
Key Takeaways

• To achieve optimal “onco-functional balance” in neurosurgery, a 
more comprehensive appreciation of brain anatomy and function is 
paramount.
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PERSONALIZING 
NEUROSURGERY:
HOW UNDERSTANDING 
BRAIN NETWORKS 
AIDS THE SURGICAL 
APPROACH

Michael Sughrue, MD

• Brain networks underpin a swathe of human functions, many of which 
overlap with deficits observed following neurosurgery.

• Personalized brain mapping visualizes functional brain networks and 
associated tract bundles in individual patients, providing a practical 
solution for intraoperative navigation and formulating pre-surgical 
approaches.
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Introduction

The absolute goal of intracerebral neurosurgery is to provide optimal treatment whilst 
preserving patient quality-of-life1,2. This equation is often referred to as “onco-functional 
balance”, and in the case of tumor resection, this balance is represented as how aggressive 
surgical approaches can be in completely removing or reducing tumor volume, without 
heavily compromising regular functions like movement, cognition, or emotion3. 
Reaching this onco-functional balance requires an understanding of an individual 
patient’s anatomical and functional brain states before surgery  –  a requirement met by 
personalized brain mapping4.

Indeed, it is widely accepted that maximal resection of tumor-affected regions ensures 
the greatest chance of extending life in most patients3,5. However, mounting evidence 
confirms that such an approach can lead to devastating and unpredicted consequences 
post-surgery – impacting not only the patient, but their family, career, and broader 
support network too6–9. These consequences, while not always avoidable, can be explained 
by incidental or necessary damage to brain networks: connected, distributed groups of 
functional brain regions. Personalized brain mapping is a technique that can locate these 
networks prior to surgery, and assess their damage post-surgery to better understand 
and avoid the varied states of recovery surgeons observe in their unique patients10–12.   

The concept of a brain network is not new, originating in academia over 20 years ago with 
a groundbreaking observation by Marcus Raichle, who defined the Default Mode Network 
– a series of brain regions activated when a person is at rest13. Since then, the number 
of brain networks has expanded and become more defined. Collectively, brain networks 
control a range of executive functions, including movement (sensorimotor network), 
cognition (central executive network), and language (language system), among others. 
Table 1 summarizes each functional network within the brain and their respective major 
tract bundles that connect them. Despite a lengthy history in academia, understanding 
of brain networks has seen limited translation into the surgical suite – mostly due to the 
inability to reliably define their location in an individual patient. Personalized brain mapping 
removes this barrier, for the first time bringing the modern academic understanding of 
brain networks into a clinically relevant landscape. 
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Table 1. Major brain networks, their location, major white matter connections, and roles in 
human processes.

NETWORK MAJOR 
BRAIN LOBES

MAJOR TRACT 
BUNDLE

ROLE COMMON 
DEFICIT

Sensorimotor 
Network

Parietal Lobe Corticospinal 
Tract

Sensory and 
motor function

Hemiparesis 
(unilateral 
paralysis)46

Central 
Executive 
Network (CEN)

Frontal, parietal, 
temporal lobes

Arcuate and 
superior 
longitudinal 
fasciculus 

Task- and 
decision-making

Aphasia 
(speaking and 
understanding 
language)47

Default Mode 
Network (DMN)

Frontal, parietal, 
temporal lobes

Uncinate 
fasciculus

Idle thought and 
remembering

Autobiographical 
memory48

Salience 
Network (SN)

Frontal lobe Inferior fronto-
occipital 
fasciculus

Mediating the 
CEN and DMN

Mild Cognitive 
Impairment 
(MCI)49

Limbic System Temporal lobe, 
subcortical 
components

Uncinate 
and Inferior 
fronto-occipital 
fasciculus

Emotional 
regulation and 
expression

Learning 
impairment50 

Visual System Occipital lobe Optic radiations Vision Visual disability51

Auditory 
System

Frontal, parietal, 
temporal lobes

Middle 
longitudinal 
fasciculus

Hearing Sensorineural 
deafness, Vertigo52

Language 
System

Frontal, parietal, 
temporal lobes

Arcuate and 
superior 
longitudinal 
fasciculus

Language 
speaking and 
comprehension 

Global Aphasia53

Dorsal Attention 
Network (DAN)

Frontal, parietal, 
occipital lobes

Superior 
longitudinal 
fasciculus

Focused and 
goal-directed 
attention

Working 
memory54  

Ventral 
Attention 
Network (VAN)

Frontal, parietal, 
temporal lobes

Superior 
longitudinal 
fasciculus

Task 
switching and 
reorientation

Spatial neglect55
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What makes Personalized Brain 
Mapping "Personalized"? 

Figure 1. The brain’s major networks. Distributed around the cortex and connected by tract 
bundles, brain networks co-ordinate human functions such as movement, audition, and 
cognitive processing. 

In the past, brain regions were considered either “eloquent” or “non-eloquent”, acting as 
a guide for surgeons as to which tissue could be sacrificed to aggressively manage the 
growth of tumors and surgical pathology14. However, through the field of connectomics, 
the study of how the brain is connected and communicates with itself, we now know that 
the human brain is vastly more complex. Much of this information has been elucidated 
through the work performed by the Human Connectome Project and continued by 
Baker, Briggs, and Sughrue in their “Connectomic Atlas of the Human Cerebrum”. 
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Figure 2. The Human Connectome Project (HCP) Atlas. Through resolving the topology, 
function, and connectivity between cortical gray matter, Glasser et al. delineated 360 
independent regions (parcels) that comprise the human brain. 

In short, they describe that each hemisphere of the human cortex consists of 180 
independent regions, or parcels, distinguishable by their function and the brain networks 
they form15,16. From this work, a standard template or “atlas” for modeling the human brain 
was developed: one granular enough to discern the discrete function of each brain area, 
yet simple enough to be discussed and universally understood in research settings. 

This atlas held limited applicability in clinical settings however, as the brain data 
needed to be shifted in space to match this template in order to generate any real 
anatomical or functional inferences, restricting its use in intraoperative guidance17. 

Personalized brain mapping seeks to visualize where these functional areas lie in each 
individual, rather than assuming that a single archetypal atlas is applicable in every 
case. By employing and training a machine-learning algorithm to process brain data, 
personalized brain mapping generates a unique anatomical map of each functional 
brain area and the tracts which connect them. In practice, by utilizing standard Magnetic 
Resonance Imaging (MRI), personalized brain mapping informs the location of each of 
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these atlas regions in a single patient, with consideration for variations in gyral folding 
patterns, intracranial volume, or structural pathology. An in-depth description of one 
method for conducting personalized brain mapping has been described in the work of 
Doyen et al. and their Structural Connectivity Atlas (SCA)18, and can be summarized as:

1. Generating Connectivity Profiles: Train a machine-learning algorithm using Diffusion 
Weighted Imaging (DWI) data to identify how white matter tracts connect each atlas 
region in a healthy individual (structural connectivity).

2. Collecting Patient Data: Collect and process patient DWI data, tracing out the location, 
distribution, and termination points of their individual white matter tracts.

3. Model application: Enter patient DWI data into the algorithm trained in (1.), which 
recreates the atlas in patient space, marking out region locations based on how a 
patient’s white matter tracts are distributed and connected.

Personalized brain mapping can be particularly useful in surgical settings. Beyond 

segmenting and naming individual brain networks and their associated tract bundles, 

it also includes considerations that are beneficial for neurosurgical applications. Firstly, 

if white matter tracts have shifted in location due to the physical mass effect of a tumor, 

the resulting personalized brain map will robustly define these shifted tracts. This allows 

the surgeon to segment tracts of interest and visualize their new locations to plan their 

approach. Additionally, in areas where no white matter tracts terminate (for example, 

where a tumor is located or has been resected), no atlas region will be mapped. This 

accounts for areas wholly or partially destroyed due to structural pathology. In sum, the 

aggressiveness of surgical approaches can be informed by which brain regions or tract 

How Personalized Brain Mapping
informs Neurosurgical Decision Making



Figure 3. Schematic description of a personalized brain mapping method (Structural 
Connectivity Atlas / SCA). By generating a machine learning algorithm using healthy brain 
data, personalized brain mapping seeks to create patient-specific representations of complex 
brain atlases. This method utilizes a modified version of the Human Connectome Project 
(HCP) atlas, and re-parcellates this atlas on a patient's brain, as informed by underlying 
structural connectivity. 
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What Personalized Brain Mapping 
means to a Surgeon

For a neurosurgeon utilizing personalized brain mapping, four key applications emerge 

as the most critical. These are: 1) attaining a greater preoperative understanding of 

brain network involvement in surgical pathology, 2) structurally informing maximal safe 

resection intraoperatively, 3) optimizing hospital cost per patient, so that as many patients 

can be treated within annual budgets, and most importantly, 4) enhancing understanding 

of potential postoperative consequences, giving patients more complete context prior to 

informed consent.

Brain Network involvement

Pre-operative assessment of a patient’s brain networks gives surgeons an understanding 

of how pathology may have impacted functional brain tissue. As stated previously, brain 

networks, their regions, and connections underpin several human cognitive and executive 

functions. Damage to these networks can cause deficits in these same functions or 

manifest entirely new cognitive or neuropsychiatric disturbances. 

Take, for example, the three main cognitive brain networks – the Central Executive (CEN), 

Default Mode (DMN), and Salience Networks (SN). Together, these networks provide an 

bundles have already become compromised by the presence of a tumor. Combined, these 

two considerations enable the integration of the most-recent academic understanding 

of brain structure and function into neurosurgical settings. An example of a brain atlas 

generated through personalized brain mapping is shown in figure 4.



Figure 4. Personalized brain mapping resolving functional areas around structural 
pathology. Left column: a T1-weighted image showing the location and extent of structural 
damage. Middle column: a typical brain atlas overlayed on the T1 image, demonstrating an 
inability to account for structural damage. Right column: The Structural Connectivity Atlas 
(SCA) personalized brain mapping technique, showing that brain regions are mapped in 
accordance and surrounding structural damage.
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axis around which other networks align19. The CEN drives goal-directed behavior, and the 

DMN activates during passive states of mind and at rest20,21. Balancing and alternating 

between these two networks during daily life is mediated by the SN22. Unsurprisingly, 

damage to or disconnection of the tracts between these major networks can cause 

impairments to higher-order cognitive abilities and cause symptoms associated with 

schizophrenia, depression, and anxiety23-25. Leveraging personalized brain mapping 

preoperatively informs neurosurgeons about the precise location and involvement of 

these networks, among others, in their patient’s pathology. This context allows them to 

plan accordingly to avoid and navigate these networks during surgery26–28. 

Maximal safe resection

 

In modern neurosurgery, the gold-standard approach aims to achieve a maximal 

resection volume of tumor-affected tissue whilst inducing a minimal risk of functional 

deficit29,30. These approaches, however, carry a greater risk of compromising nearby 

tracts and networks of the brain. With personalized brain mapping, a neurosurgeon can 

generate a visualization showing not only if a tumor site is entangled with a functioning 

region or tract bundle, but also if the regions surrounding a tumor site have already been 

compromised. In either case, a visualization afforded by personalized brain mapping 

empowers approaches seeking maximal resection, informing surgeons about the still-

functioning tracts and networks to avoid in their approach and what tissue is already 

compromised and can be resected without potentially worse postoperative outcomes31-33.

Alleviating financial burden

A retrospective investigation conducted by Mission and Bekelis of 36,000 glioma patients 

undergoing Neurosurgical intervention between 2005-2010 revealed that post-surgical 

neurologic complication broadly mediated a 10.3% increase in costs in addition to costs 
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incurred due to longer lengths of stay. At a median cost of $24,503 USD, complications 

increase average costs by $2,524 per case and an additional $2,303 for each additional day 

of stay34. This represents a significant financial burden on annual hospital budgets. 

While personalized brain mapping does not directly relate to a shorter length of stay, 

various individual accounts from practicing neurosurgeons assert that the information 

provided by analogous techniques promote positive surgical outcomes35-37. As such, the 

enhanced guidance offered by Personalized Brain Mapping may aid in alleviating the 

costs associated with post-surgical complications. 

Improved patient consent

Since the early 20th century, United States consent laws have been in place surrounding 

neurosurgical practice to ensure that, when possible, patients are made fully aware of the 

potential risk factors of intracranial procedures38. In line with these laws, knowing which 

brain networks may be involved or surrounding a particular pathology helps identify the 

risk factors that may be associated with necessary surgical action. Personalized brain 

mapping, that in nature displays and visualizes brain networks and connections, enables 

a neurosurgeon to not only convey, but for the first time, visually demonstrate to their 

patient where and why performing the elected surgical strategy could potentially result 

in postsurgical deficits1,4. Countless instances exist where a patient has awoken from a 

surgery with an unexplained deficit such as neurologic dysfunction or short-lasting apraxia. 

These scenarios possibly result from the path of the surgical approach or resection cutting 

through components of core brain networks39-43. What is of paramount importance in 

cases such as these is that patients are made aware of any potential consequences of 

surgery, which is eloquently offered by personalized brain mapping44,45. 



Omniscient Neurotechnology’s Quicktome software enables a personalized brain 

mapping solution accessible by collecting basic MRI scanning sequences. By loading an 

anatomical and diffusion weighted imaging scan into Quicktome, neurosurgeons can 

view and segment individual brain network templates, regions, and tracts associated with 

their patients' structural pathology or symptom profiles, or utilize the inbuilt pre-selection 

tools for investigation of tractography and network damage isolated to any major lobe 

of the brain. In addition, the personalized brain maps generated by Quicktome can be 

integrated with modern PACS systems, providing neurosurgeons with actionable insights 

throughout the continuum of care.
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Conclusion
The role of a neurosurgeon can never be overstated – they carry with them what few will ever 

achieve, the capacity to change and save a human life. Because of this, neurosurgeons must 

be armed with the best available tools to both prolong the lives of their patients without 

compromising their quality of life. Personalized brain mapping brings decades of research 

into the anatomy and function of the human brain into the hands of a neurosurgeon, helping 

to guide their approach towards maximal safe resection and away from major brain networks 

and tracts, all while keeping their patients informed of any potential surgical consequences. 
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