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Personalized fMRI Delineates Functional
Regions Preserved within Brain Tumors
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Objective: Accumulating evidence from invasive cortical stimulation mapping and noninvasive neuroimaging studies
indicates that brain function may be preserved within brain tumors. However, a noninvasive approach to accurately and
comprehensively delineate individual-specific functional networks in the whole brain, especially in brain tissues within
and surrounding tumors, is still lacking. The purpose of the study is to develop a clinically useful technique that can
map functional regions within tumoral brains.
Methods: We developed an individual-specific functional network parcellation approach using resting state functional
magnetic resonance imaging (rsfMRI) that effectively captured functional networks within and nearby tumors in
20 patients. We examined the accuracy of the functional maps using invasive cortical stimulation and task response.
Results: We found that approximately 33.2% of the tumoral mass appeared to be functionally active and demonstrated
robust functional connectivity with non-tumoral brain regions. Functional networks nearby tumors were validated by
invasive cortical stimulation mapping. Intratumoral sensorimotor networks mapped by our technique could be distin-
guished by their distinct cortico-cerebellar connectivity patterns and were consistent with hand movement evoked fMRI
task activations. Furthermore, in some patients, cognitive networks that were detected in the tumor mass showed
long-distance and distributed functional connectivity.
Interpretation: Our noninvasive approach to mapping individual-specific functional networks using rsfMRI represents a
promising new tool for identifying regions with preserved functional connectivity within and surrounding brain tumors,
and could be used as a complement to presurgical planning for patients undergoing tumor resection surgery.
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Brain tumors can invade or enclose healthy brain tis-
sues. Recent evidence from invasive stimulation map-

ping and noninvasive functional neuroimaging studies

suggests that functionally intact regions may be preserved
within the invading tumors.1,2 The intermixed cellularity
of brain tumors with non-neuronal tumor cells, neurons
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and neuronal supporting cell populations raises the possi-
bility that function may be retained intratumorally.3 Accu-
rate identification and comprehensive delineation of
intratumoral functional regions in individual patients’
brains may facilitate presurgical planning by balancing the
need for maximal tumor resection while simultaneously
preserving brain function. However, current functional
mapping techniques are limited in either their mapping
extent and/or their level of accuracy.

Direct cortical stimulation (DCS), the current “gold
standard” for intraoperative functional mapping, can accu-
rately map critical functional areas but has been somewhat
limited to for use in the sensorimotor and language
regions.4,5 Cortical areas critical to cognition are often
neglected simply due to the difficulty in assessing cognitive
processes in the operating room, despite the fact that these
areas subserve essential functions that are strongly tied to
clinical outcomes.6 Task-evoked functional magnetic reso-
nance imaging (fMRI) is routinely used during presurgical
planning to localize critical functional areas near and within
tumors.7 However, it often suffers from low reliability8 and
requires active patient participation, which can be challenging
for children or patients with severe cognitive impairments.

Resting-state fMRI (rsfMRI) represents a promising
tool for mapping functional networks in patients with
brain tumors because data can be acquired without
patients performing any specific tasks. At the population-
level, parcellating large-scale cortical functional networks
using rsfMRI can reveal the general principle of functional
brain organization.9,10 However, due to substantial inter-
subject differences,11,12 the cortical networks mapped at
the population-level lack the precision needed to be useful
in the individual. Emerging rsfMRI-based analytical
approaches, such as embodied by our novel individual-
specific functional network parcellation method, can reveal
the presence of unique but subtle subnetworks and have
been shown to outperform task-based fMRI activations in
capturing DCS positive sites in sensorimotor areas.13–15

To date, these individual-specific functional mapping tech-
niques have largely focused on healthy brains and relied on
reconstructed cortical surfaces. In the tumoral brain,
healthy tissue and functionally preserved areas might be dis-
placed or damaged with progression of the invading
tumor.16,17 Due to the effects of tumoral mass changes over
time on the arrangement of surrounding brain tissues, corti-
cal surface reconstruction becomes arduous, and results
may be inaccurate.18 Thus, development of a more precise
and accurate rsfMRI-based individual functional mapping
method for tumor patients is urgently needed.

Here, we developed a whole-brain, volumetric func-
tional network parcellation approach for tumoral brains
using rsfMRI and applied this method to 20 patients with

de novo tumors before surgery. The accuracy of our map-
ping approach can be partially validated by invasive DCS
and task response. Our approach is novel in that
individual-specific functional networks across the whole
cerebral cortex can be identified, including areas within
and nearby tumors. This technology has potential clinical
utility for improving presurgical planning and achieving
better clinical outcomes.

Methods
Participants
Our sample consisted of 20 patients with brain tumors
located in the frontal, temporal, and parietal lobes
(18 patients with gliomas, 1 patient with extraventricular
neurocytoma, and 1 patient with hemangiopericytoma;
13 men and 7 women; mean age is 35.4 � 12.8 years).
Demographic and clinical characteristics of the patient
sample are shown in the Table. All patients met the fol-
lowing inclusion criteria: (1) right-handedness,
(2) patients with newly diagnosed tumors, and (3) a clin-
ical need for an MRI scan. Exclusion criteria were:
(1) prior brain tumor surgery, (2) any contraindication
for MRI scanning, and (3) history of psychiatric or neu-
rological disorders. According to the 2021 World Health
Organization (WHO) classification,19 histology of these
lesions included low-grade (WHO grade I/II, n = 14)
and high-grade (WHO grade III/IV, n = 4) cases. This
study was approved by the institutional review board
of Tiantan Hospital, Capital Medical University, and
written informed consent was obtained from each
participant.

Data Collection
Structural and fMRI were collected using a 3 Tesla Sie-
mens TimTrio scanner equipped with a 32-channel head
coil. Structural images were obtained using an MP-RAGE
3D T1-weighted sequence (TR = 2,530 ms;
TE = 3.37 ms; flip angle = 7�; 1.0 mm isotropic voxels;
FOV = 256 � 256) and a T2-weighted sequence
(TR = 5,800 ms; TE = 117 ms; flip angle = 90 degrees;
0.5 � 0.5 � 6.0 mm3 voxels; FOV = 240 � 240). The
fMRI data were acquired using an echo planar imaging
(EPI) pulse sequence (TR = 2000 ms; TE = 30 ms; flip
angle = 90 degrees; 3.44 � 3.44 � 3.750 mm3 voxels,
matrix size = 64 � 64, 33 slices fully covering whole
brain). Each patient underwent an 8-minute resting-state
scan wherein the patient was instructed to stay awake and
keep their eyes open. In addition to the resting-state scan,
two hand motor task fMRI runs were acquired for each
patient; one run was acquired for the left hand and one
run was acquired for the right hand. Each 2-minute run
consisted of two 30-second motor task blocks interleaved

354 Volume 91, No. 3

ANNALS of Neurology



with three 20-second rest intervals. Patients performed
hand movement tasks according to instructions displayed
on the computer screen.

Data Preprocessing
All structural MRI data were processed using FreeSurfer
version 5.3.0 (http://surfer.nmr.mgh.harvard.edu). Func-
tional data were preprocessed using the pipeline described
in previous studies,20,21 which includes: (1) slice timing
correction (SPM12 software, Wellcome Department of
Cognitive Neurology), (2) rigid-body correction for head
motion using FSL package,22 (3) normalization for global
mean signal intensity across runs, (4) band-pass temporal
filtering (0.01–0.08 Hz), and (5) regression of 6 motion
parameters, whole-brain signal, and ventricular and white-
matter signals. Task activations were estimated using a

conventional general linear model (GLM) with FSL’s
FEAT (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT).

Direct Cortical Stimulation Mapping during
Awake Craniotomy
The DCS was performed to identify the hand sensorimo-
tor areas in 15 patients.23 Trains of 60-Hz biphasic pulses
were delivered via electrodes using an Ojemann Cortical
Stimulator (Integra Life, Plainsboro, NJ, USA) during
awake craniotomy (square wave with a pulse width of
1 second). Stimulation commenced with an intensity of
1 mA and was gradually increased with a step of 0.5 mA.
Delivery of DCS terminated when involuntary hand
movements were induced according to the 2/3 principle24

or the stimulation intensity reached 6 mA. The DCS-
positive sites were noted using fiducial markers with a

TABLE. Patient Demographic and Clinical Data

Patient Gender Age, yr WHO grade Tumor location Tumor histology IDH 1p/19q

PA01 M 45 3 Frontal, L Astrocytoma Mutant Non-codel

PA02 F 34 2 Frontal, L Astrocytoma Mutant Non-codel

PA03 M 37 2 Frontal, L Astrocytoma Mutant Non-codel

PA04 M 24 2 Parietal, L Extraventricular neurocytoma / /

PA05 F 41 2 Parietal, L Astrocytoma Mutant Non-codel

PA06 M 18 2 Temporal, L Astrocytoma Mutant Non-codel

PA07 M 21 3 Temporal, L Astrocytoma Mutant Non-codel

PA08 F 69 2 Frontal, L Oligodendroglioma Mutant Codel

PA09 M 39 2 Frontal, R Astrocytoma Mutant Non-codel

PA10 M 12 2 Parietal, R Astrocytoma Mutant Non-codel

PA11 F 35 2 Frontal, R Hemangiopericytoma / /

PA12 F 48 3 Frontal, R Astrocytoma Mutant Non-codel

PA13 M 27 2 Frontal, R Astrocytoma Mutant Non-codel

PA14 M 40 2 Parietal, R Oligodendroglioma Mutant Codel

PA15 M 48 2 Temporal, R Oligodendroglioma Mutant Codel

PA16 F 40 2 Frontal, R Oligodendroglioma Mutant Codel

PA17 F 23 2 Frontal, R Astrocytoma Mutant Non-codel

PA18 M 36 2 Frontal, R Astrocytoma Mutant Non-codel

PA19 M 40 2 Frontal, R Astrocytoma Mutant Non-codel

PA20 M 30 3 Parietal, R Astrocytoma Mutant Non-codel

codel = codeletion of chromosome arms 1p and 19q; F = female; IDH = isocitrate dehydrogenase; L = left hemisphere; M = male; R = right hemi-
sphere; WHO = World Health Organization.
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diameter of 5 mm and then registered to the subject’s
T1-weighted MRI.

Tumor Segmentation
Brain tumors were manually segmented by consensus read-
ing (2 board-certified neuroradiologists) of T2-weighted
images using MRIcroN version 1.0 (https://www.nitrc.org/
projects/mricron). As described in our previous study,25

areas containing abnormal hyperintense signals on the
T2-weighted images were identified as tumors. A senior
neuroradiologist then re-evaluated the lesion and demar-
cated the tumor boundaries.

Population-Level Volumetric Functional Atlas
A volumetric functional atlas consisting of 17 networks
was estimated using data of 1,000 healthy subjects
described in previous studies.9,26 In the original atlas,
hand and foot sensorimotor areas were not distinguished.
Here we separated these 2 functional regions. The volu-
metric atlas consisting of 18 networks served as an initial
iteration for our individual parcellation procedure.

Individual-Level Network Parcellation in the
Lesioned Brain
Hemispheric lesions resulting from brain tumors may dis-
rupt surface reconstruction. To address this issue, we pro-
posed an iterative individual parcellation approach (see
Fig 1) based on our previous method15:

1. Initialization: For each patient, the volumetric
population-level functional atlas was projected onto the
patient’s contralesional hemisphere using a nonlinear regis-
tration and used for the initial parcellation. The patient’s
fMRI signals were averaged across voxels within each func-
tional network and used as the “reference signal” for the
subsequent reassignment step.

2. Mapping individualized functional networks in
the contralesional hemisphere: Each voxel was reassigned
to 1 of the 18 functional networks according to the maxi-
mal correlation values to the 18 reference signals generated
from the previous step. A confidence value was set as the
ratio between the largest and the second largest correlation
values. Functional individualization using an iterative pro-
cess, described in our previous report,15 was then per-
formed in order to reassign all voxels in the gray matter
area to 1 of the 18 functional networks. Then, a tempo-
rary individualized parcellation for the contralesional
hemisphere was obtained until the procedure reached a
preselected number of iterations.

3. Functional mapping of the lesional hemisphere:
We constructed new reference signals, including reference
signals of the 18 canonical networks in the contralesional
hemisphere from step 2, and a reference signal of the

tumor network derived from the average signal of a seed
region of interest (ROI) placed in the tumor area. The
BOLD signal of each voxel in the lesional hemisphere was
correlated to these 19 new reference signals. According to
the maximum of Pearson’s correlation coefficients, each
voxel was assigned to 1 of the 19 networks. For example,
if a voxel had a stronger correlation with the reference sig-
nal of the tumor network compared to other networks, it
would be reassigned to the tumor network. The tumor
network is not a functional network but rather brain
regions spatially restricted by the tumor that showed tem-
porally correlated BOLD signals that differed from the
18 canonical networks. The time courses of the voxels
within each network were averaged and used as the new
reference signal for the next step.

4. Functional individualization of the lesional hemi-
sphere: The same optimization procedure as detailed in
step 2 was conducted in the lesional hemisphere for
parcellation of the 19 networks, which ended when the
iteration reached a predetermined number. We then
obtained the temporary functional parcellation for the
lesional hemisphere.

5. Combining 2 hemispheres: The reference signals
for the whole brain were generated by averaging the refer-
ence signals in step 2 for the contralesional hemisphere
and the reference signals in step 4 for the lesional hemi-
sphere. Next, the BOLD signal for each voxel from the
whole brain was correlated with the new reference signals.
The maximal correlation value was used to determine the
final network assignment of each voxel.

Statistical Analysis
We compared WHO low-grade (N = 14) and high-grade
(N = 4) tumors in terms of the ratio between functional
tissues and the tumor volume. Two-sided Wilcoxon rank-
sum test was used for the comparison (https://www.
mathworks.com/help/stats/ranksum.html). We also exam-
ined differences in gender and age between these 2 groups
using chi-square and 2-sided Wilcoxon rank-sum tests,
respectively. In addition, Pearson’s correlations between
the ratios of intratumoral functional regions and tumor
volumes were calculated (https://www.mathworks.com/
help/stats/corr.html). A voxel-based Dice coefficient was
used to evaluate the similarity between seed-based func-
tional connectivity maps. Permutation tests (1,000 permu-
tations) were performed to examine whether functional
connectivity maps derived from a pair of adjacent seeds in
2 functional networks were more distinct from each other
than maps derived from 2 randomly selected seeds in the
tumor network. Note that the Euclidean distance between
the randomly selected tumor seeds was kept identical to
the distance between the seeds in functional networks.
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Two-sided Wilcoxon signed-rank tests were conducted to
examine the difference in cortico-cortical and cortico-
cerebellar sensorimotor functional connectivity values
between groups. In addition, a 2-sided Wilcoxon rank-
sum test was used to examine the existence of functional
connectivity between the seeds in intratumoral network
and sensorimotor regions in contralateral cerebral cortex
or cerebellum.

Results
Mapping Individual-Specific Functional Networks
in Tumor Patients
We parcellated the cerebral cortices of 20 patients with
brain tumors into 18 large-scale functional networks and
an additional “tumor network,” for a total of 19 networks

(Fig 2A). Overall, tumor networks fell within the ana-
tomic boundaries demarcating the tumors in the
T1-weighted images, often showing a high degree of over-
lap (see Fig 2A, see PA03, PA10, and PA12 for examples).
However, in some patients, tumor networks only
encompassed a circumscribed area within the tumoral
margins in the T1-weighted image, wherein functionally
preserved networks were also detected (see PA05 in
Fig 2A).

To evaluate the mismatch between the functional
and anatomic boundaries, we calculated the Ratio of the
Intratumoral Functional Regions to tumor volume (RIFR)
across the 20 patients. The RIFR was 33.2% � 26.9%
(mean � SD). In a small subset of patients (N = 5), more
than 50% of the tumoral mass was detected as
intratumoral functional regions (Fig 2B). In 10 patients,

FIGURE 1: The schematic diagram of an individualized functional network parcellation approach for patients with tumors. The
network parcellation strategy includes the following 5 steps: (1) a group-level network atlas consisting of 18 functional networks
in the contralesional hemisphere is registered onto the patient’s anatomic brain image using a nonlinear registration. The
patient’s BOLD signals were averaged across voxels within each functional network and used as the “reference signal” for
the subsequent step. (2) An iterative algorithm was used to reassign each voxel in the contralesional hemisphere to 1 of the
18 functional networks according to the maximal correlation values to the reference signals generated from the previous step.
(3) In the lesional hemisphere, the BOLD signal of each voxel is correlated to the 18 reference signals of the contralesional
hemisphere and the “tumor network” signal. These voxels are assigned to the 19 networks (18 functional networks and the
tumor network) according to the maximum of the correlation value. (4) The same iterative process as in step (2) is used to
parcellate the lesional hemisphere into 19 networks. (5) To combine the results from both hemispheres, each voxel is reassigned
to the 19 networks according to the maximum correlation between the time course of the voxel and the reference signals
averaged from the 2 hemispheres.
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FIGURE 2: Individual parcellation delineates individual-specific functional networks and the tumor network. (A) Eighteen large-
scale functional networks and one additional tumor network were mapped in each of the 20 tumoral brains using the individual-
specific functional parcellation method. The individual parcellation of four representative patients, PA03, PA10, PA05, and PA12,
are displayed. For each patient, the T2-weighted images (upper panels), the T1-weighted images (middle panels), and the
individual-specific networks (bottom panels) overlaid onto the T1-weighted images are shown. The red arrows depict the
location of the tumor in the T2- and T1-weighted images. The tumor network is indicated by a gray color and the other
18 functional networks are color-coded with the same colors and naming conventions as reported in our previous study.20

(B) Histogram shows the distribution of the percentage of intratumoral functional regions in patients with tumors. Half of the
patients with tumors have a high proportion of functional regions within tumors. (C) The ratio of intratumoral functional regions
in tumor mass is unrelated to tumor volume (r = �0.10, p = 0.66).

358 Volume 91, No. 3

ANNALS of Neurology



the ratio was greater than 25% of the tumoral mass. No
significant correlation was found between RIFR to tumor
volume (Pearson’s correlation, r = �0.10, p = 0.66;
Fig 2C). Moreover, patients with low-grade gliomas
showed a significantly greater RIFR (RIFR = 40.3% �
27.9%; N = 14) than those patients with high-grade glio-
mas (RIFR = 8.5% � 6.0%; N = 4; two-sided Wilcoxon
rank-sum test, p = 0.025), whereas no significant differ-
ence in gender (chi-square test, p = 0.69, χ2 = 0.16) or
age (2-sided Wilcoxon rank-sum test, p = 0.74) was
found in these 2 groups.

To examine the accuracy of the tumor network and
functional networks mapped in each patient, we placed
2 pairs of seeds adjacent to the boundary of the tumor

network (Figs 3A, 3C). For each pair of seeds, one seed
was placed within a functional network that was located
outside the tumor network, and the other seed was placed
in close proximity but within the tumor network. A series
of seed-based functional connectivity analyses were per-
formed and the resulting connectivity maps for 2 represen-
tative patients, PA12 (seeds A/B and C/D) and PA15
(seeds E/F and G/H), are shown in Figures 3B and 3D.
For these 2 patients, one seed from each pair was placed
in the ventral attention network (vATN) and the default
mode network (DMN), whereas the other seed was placed
in the tumor network. Despite adjacent locations of the
paired seeds, their connectivity patterns were significantly
different (Pair A/B: Dice coefficient = 18.01%,

FIGURE 3: Adjacent seeds within and nearby tumor networks show distinct functional connectivity patterns. In 2 representative
patients, PA12 and PA15, tumors and functional networks surrounding the tumors are highlighted. The anatomic boundaries of
the tumors are demarcated by the blue lines. (A) Two pairs of seeds (pair A/B and C/D) are placed adjacent to the boundary of
the tumor network in PA12. For each pair, one seed is placed in a functional network (seeds B and D) and another seed is placed
nearby but within the tumor network (seeds A and C). (B) Seeds B and D demonstrate distributed connectivity corresponding to
vATN and DMN, whereas seeds A and C show mostly local connectivity constrained within the tumor. (C) In the other patient
with a tumor (PA15), 2 pairs of seeds (pair E/F and G/H) are placed within (seeds E and G) and nearby (seeds F and H) the
tumor networks. (D) Similar to PA12, each pair of seeds shows distinct connectivity patterns. DMN = default mode network;
FC = functional connectivity; vATN = ventral attention network.
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permutation test, p < 0.001 and z-score = �5.09; Pair
C/D: Dice coefficient = 21.21%, p = 0.010 and
z-score = �2.38; Pair E/F: Dice coefficient = 16.04%,
p < 0.001 and z-score = �2.94; Pair G/H: Dice coeffi-
cient = 14.79%, p = 0.025 and z-score = �2.00; see
Methods). For seeds placed in functional regions, distrib-
uted patterns of connectivity were observed that spanned
widespread regions of the brain and included long-
distance connections in the corresponding networks. In
contrast, seeds placed in the tumor network only showed
local patterns of connectivity that were restricted predomi-
nantly to the tumor (see Figs 3B, 3D). These distinct con-
nectivity patterns illustrate that our approach can
successfully differentiate regions that have residual func-
tion and interact with remote brain areas and regions that
lack functional activity within tumors.

Individual Sensorimotor Network Can Be
Validated by Invasive Cortical Simulation
To further validate the individualized functional networks
derived from our parcellation method, we compared the
sensorimotor networks mapped by our approach with the
hand sensorimotor regions localized by DCS. Preoperative
functional localization using DCS, the current “gold stan-
dard” in clinical practice, was performed in 15 out of
20 patients. The hand motor networks mapped by our
rsfMRI approach corresponded to the hand sensorimotor
region localized by DCS in 100% of patients (15/15
patients; Fig 4). The high concordance between hand sen-
sorimotor maps derived using the functional parcellation
approach and those captured using DCS suggests the sen-
sitivity of our method for identifying functional networks
in individual subjects.

Patients With and Without Intratumoral
Functional Regions Show Distinct Cortico-
Cerebellar Functional Connectivity Patterns
To further assess the degree to which functional networks
neighboring the invading tumors had preserved connectiv-
ity, we examined the connectivity between functional
regions and the cerebellum. We placed seeds adjacent to
the boundary between the functional network and the
tumor in one patient (see PA14 in Fig 5A), which had a
tumor located in the parietal lobe. Seed A was placed in
the hand sensorimotor network identified by our individ-
ual parcellation method, whereas seed B was placed adja-
cent to seed A but located in the patient’s tumor network.
The functional connectivity map for seed A showed strong
connectivity with the contralateral cerebellar sensorimotor
regions. Conversely, seed B, which was located in the
tumor network, showed weak cortico-cortical and cortico-
cerebellar connectivity with values significantly lower than

for seed A in PA14 (2-sided Wilcoxon signed-rank test,
p < 0.0001; Fig 5B). The above finding can be replicated
in another patient (PA17, the 2-sided Wilcoxon signed-
rank test, p < 0.0001). The observed disparity in cerebro-
cerebellar connectivity patterns for adjacent seeds placed
within and outside the tumor network suggest that critical
brain networks surrounding tumors may be functionally
preserved in these patients.

In some patients, sensorimotor networks fell within
the anatomic boundaries of the tumor mass. To evaluate
whether sensorimotor function remained intact in regions
invaded by these gliomas, a seed was placed in the
intratumoral hand sensorimotor network (see seed C in
Fig 5C). We found that significant functional connectivity
was still present in the hand sensorimotor regions of the
contralateral cerebral cortex and cerebellum (2-sided
Wilcoxon rank-sum test, p < 0.0001; Fig 5D). The pres-
ence of cortico-cortical and cortico-cerebellar functional
connectivity indicates that motor function may be pre-
served in the sensorimotor regions invaded by tumors.

Intratumoral Sensorimotor Networks Were
Consistent with Task Activations
To determine the extent to which sensorimotor networks
identified nearby and within tumors were functionally sig-
nificant, we compared the sensorimotor networks with the
hand movement induced fMRI task activations. For PA14,
the hand sensorimotor network nearby the tumor was acti-
vated when the patient performed a hand movement task
(Fig 6A), whereas the tissue invaded by the tumor showed
no task-induced activations. Conversely, for PA05, with an
identified intratumoral sensorimotor region (ISR), task acti-
vation was observed both inside and outside the tumor,
and corresponded spatially with the sensorimotor network
(Fig 6B). We statistically compared the task responses in
ISR and tumor networks in totally 3 patients whose tumors
included ISR. We found that task responses in ISR
(β = 2.28 � 1.50) were significantly higher than those in
the tumor networks (β = 0.69 � 0.90; p < 0.0001 for all
3 patients, Wilcoxon rank-sum tests; Fig 6C), suggesting
that the detected ISR invaded by tumors were recruited
during the motor task.

Intratumoral Higher-Order Association
Functional Networks Show Characteristic
Distributed Functional Connectivity Patterns
We observed that higher-order association networks dem-
onstrated canonical functional connectivity profiles despite
being invaded by tumors. For example, in 2 patients
whose frontal cortices were partially invaded by tumors
(PA17 and PA11), the tumor regions were parcellated into
one tumor network and several association functional
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networks, such as the frontal–parietal network (FPN),
DMN, and dATN (Fig 7). We placed 3 seeds in each of
these functional regions (seeds A/B/C for PA17, and seeds
D/E/F for PA11) and generated functional connectivity
maps for each patient. Widespread and distributed func-
tional connectivity patterns across the cerebral cortex were
observed for these seeds. These connectivity maps show
consistent network topologies with the corresponding
individual-specific functional networks mapped by the
whole brain parcellation method (Spearman’s r = 0.46,
0.47, 0.59 and all p values < 0.0001 for seeds A/B/C; Spe-
arman’s r = 0.49, 0.64, 0.65 and all p values < 0.0001 for
seeds D/E/F), suggesting that intratumoral association
functional regions may have preserved network properties.

Discussion
In this study, an individualized brain network parcellation
method was developed to map functional networks in
tumor patients. In 20 patients, about 33.2% of the
tumoral mass was classified as functional regions. In addi-
tion, we found that low-grade gliomas may have more
regions with preserved functional connectivity than high-
grade gliomas. Individualized sensorimotor networks

nearby and within tumors could be validated using inva-
sive cortical simulation and task response, respectively.
Cortico-cerebellar sensorimotor connectivity in these
patients provides further evidence that characteristic func-
tional connectivity may be preserved in regions invaded
by tumor cells. Finally, the presence of long-distance
higher-order functional connectivity suggests that cogni-
tive functions may also be preserved intratumorally. Taken
together, our results indicate that our individualized func-
tional network parcellation approach can successfully
delineate functional regions within and nearby tumors and
has potential clinical applications for patients undergoing
resection surgery.

Implications for Tumor Resections and
Prognoses
Resecting tumors with functional intact regions inside can
potentially cause new neurological functional deficits to
arise, which will adversely affect the patient’s quality of
life.1,6 Our data indicated that the functional and ana-
tomic boundaries of tumors may be mismatched. There-
fore, revealing the functional network topography
surrounding and within tumors will enable one to predict
the risk of postsurgical deficit and provide more objective

FIGURE 4: Sensorimotor networks mapped by our approach is partially validated by invasive cortical stimulation. For each
patient, the hand sensorimotor network was mapped by our individualized parcellation approach, with the confidence map (the
ratio between the largest and the second largest correlation values to the reference signals of the 19 networks) indicated by
warm colors. Blue dots indicate positive sites of DCS for the hand sensorimotor regions. In all 15 patients with DCS results, DCS
positive sites fell within the hand motor networks mapped by our parcellation approach. DCS = direct cortical stimulation.
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FIGURE 5: Cortical sensorimotor networks within or nearby the tumor show functional connectivity with the contralateral
cerebellar sensorimotor regions. (A) In subject PA14, the hand sensorimotor network surrounds the tumor (blue lines). A pair of
seeds was placed outside (seed A; top, left panel) and within the tumor (seed B; top, right panel). Seed A, located within the
sensorimotor network shows strong functional connectivity with the contralateral cortical and cerebellar sensorimotor regions. In
contrast, an adjacent seed, seed B shows local functional connectivity restricted within the tumoral margins and no significant
cortico-cerebellar connectivity. (B) The cortico-cortical and cortico-cerebellar functional connectivity of seed A is significantly
higher than those of seed B for subject PA14 (Wilcoxon signed-rank test, p < 0.0001). (C) The sensorimotor network falls within
the anatomic boundary of the tumor in subject PA05 (top panel). A seed (seed C) placed in the intratumoral sensorimotor
network shows significant functional connectivity with the cerebellar sensorimotor regions, suggesting that function might be
retained in the sensorimotor regions within the tumor. (D) For PA05, seed C shows significant connectivity to contralateral
cerebral and cerebellar sensorimotor regions (Wilcoxon rank-sum test, p < 0.0001). FC = functional connectivity.
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information to assess the risk to benefit ratio of the
planned surgery. This does not negate the need for
intraoperative stimulation mapping for surgical planning,
rather our parcellation approach could serve as a preopera-
tive reference used in tandem with DCS to more precisely
identify the presence or absence of functional regions
within tumors, which may have been missed otherwise.

Importantly, our technology has clinical implications
for the development of novel “prehabilitation” strategies.
For patients requiring extensive resectioning, despite the
presence of functionally intact zones intratumorally, our
parcellation approach when coupled with targeted and
personalized neuromodulation therapies prior to surgery,
such as continuous direct cortical stimulation (cDCS) or
transcranial magnetic stimulation (TMS), may take advan-
tage of the brain’s ability to functionally re-organize and
undergo neuroplastic changes. Previous reports show that
presurgical suppression of the eloquent areas by cDCS or
TMS promotes reorganization of functional regions within
gliomas.1,27 This prehabilitation procedure may displace
eloquent areas from the glioma tissue to nearby regions or
toward the contralateral hemisphere.28 The capability of
our parcellation to accurately identify individual-specific

eloquent areas shows promising potential for guiding the
personalized intratumoral targeting and evaluating the
prehabilitation procedure. A successful eloquent functional
displacement could minimize postoperative functional
impairment and improve prognosis.

Revealing Tumor Tissue by Functional Scope
Evidence from a previous study suggests that BOLD sig-
nals from inside the tumor are significantly different from
those located in surrounding healthy tissues.29 Here, we
utilized this characteristic of the BOLD signals to map
nonfunctional tumor networks. It is noteworthy that the
tumor networks are often more circumscribed than the
anatomic boundaries demarcated by abnormal intensity
identified using conventional MRI techniques. In other
words, the tumor network demarcates a boundary, outside
rather than within, which functional consideration should
be taken more care. The functional boundary of the
tumor could be a potentially critical concept in neurosur-
gical practice in the near future.

The mechanism of temporal synchronization of
BOLD fluctuations within tumor networks remains
unclear. It has been shown that the BOLD signal is largely

FIGURE 6: Cortical sensorimotor networks nearby or within the tumor corresponded to regions showing hand motor task
activations. (A) The hand sensorimotor network adjacent to a tumor in PA14. A repetitive hand motor task evoked BOLD signal
activation that corresponded topographically with the sensorimotor network derived from our resting-state functional
connectivity parcellation. (B) The hand sensorimotor network located nearby and within the tumoral boundary in PA05. The hand
motor task induced fMRI activation that spatially overlapped with the sensorimotor network but did not extend into the tumor
network indicated by grey color. (C) For 3 patients with intratumoral sensorimotor regions (ISR), we compared motor task
responses measured using extracted β-values derived from the general linear model within the ISRs and tumor networks. Each
line represents a patient. Error bars represent the standard deviations of β-values across all voxels within the ISRs or tumor
networks. Task responses in the ISR were significantly stronger than those in the detected tumor network for each patient
(p < 0.0001 for all 3 patients, Wilcoxon rank-sum tests). fMRI = functional magnetic resonance imaging.
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dependent on the oxygen extraction ratio, the levels of
oxygenated to deoxygenated hemoglobin.30 The histologi-
cal and pathophysiological characteristics of the tumor
may change the above feature, thus producing abnormal
BOLD signals.31 Although the mechanism is not fully
understood, 2 main factors are thought to contribute to
the tumor-related BOLD signal components. First, the
intratumoral blood flow and oxygenation are much higher
than other brain tissues, and change according to the rela-
tively consistent metabolic rate across the tumor volume,
as brain tumors undergo angiogenesis to support the
increase in metabolism as tumor cells divide.32 In tumoral
brains, it has been reported that invading tumor cells lead
to loss of physiological astrocyte function, inducing

vasoconstriction or vasodilation in response to neuronal
activity.33,34 Normal brain activity has a limited effect on
tumor oxygenation and blood flow if the remaining
intratumoral functional areas are not considered.33,35

Therefore, signals within tumors are highly temporally
synchronized and do not necessarily follow the fluctua-
tions that are found in functional areas outside the tumor.
Second, near-tumoral blood flow and oxygenation are
affected by the large tumor mass. A hypoxic microenviron-
ment may be induced by malignant cancer cell prolifera-
tion and blood vessel deformation during tumor
angiogenesis.36 Despite the blood perfusion promoted by
vascular autoregulation, the peripheral infiltration of these
tissues still shows decreases in blood volume and partial

FIGURE 7: Functional regions invaded by tumors show characteristic distributed functional connectivity patterns of association
functional networks. Individual-specific parcellations identified several association networks (left column), such as the FPN
(orange and purple colors indicate subnetworks FPN B and FPN C), DMN B (yellow), and dATN B (green) near or within the
tumors (demarcated by blue lines). Seeds were placed in these functional regions. Functional connectivity maps of these seed
regions show characteristic distributed patterns across the cerebral cortex (middle column) and converge to the corresponding
individual-specific functional networks identified by our parcellation approach (right column), suggesting that higher-order
cognitive functions may remain intact within regions invaded by tumors. ATN = attention network; DMN = default mode
network; FC = functional connectivity; FPN = frontal–parietal network.
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pressure of oxygen.36,37 The changes due to oxygenation
may enhance the difference in BOLD signals compared
with the neovascularized area found within tumors.

Revealing Individual-Specific Intratumoral
Functional Networks
A body of empirical evidence suggests that specific func-
tional regions may remain within the tumoral margin. For
example, Rivera et al1 performed intraoperative cortical
stimulation mapping to confirm the presence of language
and movement-related functional regions within the
tumor for a patient with glioma. The resection of these
areas led to right hemiplegia and aphasia severely affecting
the patient’s quality of life. In another study, Daniel et al2

utilized fMRI to quantify preserved functional connectiv-
ity within glioblastomas. In the current study, we found
intratumoral functional networks were present in the
majority of patients. Low-grade gliomas showed a signifi-
cantly greater number of intratumoral functional regions
than high-grade gliomas, despite the limited sample size of
high-grade gliomas. These results suggest that the ratio of
intratumoral functional regions to tumor mass may have
potential clinical utility as a biomarker for distinguishing
more advanced or aggressive brain tumor typologies. The
differential preservation of intratumoral functional net-
works within low-grade relative to high-grade gliomas may
be attributed to 2 key factors. First, tumoral tissues are
characterized as infiltrative and histologically heteroge-
neous.3,38 For low-grade gliomas, higher density of viable
tumor cells is found in the central parts of the tumor tis-
sue and decreases towards the periphery.39 Active tumors
are disseminated neoplasms with a fringe of invasive cells
around a core lesion.40 It is possible that neoplasms have
spread from the initial lesion, and in the low-degree infil-
trated regions, invasive cells are mixed with neuropil that
retains intrinsic functional connectivity. Second, recent
studies suggest high-grade gliomas may engage neural cir-
cuits by electrochemical communication through neuron-
glioma synapses.41,42 These bidirectional interactions are
fundamental to glioma progression. It is therefore possible
that these neuron-glioma interconnections act as conduits
for functional connectivity with downstream neurons cre-
ating an electrically coupled network and subsequently,
functionally linking other distant regions that are also con-
nected, albeit indirectly.

Limitations and Future Directions
There are several limitations worth mentioning. First, our
sample size was limited (N = 20). There were 4 patients
with high-grade tumors involved in the comparison of
RIFR. The findings are therefore subject to future replica-
tions in larger samples. Second, in regard to the functional

connectivity observed intratumorally, the resulting long-
distance connectivity profile provided probable rather than
definitive evidence that these regions may have preserved
functional properties, despite task-evoked responses. These
findings should be validated by DCS or clinical neurosur-
gery outcomes in a more rigorous manner. Third, a spatial
smoothing step involved in the fMRI preprocessing pipe-
line blurs BOLD signals both outside and inside tumors.
This may cause the boundary of the tumor network to be
inaccurate. To address this potential confound, we
smoothed BOLD signals outside and inside tumor masks
separately and compared the functional connectivity (FC)
results shown in Figure 7. The similar connectivity maps
(average Dice = 86.33% � 5.43%) demonstrated that
our spatial smoothing strategy was not an important factor
affecting the functional connectivity patterns within
tumors. Fourth, the tumor network was derived from an
ROI seed placed in the center of the tumor tissue. To
evaluate the possibility of initial seed positions, we ran-
domly placed 10 tumor seeds within the boundary of
tumors for each patient. The high reliability of the
parcellation results (average Dice = 97.22% � 1.41%
across all patients) illustrates that our parcellation is nearly
independent of the initial tumor seed selection.
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