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The term connectomics broadly refers to the study of networks of structurally and functionally connected regions

within the central nervous system. The interaction between glial tumors and structural and functional neuronal

networks is becoming increasingly recognized and is reshaping our understanding of the impact of these infiltrative

lesions on global brain function. 

glioma  connectivity

1. Connectomic Methodologies and Applications

The term connectomics broadly refers to the study of networks of structurally and functionally connected regions

within the central nervous system. Connectivity can be measured and inferred using both neuroimaging and

neurophysiological methods such as diffusion tensor imaging (DTI), functional MRI (fMRI), electroencephalography

(EEG), magnetoencephalography (MEG), electrocorticography (ECoG), and awake brain mapping . Such studies

have yielded novel insights into brain regions traditionally regarded as ‘non-eloquent’ that may actually be essential

for brain function, including anatomical regions involved in mentalizing, semantic processing, and language

expression . In addition, individual connectomic analyses have expanded our understanding of anatomical–

functional correlation, including the identification of motor speech areas outside of the traditional topographic

location of Broca’s area, characterization of the medial frontal cognitive control networks, and establishment of the

second ventral stream of language processing . Structural connectivity is typically based on tractography (e.g.,

DTI) and provides an estimation of axonal fiber or tract connections between topographic brain regions .

Functional connectivity can be assessed using various aforementioned modalities, including fMRI, EEG, and MEG.

While structural connectomes provide organic pathways for neuronal activity, functional connectomes may inform

indirect connections, multiple inputs, or synaptic changes . Therefore, both structural and functional

connectomics are informative and complementary approaches to better resolve our understanding of brain

connectivity. Although discordance between modalities may be observed, it is important to consider that each

method is governed by specific principles and should not be interpreted as the failure of an individual method .

Information gathered from awake neuro-oncological, epilepsy, and DBS surgeries is used to reinforce radiological

and neurophysiological models of brain networks. Network analysis can be used to better understand the structural

and functional connections linking distinct brain areas in general, and in the context of an intra-axial lesion in

particular.

Assembling a connectome using any of the aforementioned approaches utilizes an approximately similar pipeline

(Figure 1). The brain is first split into distinct regions through a process known as parcellation. In the case of
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functional connectomic methodologies, such as fMRI, a blood-oxygen-level-dependent (BOLD) time series is

extracted from each parcel and compared with the temporal data from the remaining parcels . In contrast,

generating a structural connectome involves applying each parcel as a seed within the tractography iteration and

the number of fibers subsequently informs putative connections between regions . Through either approach,

connectivity between distinct brain areas is quantified, often illustrated as a connectivity matrix. This can then be

further processed using techniques such as graph theory, whereby specific regions (nodes or hubs) and the links

between these regions (edges) are studied .

Figure 1. General overview of a connectivity analysis pipeline. (A) Structural or functional data are acquired and

(B) pre-processed, then (C) parcellated by dividing the brain into distinct regions. A (D) correlation matrix is then

created to estimate the connectedness between regions and (E) functional brain networks are generated. (F)

Graph theory analysis is applied to delineate nodes, edges, and central hubs. (DTI = diffusion tensor imaging; MEG

= magnetoencephalography; EEG = electroencephalography; Fmri = functional magnetic resonance imaging).

2. Integrating Connectomic Analysis into the Glioma Peri-
Operative Pipeline

Connectivity studies have been successfully applied to various indications within functional neurosurgery. For

example, the field of DBS is increasingly conceptualizing DBS as a tool to modulate brain networks . DBS
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offers a window of insight into brain function associated with cognition and emotions, as do awake tumor resections

with brain mapping. Viewing DBS as a modality to interrogate dysfunctional neural circuits, or ‘circuitopathies’, has

led to broader applications of DBS . In particular, DBS is successfully being used to target mood and cognitive

circuits for psychiatric and Alzheimer’s disease, respectively . Similarly, pre-operative connectomic studies using

DTI, fMRI, and resting-state MEG have shown clinical utility in characterizing patients who have a higher likelihood

of responding to vagus nerve stimulation (VNS) for intractable epilepsy and in DBS parameter selection for

Parkinson’s disease (PD) . Moreover, the efficacy of subthalamic nucleus (STN) DBS for PD has been

associated with a distinct structural and functional connectivity profile . The efficacy of DBS and VNS is, in part,

due to the modulation of remote brain regions that communicate with the site of stimulation and reorganization of

neural networks .

Recognizing these remote effects of DBS, one can also conceptualize that connectomic analysis may provide

insight into the underlying basis of adverse effects or undesirable symptoms occurring secondary to DBS. Such an

approach has been used to map the underlying connectivity of DBS-associated flashback phenomena following

forniceal DBS, panic attacks induced by inferior thalamic peduncle DBS, and seizures following subcallosal

cingulate DBS for refractory anorexia nervosa . Similarly, connectivity-derived models can guide effective

DBS for less well-understood pathologies, such as central post-stroke pain and neuropsychiatric indications,

including obsessive-compulsive disorder . Similar analyses were undertaken to investigate the perturbed

networks leading to post-operative morbidity in glioma surgery. One study employed lesion-network mapping

(LNM) to examine the connectomic basis for post-operative depression in a patient with a cingulate diffuse low-

grade glioma . This analysis drew upon principles of connectomic analysis and functional neurosurgery to

characterize the neuroanatomical basis of this post-operative morbidity. Specifically, networks associated with

subgenual cingulate DBS were compared to networks affected both by the tumor and surgical approach. The

analysis showed that the surgical corridor had greater overlap with DBS-based depression networks .

Collectively, there is an emerging body of literature supporting the feasibility and clinical utility of brain mapping in

individual patients, and this can broadly be translated to glioma patients. Although integrating these studies into a

pre-surgical planning scheme may present challenges in implementation and application, such analyses hold the

potential to identify brain regions that are essential to network function, which may otherwise be at risk from tumor

resection .

3. Practical Applications of Connectivity for Glioma Surgery

3.1. Conceptualizing Glioma Resection in Terms of Oncologic Disconnection

The primary goals of integrating connectivity into surgical planning include (1) sparing of functional networks

leading to anticipated decreases in post-operative morbidity and (2) so-called ‘oncologic’ disconnection. The latter

can broadly refer to disconnection of pathways of tumor spread but may also refer to resection of seizure onset

zone and disconnection of epileptogenic networks. Proving the possibility of using pre-operative connectivity

studies for the sparing of functional networks, one study of glioblastoma patients demonstrated that ‘connectomic
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signatures’ derived from fMRI connectomes could identify regions critical to network function . However, intra-

operative direct cortical and subcortical stimulation remains the gold standard for mapping.

3.2. Preservation of Cognitive Eloquence, Higher-Order Behavioral and Social
Functions

A global perspective that considers the impact of tumors on neural circuitry can endeavor to preserve critical

networks to maintain cognitive, social, and occupational function post-operatively . Therefore, such strategies

must be coupled with formal neuropsychiatric assessments in both the pre-operative and post-operative phases.

The concept of cognitive eloquence in neurosurgery has been proposed whereby cortical and subcortical regions

of the brain, which are not known to have a definite neurological function, may result in cognitive morbidity when

traversed surgically . Functional MRI and/or DTI acquired pre-operatively could be leveraged to capture the

patient-specific connectome and delineate specific cognitive or affective networks . Such an approach can

therefore allow the surgeon to plan a minimally disruptive trajectory (Figure 2).

Figure 2. Schematic of pre-operative structural connectivity to identify optimal trajectories for tumor resection and

minimal network disruption. The top panels demonstrate a representative schematic of an intra-axial tumor (blue)

and possible surgical trajectories (red). The bottom panels show the corresponding network analysis based on DTI

tractography. The trajectory demarcated by the dashed green line represents the surgical trajectory with minimal

structural network disruption. A similar approach can be applied to visual representations of functional networks

derived from other modalities to infer connectivity.
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This is clinically relevant as earlier detection of gliomas had led to the increasing recognition of preserving quality

of life for these patients . Potential regions of cognitive eloquence are thought to coincide with areas central in

interconnected brain networks . Evidence for the existence of these so-called brain ‘hubs’ is derived from

several studies, including network analysis of DTI data as well as resting-state MRI . Commonly identified

hubs, or areas of centrality, include the dorsal superior prefrontal cortex, non-dominant medial superior frontal

gyrus, anterior insula, temporal–occipital cortex, precuneus, and the superior and medial occipital gyri . In

addition to defining potential regions of functional and cognitive eloquence, it is important to have an understanding

of neuroplasticity in glioma surgery since functional networks can undergo marked reorganization in the face of an

infiltrative or compressive mass lesion . Functionally, these may result in a shift of ‘hubs’ from their location in

the normal brain due to neuroplastic changes imposed by the presence of an infiltrative mass lesion.

References

1. Hart, M.G.; Romero-Garcia, R.; Price, S.J.; Santarius, T.; Suckling, J. Connections, Tracts,
Fractals, and the Rest: A Working Guide to Network and Connectivity Studies in Neurosurgery.
World Neurosurg. 2020, 140, 389–400.

2. Duffau, H. Functional Mapping before and after Low-Grade Glioma Surgery: A New Way to
Decipher Various Spatiotemporal Patterns of Individual Neuroplastic Potential in Brain Tumor
Patients. Cancers 2020, 12, 2611.

3. Poologaindran, A.; Lowe, S.R.; Sughrue, M.E. The cortical organization of language: Distilling
human connectome insights for supratentorial neurosurgery. J. Neurosurg. 2020, 134, 1959–
1966.

4. Hagmann, P.; Kurant, M.; Gigandet, X.; Thiran, P.; Wedeen, V.J.; Meuli, R.; Thiran, J.P. Mapping
human whole-brain structural networks with diffusion MRI. PLoS ONE 2007, 2, e597.

5. Petersen, S.E.; Sporns, O. Brain Networks and Cognitive Architectures. Neuron 2015, 88, 207–
219.

6. Bullmore, E.; Sporns, O. Complex brain networks: Graph theoretical analysis of structural and
functional systems. Nat. Rev. Neurosci. 2009, 10, 186–198.

7. Hart, M.G.; Price, S.J.; Suckling, J. Connectome analysis for pre-operative brain mapping in
neurosurgery. Br. J. Neurosurg. 2016, 30, 506–517.

8. Choi, K.S.; Riva-Posse, P.; Gross, R.E.; Mayberg, H.S. Mapping the “Depression Switch” During
Intraoperative Testing of Subcallosal Cingulate Deep Brain Stimulation. JAMA Neurol. 2015, 72,
1252–1260.

9. Riva-Posse, P.; Choi, K.S.; Holtzheimer, P.E.; Crowell, A.L.; Garlow, S.J.; Rajendra, J.K.;
McIntyre, C.C.; Gross, R.E.; Mayberg, H.S. A connectomic approach for subcallosal cingulate

[26]

[24][27]

[28][29]

[27]

[30]



Connectomics in Glioma Surgery | Encyclopedia.pub

https://encyclopedia.pub/entry/19053 6/7

deep brain stimulation surgery: Prospective targeting in treatment-resistant depression. Mol.
Psychiatry 2018, 23, 843–849.

10. Lozano, A.M.; Lipsman, N. Probing and regulating dysfunctional circuits using deep brain
stimulation. Neuron 2013, 77, 406–424.

11. Mithani, K.; Mikhail, M.; Morgan, B.R.; Wong, S.; Weil, A.G.; Deschenes, S.; Wang, S.; Bernal, B.;
Guillen, M.R.; Ochi, A. Connectomic Profiling Identifies Responders to Vagus Nerve Stimulation.
Ann. Neurol. 2019, 86, 743–753.

12. Boutet, A.; Madhavan, R.; Elias, G.J.B.; Joel, S.E.; Gramer, R.; Ranjan, M.; Paramanandam, V.;
Xu, D.; Germann, J.; Loh, A. Predicting optimal deep brain stimulation parameters for Parkinson’s
disease using functional MRI and machine learning. Nat. Commun. 2021, 12, 3043.

13. Horn, A.; Reich, M.; Vorwerk, J.; Li, N.; Wenzel, G.; Fang, Q.; Schmitz-Hubsch, T.; Nickl, R.;
Kupsch, A.; Volkmann, J. Connectivity Predicts deep brain stimulation outcome in Parkinson
disease. Ann. Neurol. 2017, 82, 67–78.

14. Montgomery, E.B., Jr.; Gale, J.T. Mechanisms of action of deep brain stimulation (DBS). Neurosci.
Biobehav. Rev. 2008, 32, 388–407.

15. Khambhati, A.N.; Shafi, A.; Rao, V.R.; Chang, E.F. Long-term brain network reorganization
predicts responsive neurostimulation outcomes for focal epilepsy. Sci. Transl. Med. 2021, 13,
eabf6588.

16. Jakobs, M.; Fomenko, A.; Lozano, A.M.; Kiening, K.L. Cellular, molecular, and clinical
mechanisms of action of deep brain stimulation—A systematic review on established indications
and outlook on future developments. EMBO Mol. Med. 2019, 11, e9575.

17. Germann, J.; Elias, G.J.B.; Boutet, A.; Narang, K.; Neudorger, C.; Horn, A.; Loh, A.; Deeb, W.;
Salvato, B.; Almeida, L. Brain structures and networks responsible for stimulation-induced
memory flashbacks during forniceal deep brain stimulation for Alzheimer’s disease. Alzheimers
Dement. 2021, 17, 777–787.

18. Elias, G.J.B.; Giacobbe, P.; Boutet, A.; Germann, J.; Beyn, M.E.; Gramer, R.M.; Pancholi, A.; Joel,
S.E.; Lozano, A.M. Probing the circuitry of panic with deep brain stimulation: Connectomic
analysis and review of the literature. Brain Stimul. 2020, 13, 10–14.

19. Boutet, A.; Jain, M.; Elias, G.J.B.; Gramer, R.; Germann, J.; Davidson, B.; Coblentz, A.; Giacobbe,
P.; Kucharczyk, W.; Wennberg, R.A. Network Basis of Seizures Induced by Deep Brain
Stimulation: Literature Review and Connectivity Analysis. World Neurosurg. 2019, 132, 314–320.

20. Li, N.; Baldermann, J.C.; Kibleur, A.; Treu, S.; Akram, H.; Elias, G.J.B.; Boutet, A.; Lozano, A.M.;
Al-Fatly, B.; Strange, B.; et al. A unified connectomic target for deep brain stimulation in
obsessive-compulsive disorder. Nat. Commun. 2020, 11, 3364.



Connectomics in Glioma Surgery | Encyclopedia.pub

https://encyclopedia.pub/entry/19053 7/7

21. Elias, G.J.B.; De Vloo, P.; Germann, J.; Boutet, A.; Gramer, R.M.; Joel, S.E.; Morlion, B.; Nuttin,
B.; Lozano, A.M. Mapping the network underpinnings of central poststroke pain and analgesic
neuromodulation. Pain 2020, 161, 2805–2819.

22. Mansouri, A.; Boutet, A.; Elias, G.; Germann, J.; Yan, H.; Babu, H.; Lozano, A.M.; Valiante, T.A.
Lesion Network Mapping Analysis Identifies Potential Cause of Postoperative Depression in a
Case of Cingulate Low-Grade Glioma. World Neurosurg. 2020, 133, 278–282.

23. Duffau, H. The death of localizationism: The concepts of functional connectome and
neuroplasticity deciphered by awake mapping, and their implications for best care of brain-
damaged patients. Rev. Neurol. 2021, 177, 1093–1103.

24. Lang, S. Cognitive eloquence in neurosurgery: Insight from graph theoretical analysis of complex
brain networks. Med. Hypotheses. 2017, 98, 49–56.

25. Kocher, M.; Jockwitz, C.; Lohmann, P.; Stoffels, G.; Filss, C.; Mottaghy, F.M.; Ruge, M.I.; Lucas,
C.W.; Goldbrunner, R.; Shah, N.J. Lesion-Function Analysis from Multimodal Imaging and
Normative Brain Atlases for Prediction of Cognitive Deficits in Glioma Patients. Cancers 2021, 13,
2373.

26. Wen, P.Y.; Kesari, S. Malignant gliomas in adults. N. Engl. J. Med. 2008, 359, 492–507.

27. Van den Heuvel, M.; Sporns, O. An anatomical substrate for integration among functional
networks in human cortex. J. Neurosci. 2013, 33, 14489–14500.

28. Buckner, R.L.; DiNicola, L.M. The brain’s default network: Updated anatomy, physiology and
evolving insights. Nat. Rev. Neurosci. 2019, 20, 593–608.

29. Cole, M.W.; Pathak, S.; Schneider, W. Identifying the brain’s most globally connected regions.
Neuroimage 2010, 49, 3132–3148.

30. Duffau, H. The huge plastic potential of adult brain and the role of connectomics: New insights
provided by serial mappings in glioma surgery. Cortex 2014, 58, 325–337.

Retrieved from https://encyclopedia.pub/entry/history/show/45143


