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Modern neuroscience agrees that neurological processing emerges from the multimodal interaction among multiple cortical and subcortical neuronal hubs, connected at short and long distance by white matter, to form a largely integrated and dynamic network, called the brain “connectome.” The final architecture of these circuits results from a complex, continuous, and highly protracted development process of several axonal pathways that constitute the anatomical substrate of neuronal interactions. Awareness of the network organization of the central nervous system is crucial not only to understand the basis of children’s neurological development, but also it may be of special interest to improve the quality of neurosurgical treatments of many pediatric diseases. Although there are a flourishing number of neuroimaging studies of the connectome, a comprehensive vision linking this research to neurosurgical practice is still lacking in the current pediatric literature. The goal of this review is to contribute to bridging this gap. In the first part, we summarize the main current knowledge concerning brain network maturation and its involvement in different aspects of normal neurocognitive development as well as in the pathophysiology of specific diseases. The final section is devoted to identifying possible implications of this knowledge in the neurosurgical field, especially in epilepsy and tumor surgery, and to discuss promising perspectives for future investigations.
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1 Introduction

Over the past few decades, modern neuroscientific research has advanced towards a more realistic comprehension of the anatomo-functional basis of brain processing (McIntosh, 2000; Bressler and Tognoli, 2006; Reijneveld et al., 2007; De Benedictis and Duffau, 2011; Sarubbo et al., 2015, 2020). As opposed to the classical localizationist model of a rigid anatomo-functional dependence between structure and function, growing evidence supports a more dynamic organization of the Central Nervous System (CNS), as a complex network consisting of highly distributed cortical neuronal hubs connected at short and long distance by widely integrated axonal sub-circuits, forming the so-called brain “connectome” (Collin and van den Heuvel, 2013; Sporns, 2013; Castellanos et al., 2014; Sporns, 2015). According to this framework, neurological function emerges from the multimodal, parallel, and often redundant interaction among multiple essential functional epicenters, regulated and modulated by other brain regions (De Benedictis and Duffau, 2011; Duffau, 2018; Herbet and Duffau, 2020; Duffau, 2021a,b).

The development of a human being undergoes a constant and irreversible process of biological, psychological, and emotional changes, highly dependent on genetic, nutritional, and environmental factors. This time is traditionally divided in two main epochs, including the prenatal and the postnatal stage. The postnatal stage involves 5 phases, including infancy (neonate and up to 1 year age), toddler (1–2 years of age), childhood [early childhood (3–8 years), middle childhood (9–11 years)], adolescence (12–8 years), and adulthood (Cameron and Bogin, 2023).

From the prenatal stage to adulthood, cerebral networks undergo intensive development and continuous rearrangement, allowing for maturation of whole functional processing (Dennis and Thompson, 2013; Koenis et al., 2015; Cao et al., 2016; Meoded et al., 2017).

This process is strictly dependent on the correct building of white matter (WM) pathways, which form the substrate of cerebral structural connectivity. In fact, a large variety of WM tracts are needed to ensure a fast, efficient, multidistance (intralobar or loco-regional, extralobar intra-hemispheric, inter-hemispheric and extra-hemispheric) and multidirectional (intergyral, horizontal, vertical) integration between cortical and subcortical regions (De Benedictis and Duffau, 2011; Sarubbo et al., 2015, 2020). On the other hand, many diseases, especially observed during the developmental stage, may reflect different alterations in WM architecture.

Moreover, as demonstrated in adults, awareness of the network organization of the CNS may also be of special interest for the neurosurgical treatment of many diseases, improving the quality of surgical results while minimizing the risks of long-term post-operative morbidity (De Benedictis and Duffau, 2011; Duffau, 2021a). Although there are a flourishing number of neuroimaging studies focused on different aspects of WM development, there is no comprehensive vision linking this research to pediatric neurosurgical applications in the current literature.

Following the framework recently adopted for the cerebellar domain (De Benedictis et al., 2022), the aim of this review is to summarize the main current evidence on maturation dynamics of the supratentorial structural connectivity, to outline the functional correlations reported in both normal and pathological conditions, and to discuss the possible implications of this knowledge in neurosurgical practice.



2 The developing connectome


2.1 General perspective


2.1.1 Exploring the developing connectome

The study of maturation dynamics, properties, and variabilities of the human structural brain network has seen impressive growth, thanks to continuous technological progress, data availability and methodological refinements. The earliest anatomical observations came from standard post-mortem studies on hematoxylin/eosin, Luxol fast blue, and immunohistochemical staining with the aim to assess chronological and topological myelination progression (Theodor, 1907; Flechsig, 1920; Yakovlev and Lecours, 1967; Brody et al., 1987; Kinney et al., 1988).

A revolutionary contribution to the exploration of WM anatomy came from Joseph Klingler (1888–1966), who in 1935 introduced an innovative method for the preparation of human specimens, allowing for the easier visualization and dissection of WM fascicles (Klinger, 1935; Agrawal et al., 2011; De Benedictis et al., 2018; Dziedzic et al., 2021). It is worth noting that, despite the initial dissemination and a currently renewed interest for this technique, almost no data has been collected on the application of Klingler dissection for the analysis of WM connections in the developing brain (Horgos et al., 2020). This is likely due to a lower feasibility of this technique, which is based on irreversible, progressively destructive, and macroscopic observation for the analysis of still highly fragile and immature WM structures.

The advent of non-invasive neuroimaging techniques, particularly MRI, made possible in vivo quantitative and qualitative characterization of the cerebral connectivity, opening the door to a new generation of exploration into connectome growth (Paus, 1998; Thompson et al., 2000; Paus et al., 2001; Dennis and Thompson, 2013; Dubois et al., 2014; Koenis et al., 2015; Mohammad and Nashaat, 2017; Lebel et al., 2019). In fact, as indicated by rapidly growing literature, consistent advancement has been achieved in both the application of established methods as well as in the development of new approaches to characterize the many aspects of cerebral connectivity, including the physiological spatio-temporal maturation process, the macro and microstructural properties of axons, the functional physiological and pathological developmental trajectories, and the influences of individual differences and external variables (Hermoye et al., 2006; Verhoeven et al., 2010; Deoni et al., 2012; Dean et al., 2015; Deshpande et al., 2015; Kulikova et al., 2015; Weiskopf et al., 2015; Zhao et al., 2015; Dubois et al., 2016; Krogsrud et al., 2016; Ouyang et al., 2017; Lebel and Deoni, 2018; Tamnes et al., 2018; Jin et al., 2019; Lebel et al., 2019).

Emerging research is now moving towards the development of other non-invasive methods beyond MRI, such as magnetoencephalography (MEG), electroencephalography (EEG), electrocardiography, near-infrared spectroscopy, cortico-cortical spectral responses, and cortico-cortical evoked potentials. As a result, modern “meta-connectomics” utilize these methods to produce a more exhaustive characterization of the developing brain network by integrating anatomical data (structural connectivity) with information on interneural interactions (functional connectivity), causal interdependencies (effective connectivity), directionality, and time, thereby creating a “6-dimensional connectivity” approach (Collin and van den Heuvel, 2013; Cao et al., 2016; Crossley et al., 2016; Sonoda et al., 2021).



2.1.2 The structural connectome maturation

The development of the human brain network is a complex, long-lasting, and dynamic process (Figure 1). It starts during the third trimester of gestation and continues during infancy and adolescence, under the coordination of a myriad of molecular and cellular processes, regulated by individual, genetic and environmental factors (Huang et al., 2006, 2015; Lebel and Deoni, 2018). Thanks to progressive technological advancement, neuroimaging is currently able to detail an in vivo, quantitative, multi-parametric characterization of the spatio-temporal maturation of different WM bundles (Collin and van den Heuvel, 2013; Dennis and Thompson, 2014; Kulikova et al., 2015; Govaert et al., 2020).
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FIGURE 1
 Summary of the key properties the brain structural network during the developmental process. (A) General time-line of mechanisms of WM maturation, including growth, pruning and myelination of axonal fibers during the pre-natal and post-natal periods. (B) Macroscopic developmental trends of the main brain MRI volumes (i.e., WM, gray matter, ventricles, subcortical area, cortical thickness, surface area, total cerebrum volume) across different stages of the human development. Circles and triangle indicate the peak rates of growth and volume for each trajectory, respectively (adapted from Bethlehem et al., 2022). (C) The micro-structural development is characterized by 3 main characteristics, including: (i) regional asynchrony, progressing from caudal to cranial, from posterior to anterior, and from the center to the periphery; (ii) maturation asynchrony of specific WM pathways, with commissural and projection connections developing earlier than association fibers, which progress into young adulthood; (iii) influence of different factors, such as sex and sex-related hormonal influences, side, and other environmental factors (e.g., prenatal alcohol exposure, anxiety, and depression, postnatal quality of caregiving, nutritional, and educational support) (Lebel and Deoni, 2018).


Neuronal differentiation begins 4 weeks after fertilization. Between gestational week (GW) 12 and 20, neurons rapidly proliferate and migrate to different cortical sites under the guide of glial cells (Song et al., 2017). Neuronal migration leads to progressive formation of the primordial “preplate” (PP). Subsequent migrating neurons forming the “cortical plate” will split the PP in an outer layer, the “marginal zone,” and in an inner layer, the “subplate” (Govaert et al., 2020). Neuronal migration is followed by a period of apoptosis (i.e., programmed cell death), resulting in a massive reduction in the number of neurons. After reaching their cortical destination and until the end of the second trimester (GW 20-27/32), maturation of axons and dendrites forms the “intermediate zone” beneath the subplate, allowing for the development of inter-neuronal afferent and efferent connections (Govaert et al., 2020). This step is followed by a phase of selective pruning of connections and suppression of redundant or aberrant circuits, called fasciculation. The architecture of neuronal circuits is modeled by this process of continuous synaptogenesis, axonal growth, and pruning, resulting in corticofugal, thalamocortical, and commissural networks (Dubois et al., 2014; Yeatman et al., 2014; Govaert et al., 2020).

Maturation of the myelin sheath begins around GW 29 (Brody et al., 1987; Kinney et al., 1988; Dubois et al., 2014). While most of these critical events occur and advance more rapidly throughout the first 2 to 5 years of life, myelination continues through adolescence and adulthood, and undergoes continuous refinements throughout the lifespan, reaching its peak in the 2nd or 3rd decade of life (Yakovlev and Lecours, 1967; Lebel and Deoni, 2018).

The myelination process follows an asynchronous course, macroscopically progressing along a posterior-to-anterior topographical sequence, while following a proximal-to-distal progression at the microscopical axonal level (Paus, 1998; Paus et al., 2001; Prastawa et al., 2010; Sotardi et al., 2021). Hemispheric asymmetry has also been described, with earlier WM maturation in the left hemisphere for the frontal, temporal, and parietal regions, and in the right hemisphere for the thalamus, basal ganglia, and hippocampus (Sotardi et al., 2021).

Concerning the developmental patterns of specific pathways, several anatomical and neuroradiological studies based on analysis of fractional anisotropy (FA) and mean diffusivity (MD) [i.e., some of the most adopted parameters of WM structure and myelination, as well as cortical plate maturity] showed that, in general, all tracts are characterized by significant nonlinear modifications with age (Lebel and Beaulieu, 2011; Dubois et al., 2014). Specifically, maturation of commissural and projection fibers occurs earliest, emerging in the fetal brain between GW 13 and 18, while association connections mature at later ages (GW 24–32), and continue maturing after birth (Brouwer et al., 2012; Genc et al., 2018).

Using a longitudinal approach, it has been shown that, while gray matter volume progressively decreases, the volume of most WM tracts (especially projection and callosal fibers) increases significantly to become mostly complete by late adolescence (Eluvathingal et al., 2007; Lebel and Beaulieu, 2011; Nevalainen et al., 2014; Chen et al., 2016; Stephens et al., 2020; Bethlehem et al., 2022).

In addition to long-range connections, short-range connections are characterized by running parallel to the cortical surface, having incomplete myelination until the third decade of life, and maturing earlier and inconstantly in respect to the long association and callosal fibers, with a decreased growth from 2 to 16 years followed by increasing from 16 to 25 years (Ouyang et al., 2017).

As a result, the general macroscopic architecture of the brain connectome appears completed by the end of normal gestation (GW 37-42), showing an adult-like organization even if functionally immature (Flechsig, 1920; Hermoye et al., 2006; Dubois et al., 2008; van den Heuvel et al., 2015; Horgos et al., 2020). WM myelination and development of long-range connections are also strongly related to normal cortical maturation (Friedrichs-Maeder et al., 2017).

The subsequent post-natal course allows for further complex sharpening of the intrinsic microstructural architecture of brain networks, particularly during the first 2 years, by increasing integration, robustness, and efficiency of neural circuits, while decreasing local clustering and modularity. These modifications will progressively shift the intrinsic network microstructure from a random state to a more organized and stable configuration, until reaching to the typical “small-world” topology (Fair et al., 2009; Hagmann et al., 2010; Mishra et al., 2013; Cao et al., 2016; Khundrakpam et al., 2016).

The WM maturation process during childhood and adolescence is characterized by exponential, asynchronous, side-specific and sex-related changes. From a regional perspective, the intralobar connections within the frontal, parietal, and occipital lobes decreased with age, compared to an increased fiber density in the temporal lobe (Dennis et al., 2013). In parallel, more densely interconnected hubs were found at the level of the postero-medial core, the temporo-parietal junction, and the fronto-mesial cortices (Cao et al., 2016). Linear effects of increasing clustering, global efficiency, small-worldness, and modularity were found in the left hemisphere, with an opposite trend for the right hemisphere (Dennis et al., 2013).

Investigation on gender-related differences in WM maturation showed that the microstructural development occurs earlier in females, while it is more protracted in males (Lebel and Beaulieu, 2011). Moreover, the microstructural differences concerning specific territories and tracts, the related hormonal influences, and the possible implications for neurocognitive maturation have also ben hypothesized. For example, an MRI study of healthy children and adolescents (6–17 years) showed a significant right > left asymmetry in the total cerebral volume and in the WM volume of the middle and superior frontal gyri, and an age-dependent left > right increase of the inferior frontal gyrus volume in boys, speculating an association between these differences, and language development and lateralization (Blanton et al., 2004; Buyanova and Arsalidou, 2021).

Concerning maturation of specific WM pathways, a general pronounced increase in fiber density and myelination was observed in all major fiber tracts during transition from childhood to adolescence. However, the developmental trajectories are not linear, since maturation of projection and commissural tracts were found to be completed by late adolescence (20 years), whereas fronto-temporal and fronto-occipital association connections (i.e., superior longitudinal fascicle (SLF), inferior longitudinal fascicle (ILF), inferior fronto-occipital fascicle (IFOF), uncinate fascicle (UF), cingulum) showed a more protracted maturation cycle into young adulthood (Lebel and Beaulieu, 2011; Khundrakpam et al., 2016; Buyanova and Arsalidou, 2021).

Emerging observations from anatomical, functional, genetic, and graph-theory studies are providing evidence of a genetic influence on the shaping of brain networks during adolescence, allowing for a certain degree of heritability of WM integrity (e.g., within the left frontal lobe, the callosal splenium, and the right inferior longitudinal fasciculus), and the global and local efficiency of information transfer. Finally, despite limited and often controversial data, the investigation on other possible factors influencing individual differences showed that positive environmental influences, such as breastfeeding and proper nutrition, support WM development differently from negative influences, including prenatal exposures or early deprivation (Lebel and Deoni, 2018).




2.2 Structural networks and neurocognitive maturation

The earliest neuroanatomical and neurophysiological studies showed that the myelination process marks a breakthrough in the development process of brain circuits, by increasing the velocity of electrical conduction that allows for progressively improving the efficiency of interneural inhibitory and executive interactions throughout infancy, childhood, and adolescence and into adulthood (Buyanova and Arsalidou, 2021). More recently, the combined application of neuroimaging technology and sophisticated computational modeling of structural brain topology provided adjunctive evidence on the fact that a child’s connectome maturation is associated with a growing capacity of the brain network to integrate and reinforce functional information between its different subparts (Dosenbach et al., 2007; Fair et al., 2009; van den Heuvel et al., 2015). Moreover, computation of probabilistic maps allows for further detection of possible correlations between regional microstructural development of WM tracts and neuro-cognitive properties, skills, and abilities beginning in the early infant lifetime (Akazawa et al., 2016; Ouyang et al., 2017).

As for structural maturation, neurocognitive development also follows an asynchronous, age-specific timeline, with basic functions (sensory-motor, visual, auditory) developing earlier in respect to higher cognitive and emotional properties (Nagy et al., 2004; Pujol et al., 2006; Dean et al., 2015; Dai et al., 2019). It is likely that these chronological differences reflect a hierarchical organization, in which more primitive, localized, and dependent pathways might stabilize processing at higher-level of functions that require more mature, distributed, and interconnected systems (Guillery, 2005; Huang et al., 2006; Dubois et al., 2008; Kulikova et al., 2015).

Moreover, the WM microstructural development appears to be an adaptive phenomenon, involving fiber tracts that connect brain areas associated with various cognitive, affective, and motor functions, and susceptible to environmental influences and changes induced by learning, intense activity, or new experiences.

Different possible mechanisms have been described, including activity-dependent (i.e., dependent on electrical activity of the axon and various molecular mediators released in response to electrical events) and activity-independent new myelination phenomena or myelin remodeling of already myelinated axons (Tau and Peterson, 2010; Zatorre et al., 2012; Fields, 2015; Lebel and Deoni, 2018; Bells et al., 2019; de Faria et al., 2019; Buyanova and Arsalidou, 2021).

In the following section, we will summarize the development of specific networks, namely the sensory-motor, auditory and visuo-spatial, language, and intellectual.


2.2.1 Sensory-motor network

The development of the sensory and motor systems begins between GW 12-18 and continues through the first 2 months of post-term life. Post-mortem studies in human infants showed that during the early preterm period (GW 26-34), thalamo-cortical axons grow from the subplate zone to the cortical plate and form a highly integrated system with cortico-thalamic connections, constituting the anatomical pathway for sensory impulses from the periphery to the cortex (Nevalainen et al., 2014). Maturation thalamo-cortical afferent projections first involves the internal capsule and the cerebral peduncles, and then progresses along an inferior–superior axis forming the corona radiata according to chronological order of the myelination process (Hermoye et al., 2006; Huang et al., 2006; Weinstein et al., 2014, 2016).

By GW 20, cortico-spinal motor projections sprout from the pyramidal corticospinal motor neurons, located in layer V of the sensorimotor area, and grow in a cortico-fugal direction to reach the alpha-motor neurons of the spinal cord and, to a lesser extent, to reach the striatum and brainstem nuclei (Eyre et al., 2000; Staudt, 2010). At the end of the embryonic period, the pyramidal tract reaches the level of the pyramidal decussation (GW 17) and proceeds towards the rest of the spinal cord, until lower thoracic cord (GW 19) and the lumbosacral cord (GW 29). Myelination of the pyramidal tract usually starts at the end of the second or the beginning of the third trimester and proceeds following a cranial-to-caudal direction, over a protracted period until 2-3 years of post-natal life (ten Donkelaar et al., 2004).

It has been demonstrated that myelination is an adaptive process, in which oligodendrocyte’s precursor cells would play a crucial role by modifying the structure of WM to improve motor learning and acquisition of new motor skills (McKenzie et al., 2014).

The following normal development is characterized by competition between ipsilateral and contralateral projections, with gradual weakening of ipsilateral fibers and strengthening of contralateral fibers (Eyre et al., 2001). The typical following post-term development is characterized by the emergence and disappearance of various patterns of motor sequences and regulation of the muscular tone, to provide a progressive adaptation to requirements of extra-uterine environment (Einspieler et al., 2008).



2.2.2 Auditory and visuo-spatial network

Maturation of auditory perception and discrimination precedes that of the visual perception system (Weinstein et al., 2014). At the beginning of third trimester of pregnancy (from GW 25-27), myelination starts from the cochlear outlet through the brainstem and progressively develops involving the trapezoid body, the lateral lemniscus, the brainstem commissures, and the axons running from the inferior colliculus to the medial geniculate body (Moore and Linthicum, 2007). This corresponds to the early appearance of certain motor and behavioral responses to sound, until maturation by term age of fine auditory discrimination between expected and unexpected sounds (Stipdonk et al., 2016).

At GW 33-34, the capacity to discriminate and show differential visual preference to appropriate temporal and spatial stimuli is already present (Dubowitz et al., 1980; Geva et al., 1999; Hunnius et al., 2008). The neuro-biological model of typical early development of visuo-spatial processing during the first year of life depends on a complex and integrated system, which links analysis of visual inputs to visuo-motor control, visual cognition, and attention. The volume of primary visual cortex reaches an adult size by the age of 4 months, while synaptic density reaches adult levels after the age of 5 years (Huttenlocher et al., 1982). Although myelination of the optic radiation (OR) is completed by the age of 3 years, its microstructure maturation continues until adolescence (Kinney et al., 1988; Dayan et al., 2015).

The networks involve neurons of the striate cortex in the occipital lobe specialized to extract local visual information, and a series of extra-striate areas within the lateral occipital, temporal, parietal, and frontal lobes. These regions are integrated by two systems: (a) a ventral pathway, involving the ILF, specialized for recognizing shapes and objects, including human faces and colors; and (b) a dorsal pathway, involving the SLF and the arcuate fasciculus (AF) within the right non-dominant hemisphere, which encodes for spatial and motion information needed for visually guided actions (Atkinson and Braddick, 2020).

The progressive maturation of these circuits allows for development of specific functions, including cortical selectivity, integration of local signals to provide global representations of motion, shape and space, development of visuo-motor modules for eye movements, manual reaching, and locomotion, and development of distinct attentional systems (Geva et al., 1999; Hunnius et al., 2008; Harel et al., 2011).



2.2.3 Language network

The anatomo-functional organization of language is one of the most debated neuroscientific topics over the last two centuries. Recent advances in functional neuroimaging techniques and intraoperative electrical mapping have allowed our understanding to move past the traditional localizationist framework (i.e., Broca’s area = language production; Wernicke’s area = language comprehension), in favor of a more dynamic interplay between large-scale cortico-subcortical sub-networks (David et al., 2011; Friederici et al., 2011; Duffau et al., 2014; Sarubbo et al., 2016; Duffau, 2018; Debenedictis et al., 2021). Currently, the most accepted model describes a dual route system, in which input information is processed and transmitted from temporo-parieto-occipital regions to frontal output articulatory motor programs through a dorsal phonological and syntactic stream and a ventral semantic pathway, all under the strict executive control of “amodal” deeper circuits (Duffau et al., 2014; Skeide and Friederici, 2016).

According to this view, maturation of language abilities is strictly related to development of a complex cortical and subcortical network (Brauer et al., 2011; Rosselli et al., 2014; Skeide and Friederici, 2016). It was demonstrated that, at the earliest period of language acquisition when infants begin to vocalize (6 to 22 weeks of life), the macroscopic organization of WM pathways is analogous to adults in terms of axonal microstructure and fiber trajectories (Dubois et al., 2016).

On the other hand, children’s network organization differs from that of adults in two main aspects. First, it has been shown that normal processing of auditory, phonemic, and prosodic inputs in newborns depends on bilateral involvement of frontal and temporal cortices. This is due to a stronger inter-hemispheric connectivity in newborns than in adults of, mainly due to the corpus callosum (CC), which develops by 12 weeks of post-natal age (Feng et al., 2019). Callosal connections are responsible for coordination and integration between the two hemispheres. By the age of 2 years callosal connections contribute to inter-hemispheric functional lateralization, leading to dominance of the left hemisphere for segmental information (phonemes, syllables, morphemes, and words) and dominance of the right hemisphere for prosodic processing (Perani et al., 2011).

Second, there are more local sensorimotor, auditory, and visual networks than distributed long-range networks observed in children than are observed in adults. Subsequent language acquisition depends on the progressive development of intra-hemispheric association connections, which starts from the 13th postnatal week (Dubois et al., 2014). The dorsal and ventral pathways are already clearly segregated at the early developmental stage and constitute the anatomical foundation for an efficient interaction between posterior and anterior brain regions. As for phylogenetic development, maturation of ventral and dorsal streams is asynchronous, with ventral tracts (i.e., IFOF and ILF) already present at birth, while dorsal bundles (i.e., AF and SLF) mature later. This maturation gap is overcome during the first weeks of post-term life (Friederici et al., 2011; Dubois et al., 2016).

Moreover, two different maturation patterns have been identified for the dorsal stream. Fibers terminating in the pre-motor cortex appear during newborn infancy and are involved in the early phase of auditory-motor integration during language learning in infancy (Friederici, 2012). On the other side, fibers reaching the dorsal inferior frontal gyrus, develop at age of 7 years and are involved in more complex linguistic aspects (Perani et al., 2011; Brauer et al., 2013; Mohades et al., 2015; Wilkinson et al., 2017).

An interesting approach is the analysis of structural covariance, describing the phenomenon that gray matter properties and axonal connectivity of one brain area may co-vary with those of other distributed cortical regions (Geng et al., 2017). The resulting functional interaction between regions depends on a combination of factors including mutually trophic influences, age, shared experience, and behavior related plasticity. Concerning language, the structural covariance of cortical thickness between the left frontal and the left temporal regions was shown to be positively related to sentence comprehension abilities in preschool children, whereas a stronger association between the gray matter structural covariance and the WM connectivity of the same homologous regions, was found in adults in relation to syntactic abilities (Qi et al., 2019).

Finally, an innovative approach based on a multi-connectivity analysis (“6-dimensional tractography”) has been recently reported to investigate properties and trajectories of effective connectivity of language networks in the developing brain, by integrating and visualizing into a single model disparate information about network structure, functional interactions, strength, causal relationships, directionality, and time. Using this approach, based on the evaluation of the cortico-cortical responses during electrocorticography recording in more than 2000 temporal and extratemporal sites, a more robust connectivity between the temporal lobe and extratemporal regions during the response preparation period compared to listening and overt response, was found in older subjects, with a preferential quantitative involvement of the AF according to a temporal-to-extratemporal direction (Sonoda et al., 2021).



2.2.4 Intellectual abilities networks

Several studies assessing the impact of WM properties on higher intellectual processing in children demonstrated significant correlations between WM development and inter-network integration for a large range of abilities, including cognitive, affective, motivational, social behavior, visual–spatial reasoning, sensorimotor integration, spatial problem activities, response inhibition, executive function, response time variability, working memory, mathematical performance and reasoning, mnemonic control, letter-number sequencing, and sustained attention (Parks and Madden, 2013; Deoni et al., 2016; Wendelken et al., 2017; Tamnes et al., 2018; Girault et al., 2019; Goddings et al., 2021).

Development of intellectual performance progresses according to an age-dependent process of microstructural maturation and myelination of association and projection pathways, which sustain the cortical and brainstem integration across childhood and adolescence into adulthood. Interaction between biological mechanisms and experiential learning leads to progressively configure different specialization patterns, to improve reaction time, and to increase the transfer efficiency of local information throughout the different hubs of the network (Peters et al., 2014; Kim et al., 2016; Buyanova and Arsalidou, 2021).

Maturation of critical cognitive functions is associated with a region-specific increase of axonal volume and myelination of several WM tracts [such as the SLF, the IFOF, the ILF, the cingulum and the corpus callosum (CC)] (Peters et al., 2014). For example, auditory working memory processing will be sustained by a network involving the parietal cortical areas, the left superior and posterior corona radiata, and the body of the CC. Executive functions will develop according to maturation of fronto-parietal networks. Maintenance of visuospatial attention will be associated with myelination of the right optic radiation, the right posterior thalamus, and the right medial precuneus. Myelination of the left superior corona radiata and the left ILF will correlate to numerical operations and mathematical reasoning. Maturation of CC will mediate the interhemispheric signal transduction, especially between the right parietal cortex to the left inferior parietal cortex, for both inhibitory control and executive functions at the base of object recognition processing (Buyanova and Arsalidou, 2021).

It is worth noting that a direct involvement of age was not constantly demonstrated. For example, for reading and working memory, analysis of diffusion maps revealed that a significant correlation between WM and FA for left inferior frontal, left occipito-temporal, and CC clusters remained even after removing the effect of age. This indicates that efficiency of neurocognitive development might depend not only on factors related to maturation, such as myelination or axonal diameter growth, but also on the quality of fiber organization within the network (Nagy et al., 2004).





3 Developing network and pathology

The modern network-based approach to the anatomo-functional organization of the CNS is corroborating the hypothesis that several disorders may depend on deviation from normal configuration of brain networks towards pathological patterns (Alstott et al., 2009; Collin and van den Heuvel, 2013). This is especially true for younger subjects, who are more vulnerable, due to low number, robustness, and stability of brain connections (Huang et al., 2006, 2015). In fact, a large spectrum of pathological processes involving the WM, such as genetic, demyelinating, infectious, inflammatory, toxic, metabolic, vascular, traumatic, malformation, and neoplastic diseases are reported in childhood (Habes et al., 2022). The neurological consequences may depend on the specific WM tracts involved (Figures 2, 3), but also on possible repercussions on the whole CNS architecture (Aralasmak et al., 2006; Sharp et al., 2014).
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FIGURE 2
 Schematic representation of the normal and pathological trajectories of the main WM pathways (part 1). For each tract, the longitudinal age-related changes of fractional anisotropy (modified from Lebel and Beaulieu, 2011) (left) and the possible pathological manifestations (right) are shown (Aralasmak et al., 2006).
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FIGURE 3
 Schematic representation of the normal and pathological trajectories of the main WM pathways (part 2). For each tract, the longitudinal age-related changes of fractional anisotropy (modified from Lebel and Beaulieu, 2011) (left) and the possible pathological manifestations (right) are shown (Aralasmak et al., 2006).


The mechanisms leading to post-lesion plastic reorganization depend on the different possible complexities of brain circuit configuration. In fact, motor and sensory systems are more primitive, have a more localized topography, and have relatively few WM pathways. Contrastingly, cognitive systems develop later and continue to evolve long after birth. Moreover, these systems are more distributed and interconnected, potentially permitting a more extensive intra-hemispheric and inter-hemispheric reorganization (Anderson et al., 2011; Stiles et al., 2015). For this reason, there is increasing interest in adopting connectomic biomarkers for predicting neurodevelopmental outcomes in infants with pre-natal or perinatal diseases (Girault et al., 2019).

In the following section the main aspects affecting the impact of specific pathological situations on WM architecture will be summarized. According to the aim of this review, we will focus on the diseases with the most neurosurgical interest.


3.1 Stroke

Cerebro-vascular events may produce different neurological deficits, related to the size, topography, and timing of the ischemic lesion. In general, focal ischemic lesions primarily affect circumscribed brain regions and fiber tracts resulting in acute neurological deficits. At a later stage, apoptosis, inflammation, neurodegeneration, and diaschisis phenomena can also affect remote areas of the brain, resulting in a more widespread secondary perturbation of more widely distributed networks, even in the non-ischemic hemisphere (Thiel and Vahdat, 2015).

In preterm infants (20 week of gestation – 28th day of postnatal life), one of the most frequent cause of focal stroke is intraventricular hemorrhage (IVH). This condition, resulting from hemorrhage, infarction, and/or edema, may cause direct disruptions of the periventricular WM, causing to axonal loss and poor myelination. The most affected tracts are the optic radiations, the cingulum, the anterior limb of the internal capsule, the fornix, the SLF, the ILF, the IFOF, and the CC. The entity of WM alterations has been found to be directly correlated with gestational age at birth, and severity of IVH has been found (Kirton et al., 2021; Triplett and Smyser, 2022).

These factors reflect impairment at stroke onset, but are also correlated with potential clinical recovery, depending on specific mechanisms of post-lesional reorganization of the afferent and efferent pathways involved. Four main phases characterize the brain repair processes, including cellular lysis and inflammation, diaschisis, secondary death, expansion, and focalization. These phenomena, promoted by learning or relearning allow for synaptic inputs regulated by hyper- and hypo-excitability, modification, and redistribution of synaptic strength, allowing for development of interneural connections and synchronization or inhibition of aberrant non-functional circuits (Loubinoux et al., 2017).

Concerning the sensory-motor system, lesions involving any part of the cortico-spinal tract (CST), namely at the level of the cortex, the basal ganglia, and the posterior limb of the internal capsule, almost are always predictive of a motor deficit after stroke (Husson et al., 2010). In the early stage of normal development, CST projections to the spinal cord are bilateral. The following maturation process consists in activity-dependent or trophic-like interactions between the two halves of the CST, according to four key-mechanisms, including synaptic competition between the CSTs from each hemisphere, interactions between the CST and spinal cord neurons, synaptic competition between the CST and proprioceptive sensory fibers, and interactions between the developing corticospinal motor system and the rubrospinal tract.

The transient existence of ipsilateral corticospinal projections followed by preferential contralateral and unilateral evolution of fibers provides the base for both normal motor development and post-lesional reorganization. For this reason, consistent relationships between alterations in the WM connectome of the non-lesioned hemisphere and clinical function were demonstrated (Williams et al., 2017).

Recent studies, based on the reconstruction of structural connectivity by tractography, combined with mathematical models using graph theory approach, allowed to elucidate the atypical connectivity of the non-lesioned hemisphere, the correlation with motor disability, and the potential neuroplastic reorganization of these areas after perinatal stroke (Yu et al., 2018; Craig et al., 2020, 2022).

In particular, using transcranial magnetic stimulation and diffusion tensor imaging (DTI), three patterns of motor reorganization have been identified in a series of both pediatric and adult patients, including (i) ipsilateral control of the impaired hand by the intact hemisphere, by persistent ipsilateral CST projections, (ii) involvement of the contralateral CST by the damaged hemisphere, and (iii) combined ipsilateral and contralateral CST control of the impaired hand. The type of reorganization of the CST depends on several factors including the type and timing of the injury, the size and location of lesion, and the plasticity potential of the CST itself (Staudt et al., 2002, 2004). At a microscopic level, the site of primary lesion is characterized by the higher degree of altered myelination with progressive normalization towards remote ipsilesional and contralesional regions (Mackay et al., 2023).

Therefore, the gravity of post-stroke motor and other neurological deficits often correlates with the lesion size, and especially during the early third trimester, with involvement of the medial periventricular WM, where cortico-spinal motor pathways run from the primary motor cortex to the internal capsule (Dinomais et al., 2015; Stiles et al., 2015). Moreover, if a prenatal or perinatal arterial ischemic stroke occurs unilaterally before or during the time of synaptogenesis of corticospinal motor projections (up to the age of 2 years), the ipsilateral fibers from the hemisphere contralateral to the lesion persist into maturity and replace the activity of damaged projections (Staudt et al., 2002, 2004; Staudt et al., 2008; Staudt, 2010).

The clinical entity of an ischemic involving the somato-sensory system event mainly depends on the corresponding development stage of afferent projections to the postcentral cortex. If a periventricular lesion occurs before the normal maturation of the thalamo-cortical connections (i.e., third trimester of pregnancy), the thalamo-cortical somatosensory projections can bypass the lesion site to reach anyway the cortical destination (Staudt et al., 2008). Contrasting the motor system, it has been demonstrated that reorganization of sensory afferents lacks cortical plasticity and tends to remain contralateral regardless of the time of the injury, without shifting from the damaged to undamaged hemisphere (Staudt et al., 2008).

Concerning language, early neonatal stroke has a higher potential of anatomo-functional reorganization due to a more flexible language network in comparison with lesions acquired in a highly specialized functional network during adulthood (Staudt et al., 2001, 2002; François et al., 2019). In fact, the analysis of functional and structural connectivity in pre-school children with left perinatal arterial ischemic stroke indicates that lesions of the left dorsal pathway and the associated perisylvian regions may induce the degeneration of neurons projecting from temporal to frontal areas while triggering the interhemispheric transfer of language functions to right homologous regions, allowing for positive language outcomes (François et al., 2019).

However, despite the high plastic potential of infant brain, it seems that an early injury to the left dorsal language cannot be compensated by the ventral stream and that, in case of absence of interhemispheric transfer, long lasting speech repetition problems, like conduction aphasia seen in adults, may persist (Northam et al., 2018).

Finally, evaluation of the impact of age (1 month and 5 years of age, and between 6 and 16 years of age) at time of stroke on higher neurocognitive abilities in children with a history of unilateral stroke during the perinatal period, revealed that, although earlier age at stroke was associated with weaker cognitive performance overall, the relationship between age at injury and cognitive outcome is non-linear and modulated by other variables such as the specific cognitive skill, lesion type, and lesion location. Strokes involving subcortical structures were found to be most detrimental to intellectual ability and information processing skills when occurring during the prenatal or early perinatal period (before the age of 28 days), probably because the higher vulnerability of early developing networks that ins associated with a less efficient compensation during maturation of higher-level and later-developing cognitive skills (Chapman et al., 2003; Westmacott et al., 2010).



3.2 Trauma

Traumatic brain injury (TBI) is an important cause of death and disability in the pediatric population (Königs et al., 2017). Growing evidence supports the role of diffusion MRI (dMRI) as a sensitive diagnostic tool to characterize different patterns of WM alterations in patients with TBI (Imms et al., 2019).

The acute post-traumatic phase is characterized by increasing of FA and decreasing of MD, likely reflecting oedema and inflammation, with a reversing trend during the sub-acute and chronic phases of TBI, probably due to wallerian degeneration, or to a slower rate of myelin development (Barzó et al., 1997; Marmarou et al., 2006; Wilde et al., 2012; Yallampalli et al., 2013). However, these measures can be quite heterogeneous across TBI patients, depending on type, location, and severity of the injury, pre-existing conditions, home support, and other factors (Dennis et al., 2015). A direct correlation between the Glasgow coma scale and WM integrity was also debated with discrepant result across different groups (Yuan et al., 2007; Dennis et al., 2015).

Several authors have analyzed the post-TBI WM damage by both focusing on different brain regions and specific WM tracts (Xu et al., 2007; Bendlin et al., 2008; Wu et al., 2011; Pal et al., 2012; Wilde et al., 2012; Bartnik-Olson et al., 2021).

In pediatric subjects, neurocognitive and behavior impairments would depend on post-traumatic widespread axonal damage within the developing brain of both animal model and human subjects (Babikian and Asarnow, 2009; Li and Liu, 2013; Königs et al., 2017). Different patterns of abnormal connectivity have been found in children older than 7 years, depending on the post-traumatic temporal interval in children following moderate/severe TBI. Post-acutely (1-5 months post-injury), less significant differences have been detected between TBI patients and controls. In the chronic phase of recovery (13-19 months post-injury), more significant consequences were found in the structural connectome, including increased path length, indicative of reduced structural integration with poorer neurocognitive outcome, especially in intelligence and working memory domain (Dennis et al., 2015; Königs et al., 2017).

Despite a considerable amount of inter-subject heterogeneity, the body, genu, and splenium of the CC, the IFOF, the ILF, the anterior thalamic radiation, the fronto-striatal circuit, and the cingulum were the most reported structures involved (Wu et al., 2011; Dennis et al., 2015; Königs et al., 2017). Consequently, TBI may produce a “disconnection syndrome,” where symptoms would depend on an altered local and global connectivity, so that a damage occurring within one area may also involve other distant but connected brain regions, according to the diaschisis phenomenon (Feeney and Baron, 1986).

More recently, application of graph theoretical analysis to TBI revealed that normalized clustering coefficient and characteristic path length can be adopted to characterize the post-traumatic shift from a normal network configuration and to predict consequent functional alterations (Park and Friston, 1979; Babikian and Asarnow, 2009; Li and Liu, 2013; Sharp et al., 2014; Yuan et al., 2015). According to this approach, a poorer post-TBI neurocognitive outcome has been demonstrated especially in chronic TBI patients of all severity types, and in acute mild TBI patients with persistent symptoms (Kraus et al., 2007; Kinnunen et al., 2011).

Quantification of network structural connectivity based on graph theory and DTI tractography has emerged as a promising tool to investigate also the post-traumatic modifications of structural connectivity, in response to cognitive training and intervention, and to characterize the association between these changes and neurobehavioral outcomes in children after the initial injury (e.g., improvements in verbal working memory associated with a decreased MD in the left SLF) (Caeyenberghs et al., 2012; Li et al., 2014; Yuan et al., 2017; Imms et al., 2019; Verhelst et al., 2019). On the other side, as demonstrated by animal DTI and histopathological studies, post-injury rearrangement of cerebral connectivity may determine maladaptive effects on neural processing at the basis of long-term physical, cognitive, psychological, and emotional impairments, and adversely influence the recovery and rehabilitation process in survivors of pediatric TBI (Li et al., 2014).



3.3 Hydrocephalus

Hydrocephalus is a very common disease in childhood. Despite different possible etiologies and still debated pathophysiological mechanisms, hydrocephalus depends on imbalances between production and absorption of the CSF, with consequent enlargement of the cerebral ventricles and increasing of intracranial pressure (Williams et al., 2015; Isaacs et al., 2019). Even more advanced diffusion MR imaging techniques have allowed researchers to assess the integrity of periventricular WM, and to correlate the microstructural effects related to hydrocephalus with neurodevelopmental outcomes. D-MRI alterations have been demonstrated also in asymptomatic chronic or mild hydrocephalus cases, and in patients without ventricular dilatation, supporting the concept that dMRI may be a sensitive measure of WM injury, independently from clinical symptoms of increased intracranial pressure and ventricular sizes (Isaacs et al., 2019). Findings in animal models and in humans have demonstrated that pathological ventricular expansion produces different types of brain injury, including gradual degradation and demyelination of periventricular WM, as well as hypoxic insults to oligodendrocytes due to post-compression reduction of cerebral blood flow (Khan et al., 2006; del Bigio, 2010; Olopade et al., 2012).

In specific situations, such as post-hemorrhagic hydrocephalus, there is also evidence that intraventricular hemorrhage induces a secondary WM injury through iron-mediated free radicals and hypoxanthine-derived oxidative damage (Cherian et al., 2004; Isaacs et al., 2019). The most vulnerable structures to these effects are the CC, the internal capsule, the fornix, as well as the periventricular projection axons, leading to neuromotor and cognitive developmental deficits seen in children (Isaacs et al., 2019).

Studies demonstrated that hydrocephalus-related WM impairments may be reversed by shunt surgery and that WM fibers that undergo axonal damage may have a worse and slower recovery following treatment than those that undergo altered or delayed myelination (Air et al., 2010; Isaacs et al., 2019). Consequently, diffusion parameters have been suggested as suitable biomarkers for evaluating renormalization of WM tracts, in parallel with the reduction in ventricular size, during the long-term follow-up after CSF shunting or revision surgery and to correlate these data with the clinical outcome and quality of life (Tan et al., 2018).

More recently, analysis of the correlation between executive function impairments at school age (6-10 years) in children with infantile HCP and brain network structural and functional connectivity revealed patterns of both hypo-connectivity and hyper-connectivity, especially between the ventral attention network and fronto-parietal and dorsal attention networks, between the limbic and fronto-parietal network. These alterations might reflect not only the long-term interactions between evolving large-scale networks, but also would also represent compensatory effects within areas of the same networks in response to white matter damage after HCP (Adam et al., 2022).



3.4 Epilepsy

Epilepsy is one of the most common diseases occurring during childhood, with a wide spectrum of possible etiologies, seizure semiologies, electrophysiological patterns, and neuroradiological features (Minardi et al., 2019). Growing evidence is now overcoming the traditional concept of a region-specific origin of epilepsy, while supporting the implication of an altered anatomo-functional organization of neural circuits, that is an epileptogenic network formation, in which seizures would generate and propagate (Chavez et al., 2010; Zhang et al., 2011; Richardson, 2012; Engel et al., 2013; Taylor et al., 2014; Xue et al., 2014; de Palma et al., 2020). Studies based on brain diffusion demonstrated that childhood epilepsy may be associated and induce several types of developmental WM abnormalities, including disruption of axonal integrity, alteration of fiber organization and density, myelin abnormalities, and delayed maturation, with a consequent disconnection among different brain regions that leads in turn to further disruption of cortical and subcortical connectivity (Hutchinson et al., 2010; Widjaja et al., 2013; Ciumas et al., 2014).

A relationship between epilepsy onset and specific patterns of WM damage was also found, with generalized tonic–clonic attack typically associated with bilateral tract weakening, and focal seizure onset in case of unilateral WM impairment (Evstigneev et al., 2013). On the other side, it has been demonstrated that epilepsy itself may induce modifications of the cerebral WM architecture, with a consequent disconnection among different brain regions that leads in turn to further disruption of cortical and subcortical connectivity (Bhardwaj et al., 2010).

The result is an impaired global efficiency of the functional information transfer that would be responsible also for neurocognitive disorders frequently seen in children with new-onset seizures, particularly in the domains of intelligence, language, psychomotor speed, and executive function (Widjaja et al., 2013; Ciumas et al., 2014; Kim et al., 2014; Paldino et al., 2014, 2017; Parker et al., 2018).

Distinct patterns of WM abnormalities have been investigated across different epilepsy subtypes (Slinger et al., 2016; Pujar et al., 2017).

In general, WM alterations may occur at the very earliest phases of epilepsy. For example, microstructural abnormalities, especially in the posterior CC and the cingulum, were identified in patients with both localization related and idiopathic generalized epilepsies with recent onset (12 years) and short duration of epilepsy (less than 12 months), without other developmental disabilities or neurological disorders. These patterns may indicate a preferential damage to later myelinating callosal regions or that the myelination of axons in the patients is slowed by the epileptogenic process (Hutchinson et al., 2010).

In focal epilepsy, it has been shown that WM changes are significantly associated with younger age at epilepsy onset, longer epilepsy duration, and male sex (Slinger et al., 2016). These diffusion modifications are usually not restricted to the ipsilateral hemisphere but may also involve areas remote from the suspected lesion, with severity patterns depending on different types of focal epilepsy (Govindan et al., 2008).

Temporal lobe epilepsy (TLE) and mesial temporal lobe epilepsy (mTLE) are the most frequent forms of focal drug-resistant epilepsy and the most studied models of epileptogenic network (Imamura et al., 2016). In patient with TLE due to different etiologies, different histological anomalies have been identified in relation with WM alterations that would be also correlated with epilepsy duration and sensitivity to medical treatment (Glenn et al., 2016). Moreover, damage of WM structure has been identified not only within the temporal region, but also in distant regions, with possible widespread involvement of connected structures, through a large network of different associations (IFOF, ILF, SLF, UF, cingulum), projections (anterior and posterior internal capsule), and commissural (anterior and posterior CC) bundles, either unilaterally or bilaterally (Powell et al., 2007; Yogarajah and Duncan, 2007; Concha et al., 2010; Günbey et al., 2011; Otte et al., 2012).

Concerning pathophysiology underlying the bilateral changes in WM structure observed in TLE patients, two theories have been proposed (Imamura et al., 2016; Roger et al., 2018). The first theory indicates that diffusion anomalies to the contralateral epileptogenic hemisphere are symmetrical and secondary to a direct primary effect of the epileptic activity propagation. The second theory states that WM alterations would be initiated by a direct effect of the local epilepsy network, followed by progressively centrifugal and decreasing changes of WM tracts through several possible mechanisms. These include secondary wallerian degeneration due to repetitive seizure spread, hypoxia and vasoconstriction, antiepileptic drug treatment, altered brain development, and plasticity-related reorganization of local and global circuits (Concha et al., 2010; Günbey et al., 2011; Otte et al., 2012; Pujar et al., 2017).

TLE epilepsy is considered a paradigmatic model for the investigation of the impact of epilepsy-related plastic phenomena on language and memory performance.

In fact, the complementary application of both a functional and structural approaches allow to estimate the functional lateralization of linguistic capacities in TLE patients, in relation to structural asymmetry of language-related tracts (namely, the AF, UF, and ILF), and to reveal possible subcortical regions of increased connectivity that could reflect the inter-hemispheric and intra-hemispheric functional compensation (Roger et al., 2018).

Alterations of microscopic WM integrity would also be related to cognitive comorbidity in patients with chronic epilepsy with a temporal or fronto-temporal focus (McDonald et al., 2008; Riley et al., 2010; Vaessen et al., 2012).

In mTLE, WM abnormalities are usually associated with hippocampal sclerosis (Kreilkamp et al., 2021). In these cases, especially chronic and severe cases, alterations of WM tracts running through the temporal lobe, namely the UF and the ILF, have been found. Moreover, decreased axonal density of the fimbria and involvement of the fornix bilaterally or unilaterally, and of other more distant extratemporal or contralateral structures have been observed in both adults and children, indicating the role of persistent seizures in recruiting various neuroanatomic structures composing a seizure network (Kimiwada et al., 2006; Shon et al., 2010; Liu et al., 2013; Xu et al., 2014).

Epilepsy with an extratemporal origin, such as in children with a frontal lobe epilepsy is usually associated with cognitive impairment. These patients exhibited selective action-concept deficits associated with structural and functional abnormalities along motor networks (cortico-spinal tract, anterior thalamic radiation, uncinate fasciculus) (Holt et al., 2011; Braakman et al., 2014; Moguilner et al., 2021). Moreover, WM abnormalities have been found in posterior brain regions, beyond the area of the seizure focus, confirming that the seizure rapid propagation from the frontal lobe may influence the WM maturation process. Interestingly, these modifications were not associated with any of the clinical epilepsy characteristics considered, especially age at epilepsy onset, seizure frequency, localization of seizure focus, and antiepileptic drug use (Braakman et al., 2014).

In case of epilepsy due to brain malformations, such as lissencephaly, nodular periventricular heterotopia, schizencephaly, hemimegalencephaly, focal cortical dysplasia (FCD), association between structural networks alterations and myelination timing has been also identified (Arrigoni et al., 2020; Subramanian et al., 2020).

In fact, in one case of early postnatal epilepsy due to hemimegalencephaly, myelination development was accelerated in the cerebral hemisphere in which seizures occurred in respect to the normal contralateral hemisphere, suggesting that neuronal activity, even if abnormal, positively modulates the process of myelination in the neighborhood of the epileptogenic focus as well as along functionally linked WM tracts (Goldsberry et al., 2011).

Moreover, it has been shown that the timing of insult during corticogenesis impacts the extent and severity of topological network anomalies and of consequent structure–function decoupling (Widjaja et al., 2007; Subramanian et al., 2020). For example, malformations occurring at earlier maturation stage may selectively interfere with formation of large-scale cortico-cortical networks, leading to a more severe impact on the whole-brain organization (Widjaja et al., 2007; Subramanian et al., 2020). On the contrary, malformation occurring at later stage of cortical development, such as FCD type II, tends to affect WM more locally at the level of fibers underlying the dysplastic cortex (Hong et al., 2017).

Nevertheless, recent studies reported that FCDs may be associated with widespread abnormalities of structural connectivity beyond or distal to the lesion, or even regardless of the specific FCD location (Eriksson et al., 2001; Gross et al., 2005; Widjaja et al., 2007, 2009; de Carvalho et al., 2012; Rezayev et al., 2018; Mito et al., 2022). For example, patients with epilepsy associated with bottom-of-sulcus dysplasias (BOSDs) show a widespread, bilateral, and symmetrical reduction of structural connectivity independent on the lesion laterality, involving different projection, association, interhemispheric, and cerebellothalamic tracts. Three main, not-exclusive mechanisms have been hypothesized to explain the association between connectivity abnormalities and epilepsy related to BOSDs. These include direct causal interdependence, complete independence, or indirect influence between both abnormal structural networks (Mito et al., 2022).

In patients with non-lesional epilepsy and genetic predisposition to cortical hyperexcitability and delayed brain maturation, alteration of neuronal structural connectivity appears to be not necessarily related to duration of the disease but may be also established prior to the seizure onset (Holmes et al., 2001; Ciumas et al., 2014; Slinger et al., 2016; Kreilkamp et al., 2021).

In generalized epilepsy WM changes have been found to be less pronounced than in focal epilepsy. Several WM regions of altered diffusion patterns, especially concerning projection and callosal fibers, have been identified in previous series concerning all subjects with epilepsy onset during childhood (Slinger et al., 2016).

For example, recent studies in animal models revealed that absence seizures, (i.e., a generalized seizure type characterized by behavioral arrest that occurs in multiple forms of generalized epilepsy), can induce activity-dependent myelination, which in turn promotes further progression of epilepsy, according to the concept of maladaptive myelination.

The aberrant myelination changes, such as increase in myelin sheath thickness and in myelinated axons, are extensive, but network-specific, with preferential involvement of the corpus callosum and the anterior commissure (Knowles et al., 2022; Chau Loo Kung et al., 2023).

In patients with idiopathic generalized epilepsy both microscopic and macroscopic abnormalities in thalamo-cortical and cortical–cortical pathways have been demonstrated using diffusional kurtosis imaging. These two patterns would have different implication in epileptogenesis, with macroscopic volumetric changes being directly associated with seizure activity, while microstructural abnormalities would represent subtle neurodevelopmental network rearrangements occurring before the epilepsy onset (Zhang et al., 2011; Lee et al., 2014).

In juvenile myoclonic epilepsy DTI and probabilistic tractography studies revealed a significant reduction of microstructural and macrostructural connectivity of fronto-striatal networks, involving the supplementary motor area, the putamen bilaterally, and thalamocortical WM. Also in this case, these architectural alterations would be significantly related to early age of onset and a longer seizure history (Keller et al., 2011; Vulliemoz et al., 2011).



3.5 Tumors

Tumors can affect the brain structural connectivity in many ways, depending on the specific histopathology and natural history, including by infiltrating, interrupting, shifting WM pathways, increasing local pressure, and inducing cerebral hypoperfusion (Raybaud, 2016). Growing studies indicated that a tumor may interfere with the whole CNS architecture, going beyond a strictly topographic criterium (Ailion et al., 2017; Özyurt et al., 2017).

It is worth noting that the current literature devoted to characterizing brain connectome alterations in the context of supratentorial brain tumors in childhood is relatively limited (Ostrom et al., 2015; Ailion et al., 2017). The available studies mainly concern lesions harboring the posterior fossa, which is the most common location of pediatric brain tumors (Rueckriegel et al., 2015; McEvoy et al., 2016; Udaka and Packer, 2018; De Benedictis et al., 2022).

Moreover, the effect of local WM damage on larger scale structural networks has not been clearly explored. This might depend on the different tumor biology and natural history between childhood and adulthood. In fact, children have a higher incidence of well-demarcated, not infiltrating, and indolent forms of low-grade gliomas than adults (Trevisi et al., 2016). Adult lesions are characterized by continuous growth, infiltration of eloquent cortical and subcortical territories and anaplastic transformation (Trevisi et al., 2016).

Most studies evaluate the effects after treatment, especially radiotherapy, while only few studies have examined the direct effect of tumors on the WM microstructure and their consequent neurologic and neurocognitive sequelae (Reddick et al., 2003; Stavinoha et al., 2018; Peterson et al., 2019).

In general, concerning pediatric supratentorial lesions, it has been shown that brain regions characterized by a later development and myelination are more susceptible to microstructural damage and, consequently, to impairment of neurocognitive performance (Reddick et al., 2003; Wier et al., 2019). However, in patients with a history of low-grade tumors treated without radiation therapy it has been shown that the lesion can be associated with and even predict the possible effects on cognitive, social, and emotional performance (Peterson et al., 2019).

These aspects may be not exclusively attributable to specific tumor-related characteristics (type, size, location) and comorbid medical aspects, but are associated with different possible patterns of brain network impairment, including direct cortical damage, WM disconnection at local or remote level, or both (Bartolomei et al., 2006; Honey and Sporns, 2008; De Benedictis and Duffau, 2011; Özyurt et al., 2017).

Finally, a lesion localized in the same region may induce different symptoms, depending on the individual variability of the cortical and subcortical organization of the specific sub-network, and on the possible anatomo-functional post-lesion reshaping (Ghazwani et al., 2021; Duffau, 2022).

Four levels of plasticity have been identified in the adult population, with a hierarchical order of the compensatory recruitment, involving first intra-lesional and peri-lesional regions, and later contra-lesional territories. The main factors influencing these dynamics and the consequent functional implications include the rapidity of the lesion growth, usually low in pediatric tumors, and the involvement of the subcortical connectivity that plays a major role in promoting the development of compensatory networks. Therefore, well-circumscribed tumors observed in pediatric tumors allow a higher degree of plasticity due to the relative sparing of WM tracts, in comparison with more diffuse and infiltrating gliomas observed in adults (Cargnelutti et al., 2020; Nieberlein et al., 2023).

In fact, DTI studies and results coming from intraoperative DES showed that plastic potentials of WM are not unlimited and may represent a constraint in case of tumor invasion. Among the different WM structures, a gradient of inter-system and intra-system plasticity have been described, with low compensation capacity for the cortico-spinal tract, except for the most dorsal-anterior portion, and greater potentials for WM fascicles involved in language and, among these, more essential role of the ventral stream (namely the IFOF), in respect to the dorsal way (i.e., the AF).

Recently, a core of essential, non-compensable, and therefore non-resectable brain structures have been identified, especially in areas of the networks having no parallel alternative pathways (Ius et al., 2011; Sarubbo et al., 2020).




4 Neurosurgical implications

An accurate knowledge of the anatomo-functional properties and developmental dynamics of children’s brain connectomes may also have crucial implications for the neurosurgical community aiming to achieve the best outcome while minimizing risks of post-surgical long-term deficits.

Although the most consistent body of literature concerns adults, growing studies are now being devoted to the pediatric population. Studies showed that surgery is responsible itself for alterations on the WM architecture that may have potential consequences on neurocognitive outcomes (Stavinoha et al., 2018). Moreover, even if plastic potentials are especially expressed during the brain maturation process, the complexity of subcortical circuitry and the lower capacity of post-injury restoration attributed to WM structures in respect to the cortical domain is directly related to the need for careful awareness of the short-term and long-term neurological consequences of surgery (Delion et al., 2015).

Consequently, development and systematic application of accurate non-invasive preoperative planning and neuromonitoring is of critical importance for preserving the main components of the network (Rosenstock et al., 2020). However, unlike adult neurosurgery, in which neurophysiological techniques during surgery in eloquent areas are well established, accuracy of intraoperative monitoring results is still limited for pediatric cases, mainly due to the immaturity of nervous structures and more limited study of younger neurocognitively compromised patients (Trevisi et al., 2016; Alotaibi et al., 2021).

Following these considerations, in the next section we discuss aspects linking pediatric brain connectivity with current and possibly future perspectives of neurosurgical management, particularly regarding the pediatric experience on epilepsy and neuro-oncological surgery.


4.1 Epilepsy surgery

In parallel with the conceptualization of epilepsy as a network disease, growing studies are investigating possible implications of structural brain connectivity in the surgical approach to epilepsy. To this regard, some aspects are of special interest and will be mentioned here. These include (i) the relevance of knowledge of WM anatomy in surgical management, (ii) the possible effect of surgery on structural connectivity of an epileptic brain, (iii) the influence of epilepsy as a network pathology on surgical results, and (iv) the implication of brain connectivity for the selection of the most effective surgical approaches.

The two main categories of procedures include resections and disconnections, depending on the location and size of the target, defined on the base of seizure semiology, electrophysiological, and MRI data assessed during the presurgical evaluation (Guan et al., 2016; Dallas et al., 2020). In both these situations, an accurate awareness of anatomy of WM pathways is crucial, even with the paradoxically opposite goals of preserving eloquent WM connectivity during resections in eloquent areas, and achieving a complete separation between lobar, multi-lobar, or hemispheric territories and the rest of the brain in case of disconnection procedures.

In this context, increasing studies reported the application of standard post-mortem dissection for representing the relevant WM surgical anatomy related to different approaches for epilepsy (Kucukyuruk et al., 1982, 2012; Verhaeghe et al., 2018; Flores-Justa et al., 2019). Moreover, tractography reconstructions based on DTI or diffusion weighted imaging (DWI) have been proposed as useful tools to plan safer approaches in regions close to eloquent pathways, to verify postoperatively the completeness of a disconnection, or to correlate postsurgical neurological deficits with WM impairments (Radhakrishnan et al., 2011; Lee et al., 2013; James et al., 2015; Jeong et al., 2015; Küpper et al., 2016; Binding et al., 2022).

Over the last decade, progressively more advanced techniques are allowing researchers to evaluate the possible effects of surgery on the WM connectome in children operated on for drug-resistant epilepsy. For example, a postoperative increase of contralateral axonal connectivity (anisotropy may involve both myelination, and number of axonal fibers) has been identified for different pathways, including the OR after resections involving the temporal, parietal, and occipital lobes; the whole intra-hemispheric connectivity of the unaffected hemisphere after hemispherotomy procedures; the insulo-fronto-opercular, and superior and mid fronto-orbital connections in a pediatric series of patients after undergoing temporal and extra-temporal resections; and after a case of surgeries involving the left AF (Govindan et al., 2008; Goradia et al., 2011; Ibrahim et al., 2015; Jeong et al., 2016; Li et al., 2018; Lacerda et al., 2020). These modifications are strongly suggestive of the occurrence of an adaptive or compensatory reorganization of the structural connectivity beyond the age-related maturational changes, presumably triggered by the surgery itself (Govindan et al., 2008; Skirrow et al., 2015; Jeong et al., 2016).

Some authors have evaluated whether the analysis of the brain connectome might be related to and even predictive of the quality of postoperative outcome. There is much evidence supporting the role of early childhood neurosurgery in inhibiting the progression of WM fiber disruptions induced by epilepsy, supporting earlier seizure control and better neurocognitive development (Slinger et al., 2016; Mito et al., 2022). In hemispherotomy cases, studies indicated the role of tractography in helping identify sites of possible incomplete disconnection in seizure-recurrent patients, or in predicting motor function outcome based on the asymmetry of the cortico-spinal tract volume within the brainstem (Toda et al., 2014; Küpper et al., 2016). Comparison between the preoperative and postoperative structural connectivity in temporal resection cases revealed distinct reorganization patterns in local and distal networks associated with postsurgical seizure freedom or recurrence (Goradia et al., 2011; Ji et al., 2015).

Finally, the framework of epilepsy as a network disease is encouraging the investigation on the possibility of adopting the structural connectivity as a reliable criterium for selecting the most appropriate and safe surgical strategy and technique, including alternative approaches to standard resections and disconnections. For example, in case of focal cortical lesions located within deep or eloquent territories, some Authors indicated the utility of direct electro-stimulation during stereo-EEG monitoring to differentiate the pathological WM connections from the normal connectome, with the aim of identifying and possibly treating through minimally invasive procedures the aberrant components of the epileptic network, without damaging the normal structures (Bourdillon et al., 2019). Concerning periventricular nodular heterotopias, the development of SEEG-guided radiofrequency procedures allowed to both characterize and ablate the significant epileptic network associated to different components of the malformation with high rate of responders (Bourdillon et al., 2018). Regarding hypothalamic hamartomas (HHs), many studies demonstrated a strong association between different altered brain networks, mainly involving the thalamus, the temporal and frontal regions and the HH-related epileptogenesis, and the often-associated endocrinological and neuropsychological disorders. This lead to develop more focused approaches alternative to classical open resections, (i.e., including endoscopic disconnection, radiosurgery and stereotactic thermo-ablation or laser-ablation), with the aim of interrupting the pathological network by deafferenting the HH from the thalamus and the mammillary bodies (Bourdillon et al., 2021).

More recently, Giampiccolo et al. (2023) performed a retrospective analysis of the patterns of disconnection associated with long-term seizure outcome in a series of 47 patients who underwent surgery for frontal lobe epilepsy. The Authors found a significant correlation between seizure freedom and disconnection of the anterior thalamic radiation and the cortico-striatal tract, indicating the role of these pathways in the development of novel epileptic networks at the base of seizure recurrence. Therefore, they recommended to extend the surgical approach beyond the resection of the target area, also including the disconnection of WM networks recognized as involved in seizure generation and propagation.

It is worth noting that data on this topic are quite promising, yet relatively new and still limited to the adult population, while current studies in children concern analysis of functional connectivity. Although different methodologies were used, the available data seems to confirm that the surgically related changes of children’s functional network are conversely related to the epilepsy outcome (Iandolo et al., 2021).



4.2 Neuro-oncological surgery

Currently, surgery is considered the first-choice treatment for most of brain tumors occurring during childhood, and gross total resection is the most consistent prognostic factor to achieve prolonged progression-free status (Greuter et al., 2021; Thorbinson and Kilday, 2021). However, evidence of possible late motor and non-motor deficits among survivors allowed researchers to investigate the possible effects of surgery and adjuvant treatments (chemotherapy and radiotherapy) on WM integrity and, consequently, on physiological development and neurological functioning, especially in younger patients (Wolfe et al., 2012; Robinson et al., 2013; Stavinoha et al., 2018). Concerning the neurocognitive outcome, it has been established that children treated for brain tumors may be influenced by several variables associated with different treatment modalities (Stavinoha et al., 2018).

Beyond the well documented effects of cranial radiation, the cognitive effects of surgery on brain connectivity have received less attention in the literature (Nagesh et al., 2008). The most significant studies reported that alterations of WM structures were predictive of adverse reductions in intellectual function independent from the tumor location (Liu et al., 2015; Peterson et al., 2019; Aleksonis et al., 2021). These reductions include verbal working memory, brief attention/vigilance, rapid psychomotor output, and visual perception and matching, and weaknesses after resection of pediatric brain tumors without radiotherapy (Liu et al., 2015; Peterson et al., 2019; Aleksonis et al., 2021).

Other possible implications in more specific contexts have been investigated. Significant correlation between postoperative impairment of neurocognitive performance and WM alterations, especially of the middle frontal gyrus, has been demonstrated in a series of 15 children after resection of lateral ventricular low-grade tumors through a frontal transcortical approach (Zhu et al., 2017).

Following authors have evaluated the possible advantage on neurocognitive outcomes of an alternative approach (i.e., the transcallosal route) in respect to the transcortical corridor for resecting tumors located within the same region. Interestingly, while preoperative and postoperative variations were significant for some cognitive domain deficiencies related to the specific approach, no significant difference was found when comparing the two surgical routes (He et al., 2020). In patients who underwent surgery for craniopharyngioma, DTI was used to assess the risk of neurotoxicity associated with proton therapy, confirming that regions that developed WM defects due to a surgical approach may be more susceptible to radiation dose-effects (Uh et al., 2015).

As important consequences of these observations, careful preoperative planning, intraoperative neuronavigation, and neurophysiological monitoring are crucial also in pediatric neurosurgery, especially in case of high-grade and low-grade tumors located within eloquent regions (de Oliveira et al., 2015; Coppola et al., 2016; Celtikci et al., 2017; Foley and Boop, 2017; Foster et al., 2018; Abdel Razek et al., 2020).

In addition to conventional tractography and neuronavigation techniques, some innovative solutions have recently been suggested to better enhance the relationships between tumors and WM pathways, optimizing the surgical performance and the neurological outcome. For example, strengthening reconstruction methods of specific tracts, such as the optic radiation, has been proposed to improve the pediatric neurosurgical outcomes (Yang et al., 2019). A combined use of whole brain tractography, neuronavigation, tubular retraction, and exoscope visualization has been reported for approaching a pediatric left thalamic/midbrain pilocytic astrocytoma (Weiner and Placantonakis, 2017). Association of trans-magnetic stimulation and DTI data have been described to visualize the spatial relationships among tumor, motor cortex, and motor and language tracts in a pediatric series, with good feasibility, accuracy of non-invasive functional mapping, parent counseling, and neurological outcome (Rosenstock et al., 2020). Finally, although still lacking in applications in pediatric neurosurgery, advances in imaging and computer technology are leading to the development of advanced software for three-dimensional modeling, sophisticated virtual and augmented reality simulators, to improve the surgeon’s understanding of spatial relations of anatomical landmarks, to select the best surgical approaches, and to verify intraoperative performance (Rehder et al., 2016; Kin et al., 2017; Cho et al., 2020).

Intra-operative neuromonitoring (ION) is considered as the “gold standard” method to identify and preserve the critical structures at both the cortical and the subcortical levels and to validate results of presurgical planning, so optimizing both the surgical and functional outcomes (Coppola et al., 2016). Mostly derived from studies on adults, growing literature now demonstrates an increasing application of ION in pediatric practice over the last decade, not only when pathology involves the posterior fossa, the brainstem, or the spinal cord region, but also when involving the supratentorial compartment.

In a recent series of 57 cases in which ION was used for motor mapping and monitoring, the authors found significant correlation between cortical and subcortical threshold and immediate transitory postsurgical motor decline. Moreover, neurophysiological evocability was effective by the age of 2 years, while it appeared to be related neither to tumor location nor to the pathological grade (Roth et al., 2020). Concerning other intraoperative mapping techniques, direct electrical stimulation in awake conditions is currently a well-established and largely adopted method in adult neurosurgical practice, especially for monitoring language and higher neurocognitive domains (Sarubbo et al., 2015; Ferracci and Duffau, 2018; Herbet and Duffau, 2020; Sarubbo et al., 2020; Duffau, 2021b; Herbet, 2021).

For pediatric procedures, growing series and technical notes have been recently reported (Delion et al., 2015; Trevisi et al., 2016; Lohkamp et al., 2019; Alcaraz García-Tejedor et al., 2020; Lohkamp et al., 2020; Ratha et al., 2021; Herta et al., 2022). In the last available review, results of 18 studies concerning 50 patients who underwent awake surgeries for tumors, epilepsy, and functional diseases are reported. Although different indications and procedures were reviewed, the authors confirm the safety, feasibility, and well-tolerability of awake procedures, with gross total resection achieved in 16 out 18 reported cases (88%), and post-operative permanent deficits overall observed in 4% of patients. The main “state-of-the-art” recommendations proposed by the authors include accurate pre-operative interdisciplinary planning, an optimal technical quality for intraoperative electrostimulation, neuronavigation, and neuromonitoring, as well as the essential role of a careful neuropsychological support during presurgical preparation, the intraoperative phase, and the follow-up (Lohkamp et al., 2019).




5 Conclusions and future perspectives

Modern neuroscience has significantly progressed towards a more realistic anatomo-functional characterization of the CNS, definitively surpassing the dogma of a strict and presumptive correlation between cerebral topography and function, in favor of a largely integrated and plastic network. Connectomics has emerged as a convincing paradigm for exploring the complex modeling and the continuous refinement of the intra- and inter-hemispheric WM connections, highlighting the normal neurocognitive development, and the possible pathophysiological mechanisms at the base of many brain disorders.

This evidence should not be limited to theoretical speculation, as it has important implications for pediatric neurosurgical practice, especially for the management of brain tumors and selected epilepsy cases. In fact, the application of multimodal neuroradiological and neurophysiological approaches would enable a multidisciplinary team to tailor the pre-operative assessment as well as the intra-surgical and post-operative management to the specific network configuration of each patient.

However, many aspects are relatively unexplored or under-documented in the pediatric context, for both research and clinical purposes. Some could be mentioned as still open topics and interesting possible subjects for future investigation.

These concern, for example: (i) methodology for the assessment of brain networks, effects of the pathological process, and cerebral plasticity, based on a qualitative and quantitative longitudinal and multimodal approach; (ii) the accuracy of neurophysiological techniques, especially for the intraoperative cortical and subcortical monitoring, especially of higher-level functions, such as language. To this regard, the application of emerging methods, such as cortico-cortical evoked potentials, in patients that cannot undergo awake procedures, will extend the feasibility of intraoperative monitoring of language circuits also to the pediatric population (Yamao et al., 1977; Matsumoto et al., 2004; Giampiccolo et al., 2021); (iii) the application of machine learning (ML) technology, based on the identification of specific structural WM biomarkers for the computation of reliable probabilistic atlases based on different convergent factors, such as the presurgical lesion characteristics, the relationships between the lesion type and the local and global network, the functional interactions and outflows, and the possible clinical deficits; (iv) the development of model-based approaches, based on computation of brain network models by integrating data from reference atlases with anatomo-functional connectivity data coming from patient-specific imaging, and electrophysiological recordings (e.g., EEG patterns identified by stereo-EEG recordings). As already described in both the adult and pediatric epilepsy literature, the combined use of brain network model representation (the so-called “virtual epilepsy brain models”) with ML and artificial intelligence methods would allow to approximate the extent and the organization of the epileptogenic zone (EZ), intended as the site of beginning and of the primary organization of epileptic seizures. This information might contribute to simulate the consequences of different hypothetical EZs, to stratify the postoperative risk, to simulate surgeries, to predict the postsurgical outcome, to improve the quality of communication to patients and families, with the ultimate goal of optimizing surgical management, clinical outcome, and neurorehabilitation strategies (Bonilha et al., 2015; Sinha et al., 2017; An et al., 2019; Jirsa et al., 2023).

We believe that these may represent challenging yet promising foundations for building a reliable, personalized, and safe “connectome-based” pediatric neurosurgery.
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