (2021). Developing functional network connectivity of the dorsal anterior cingulate cortex mediates externalizing psychopathology in adolescents with child neglect. Dev. Cogn. Neurosci. 49:100962. doi: 10.1016/j.dcn.2021.100962

 Soares, J. M., Magalhães, R., Moreira, P. S., Sousa, A., Ganz, E., Sampaio, A., et al. (2016). A hitchhiker’s guide to functional magnetic resonance imaging. Front. Neurosci. 10. doi: 10.3389/fnins.2016.00515 

 Soehner, A. M., Chase, H. W., Bertocci, M., Greenberg, T., Stiffler, R., Lockovich, J. C., et al. (2019). Unstable wakefulness during resting-state fMRI and its associations with network connectivity and affective psychopathology in young adults. J. Affect. Disord. 258, 125–132. doi: 10.1016/j.jad.2019.07.066

 Solmi, M., Radua, J., Olivola, M., Croce, E., Soardo, L., Salazar de Pablo, G., et al. (2022). Age at onset of mental disorders worldwide: large-scale meta-analysis of 192 epidemiological studies. Mol. Psychiatry 27, 281–295. doi: 10.1038/s41380-021-01161-7 

 Steinbrenner, M., McDowell, A., Centeno, M., Moeller, F., Perani, S., Lorio, S., et al. (2023). Camera-based prospective motion correction in pediatric epilepsy patients enables EEG-fMRI localization even in high-motion states. Brain Topogr. 36, 319–337. doi: 10.1007/s10548-023-00945-0 

 Telzer, E. H., McCormick, E. M., Peters, S., Cosme, D., Pfeifer, J. H., and Van Duijvenvoorde, A. C. K. (2018). Developmental cognitive neuroscience. Dev. Cogn. Neurosci. 33, 149–160. doi: 10.1016/j.dcn.2018.02.004

 Tian, Y., Xu, G., Zhang, J., Chen, K., and Liu, S. (2023). Nodal properties of the resting-state brain functional network in childhood and adolescence. J. Neuroimaging 33, 1015–1023. doi: 10.1111/jon.13155 

 Vanderwal, T., Kelly, C., Eilbott, J., Mayes, L. C., and Castellanos, F. X. (2015). Inscapes: A movie paradigm to improve compliance in functional magnetic resonance imaging. NeuroImage 122, 222–232. doi: 10.1016/j.neuroimage.2015.07.069 

 Vassena, E., Derave, J., and Alexander, W. H. (2020). Surprise, value and control in anterior cingulate cortex during speeded decision-making. Nat. Hum. Behav. 4, 412–422. doi: 10.1038/s41562-019-0801-5

 Vassena, E., Holroyd, C. B., and Alexander, W. H. (2017). Computational models of anterior cingulate cortex: at the crossroads between prediction and error. Front. Neurosci. 11:316. doi: 10.3389/fnins.2017.00316

 Vassena, E., Silvetti, M., Boehler, C. N., Achten, E., Fias, W., and Verguts, T. (2014). Overlapping neural systems represent cognitive effort and reward anticipation. PLoS One 9:e91008. doi: 10.1371/journal.pone.0091008 

 Wainberg, M., Jacobs, G. R., Voineskos, A. N., and Tripathy, S. J. (2022). Neurobiological, familial and genetic risk factors for dimensional psychopathology in the adolescent brain cognitive development study. Mol. Psychiatry 27, 2731–2741. doi: 10.1038/S41380-022-01522-W 

 Wein, S., Riebel, M., Seidel, P., Brunner, L. M., Wagner, V., Nothdurfter, C., et al. (2024). Local and global effects of sedation in resting-state fMRI: a randomized, placebo-controlled comparison between etifoxine and alprazolam. Neuropsychopharmacology 49, 1738–1748. doi: 10.1038/s41386-024-01884-5 

 Wierenga, L. M., Van den Heuven, M. P., Van Dijk, S., De Reus, M. A., and Durston, S. (2016). The development of brain network architecture. Hum. Brain Mapp. 37, 717–729. doi: 10.1002/hbm.23062

 Xia, M., Wang, J., and He, Y. (2013). BrainNet viewer: a network visualization tool for human brain connectomics. PLoS One 8:e68910. doi: 10.1371/journal.pone.0068910 

 Xiao, Y., Brauer, J., Lauckner, M., Zhai, H., Jia, F., Margulies, D. S., et al. (2016a). Development of the intrinsic language network in preschool children from ages 3 to 5 years. PLoS One 11:e0165802. doi: 10.1371/journal.pone.0165802 

 Xiao, Y., Zhai, H., Friederici, A. D., and Jia, F. (2016b). The development of the intrinsic functional connectivity of default network subsystems from age 3 to 5. Brain Imaging Behav. 10, 50–59. doi: 10.1007/s11682-015-9362-z 

 Yan, C. G., Cheung, B., Kelly, C., Colcombe, S., Craddock, R. C., Di Martino, A., et al. (2013). A comprehensive assessment of regional variation in the impact of head micromovements on functional connectomics. NeuroImage 76, 183–201. doi: 10.1016/j.neuroimage.2013.03.004


Copyright
 © 2025 Tapia Medina, Cosío-Guirado, Peró-Cebollero, Cañete-Massé, Villuendas-González and Guàrdia-Olmos. 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-19-1576932-t001.jpg
Daieta

Xiao ¢

Younger
group

Older
group

Age studied (mean, standard

deviation)
Younger Older Range

group group

35016 55016 35
854056 169074 818
444025 654030 4-6
3£0.16 55016 35
35016 55016 35

fMRI %
characteristics ~ Males

86T 50%
NR(3T) 45.3%
76" (3T) 48.9%

83T 50%

83T 47.2%

NR, not reported; IMRI characteristics include the minutes under resting-state and the number of Teslas of the scanner used; Quality score out of 10,

Analysis

Seed-based
Seed-based
Seed-based
Seed-based

Seed-based

Quality
score

95
95

85





OPS/images/fnins-19-1576932-t002.jpg
Cohen’s d

Coordinates MNI

X, Y. 2

Dai etal. (2019) -20,-72,22 Left superior occipital gyrus, BA 18 Min

Iger (2019) 0,-78,-34 Left cerebellum, crus Il Min

Liuzzi et al. (2023) -L18 ~18,-100,-10 Left inferior occipital gyrus, BA 18 ~4.099 <0.001 Min

Xiao etal. (2016a) —1442 ~46,12,-18 Left temporal pole, superior temporal gyrus, BA 38 ~3.467 <0.001 Max
-8,-30,2 Left thalamus Min

Xiao et al. (2016b) 50,14, -30 Right temporal pole, middle temporal gyrus, BA 38 Min

The table lists the clusters and peaks detected by the preprocessing for each study. The second column detal

the studies with a significant effect size. Max, maximum peak; Min, minimum peak.





OPS/images/fnins-19-1576932-g003.jpg
Liuzzi

Xiao, Brauer

25

REL

1216

2 a5 4 05 0





OPS/images/fnins-19-1576932-g004.jpg





OPS/images/fnins-19-1576932-t003.jpg
MNI coordinate
—6,46,36

Local peaks
—6,46,36

2,44,38

2,46,16

6,46,24

-4,42,20

2,42,26

~4,56,26

MNI, Montreal Neurological Institute; BA, Brodman area. The second part of the table corresponds to the breakdown of the cluster.

Z

-2914

~2914

-2.87
~2.707
~2.598
-2.574
-2522

-2317

0.009

0.009

0.009

0012

0015

0021

0015

0044

Voxels

714

109

73

89

87

89

174

27

Description

Left superior frontal gyrus, medial, BA 9

Left superior frontal gyrus, medial, BA 9

Left superior frontal gyrus, medial

Left anterior cingulate / paracingulate gyri, BA 32
Right anterior cingulate / paracingulate gyri, BA 32
Left anterior cingulate / paracingulate gyri, BA 32
Left superior frontal gyrus, medial, BA 32

Left superior frontal gyrus, medial, BA 10





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The clinical relevance of healthy neurodevelopmental connectivity in childhood and adolescence: a meta-analysis of resting-state fMRI



		1 Introduction



		2 Methods



		2.1 Literature search and selection criteria



		2.2 Data extraction



		2.3 Meta-analysis



		2.4 Quality assessment









		3 Results



		3.1 Studies included in the meta-analysis



		3.2 Qualitative study



		3.3 Meta-analysis results



		3.4 Heterogeneity analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnins-19-1576932-g001.jpg
Records identified through
database searching
(01/01/2013-01/03/2024)
(n=3889)

‘Web of Science (#=1790)
PubMed (#=1350)
Psyclnfo (1=749)

sereening
|  Duplicate records removed
through Rayyan (#=1980)

Records removed before

Records screened
(title/abstract)

(1=1909)

Reports excluded (#=1729)

Non-healthy, non-typically developing
subjects (1=966)

Prenatal exposure to drugs/alcohol (1=42)
Exceeding age range (1=215)

Task-based (#=54)

Wrong neuroimaging technique (1=43)
‘Non-human subjects (#=28)
Meta-analysis, reviews, thesis (1 =269)
Methodological studies (1=28)

Focus on socioeconomic impact on brain
signal (n=73)

“Text not available (n=11)

Full text articles assessed for
eligibility

Reports sought for retrieval
(n=5)

Studies included in this
‘meta-analysis

(n=5)

Full text articles not eligible for review
(n=175)

Non-healthy, non-typically developing
subjects (#=19)

Exceeding age range (1=10)

‘Task-based (#=2)

Incomplete rs-fMRI information (n=46)
Meta-analysis, reviews, thesis (2 =7)
Methodological studies (#=12)

Focus on socioeconomic impact on brain
signal (n=9)

Not English or Spanish language (=3)
Text not available (+=7)

Do not compare age groups (#=53)
Reports not retrieved (=7)






OPS/images/fnins-19-1576932-g002.jpg





OPS/images/cover.jpg
'frontiers Frontiers in Neuroscience

The clinical relevance of healthy
neurodevelopmental connectivity
in childhood and adolescence: a
meta-analysis of resting-state
fMRI












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neuroscience






