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ARTICLE INFO ABSTRACT

Keywords: Objective: Establish the evolution of the connectome before and after resection of motor area glioma using a
Glioma comparison of connectome maps and high-definition differential tractography (DifT).

tractography Methods: DifT was done using normalized quantitative anisotropy (NQA) with DSI Studio. The quantitative
connectome . analysis involved obtaining mean NQA and fractional anisotropy (FA) values for the disrupted pathways tracing
connectometrics . . . . .

connectomics the corticospinal tract (CST), and white fiber network changes over time.

Results: We described the baseline tractography, DifT, and white matter network changes from two patients who
underwent resection of an oligodendroglioma (Case 1) and an IDH mutant astrocytoma, grade 4 (Case 2). Case 1.
There was a slight decrease in the diffusion signal of the compromised CST in the immediate postop. The NQA
and FA values increased at the 1-year follow-up (0.18 vs. 0.32 and 0.35 vs. 0.44, respectively). Case 2. There was
an important decrease in the immediate postop, followed by an increase in the follow-up. In the 1-year follow-up,
the patient presented with radiation necrosis and tumor recurrence, increasing NQA from 0.18 in the preop to
0.29. Fiber network analysis: whole-brain connectome comparison demonstrated no significant changes in the
immediate postop. However, in the 1-year follow up there was a notorious reorganization of the fibers in both
cases, showing the decreased density of connections.

Conclusions: Connectome studies and DifT constitute new potential tools to predict early reorganization changes
in a patient’s networks, showing the brain plasticity capacity, and helping to establish timelines for the pro-
gression of the tumor and treatment-induced changes.

Abbreviations: CST, corticospinal tract; DifT, differential tractography; DSS, direct subcortical stimulation; DTI, diffusion tensor imaging; DTT, diffusion tensor
tractography; EOR, extent of resection; FA, fractional anisotropy; FMRI, functional magnetic resonance imaging; KPS, Karnofsky Performance Scale; NQA, normalized
quantitative anisotropy; QA, quantitative anisotropy.
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1. Introduction

Park and Friston assert that the human brain poses a complex
paradox, suggesting that its resolution could lie in the brain’s network
structure, which manages interactions essential for various re-
quirements, enabling flexibility despite static anatomy [1]. This un-
derscores the reliance of our comprehension of brain connectivity on
measurement and modeling methods, emphasizing the need for a sys-
tematic computational approach to elucidate the relationship between
structure and function. Furthermore, it emphasizes how the brain
dynamically reorganizes in response to internal and external stimuli.
Notably, one of the most significant challenges could be tumor growth
and the ensuing medical interventions.

Gliomas originate from neuroglial stem or progenitor cells within the
brain [2]. The standard approach for glioma resection involves brain
mapping techniques such as intraoperative neurophysiology and
neuropsychology [3]. Additionally, modern intraoperative neuro-
imaging methods are increasingly utilized to safeguard vital brain re-
gions and enhance post-surgical results. Especially, tractography is
commonly employed both before and during surgery, especially when
dealing with tumors near critical areas [4-10]. It offers insights into how
tumors impact white matter tracts and can be used quantitatively for
preoperative brain mapping, assessing postoperative fiber integrity, and
analyzing data obtained from intraoperative direct subcortical stimu-
lation (DSS) [11,12].

Differential tractography (DifT) offers a method to analyze repeat
scans of an individual, aiming to detect alterations in fiber pathways by
observing changes in fractional anisotropy (FA) through a "tracking the
difference" approach [4]. Additionally, DifT compares preoperative
changes with a reference database of healthy individuals to identify
disrupted white matter pathways that may not typically undergo pre-
operative evaluation or prove difficult to assess otherwise [4]. The goal
of this study is to employ DifT in assessing immediate and short-term
alterations in connectomics following primary motor area (M1) glioma
resection. Additionally, the study aims to conduct a comparative ex-
amination of the entire connectome between preoperative and succes-
sive postoperative scans to assess neural reorganization and its
correlation with clinical results.

2. Methods

The study comprised two adult patients who underwent surgical
resection of M1 gliomas. Data analysis was conducted with one reviewer
(L.F.) blinded to the patient’s clinical characteristics. Tumor resection
was performed by the senior author (E.O.) in both cases. Approval for
the study was obtained from the local Institutional Review Board and
Ethics Board, and informed consent was obtained from each patient. The
research was conducted following the principles outlined in the Decla-
ration of Helsinki.

2.1. Diffusion weighted imaging (DWI) data acquisition and processing

The diffusion images were obtained using a Siemens MAGNETOM®
Aera (1.5 T Siemens Healthcare, Erlangen, Germany) scanner employing
a 2D EPI diffusion sequence. Parameters included TE=86 ms and
TR=2800 ms. A HARDI scheme was employed with 128 diffusion
sampling directions, and the b-value was set at 1000 s/mm?®. The in-
plane resolution was 1.30682 mm with a slice thickness of 6.5 mm.
The diffusion MRI data were resampled to achieve a 2 mm isotropic
resolution. The DSI Studio software (http://dsi-studio.labsolver.org)
was utilized to visualize the entire brain and the corticospinal tract
(CST) employing a generalized deterministic tractography method with
the DSI datasets. To mitigate the potential for false outcomes, we
ensured consistency in image dimensions, resolution, and b-table be-
tween repeated scans. Additionally, a slice-wise quality assessment was
conducted for each diffusion-weighted image. Data with a dropout slice
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number less than 0.1% were deemed acceptable. A comprehensive
whole-brain seeding approach was employed to validate the quality of
the reading. The threshold, as provided standard by DSI Studio,
remained consistent across longitudinal scans but was adjusted and
augmented specifically for the DifT analysis.

2.1.1. Fiber tracking

Fiber tracking was initiated by employing random orientations
within a voxel until 50,000 streamlines were detected. The following
parameters were utilized: a maximum turning angle of 90 degrees, a
smoothing factor of 0.8, and a length constraint ranging from 150 to
200. A HARDI scheme was adopted with 128 diffusion sampling di-
rections and a b-value of 1000 s/mm?®. The in-plane resolution was
1.30682 mm, and the slice thickness was 6.5 mm. The diffusion MRI
data were resampled to achieve a 2 mm isotropic resolution. To inves-
tigate neuronal changes, the diffusion data were compared with a
baseline scan using DifT with a diffusion sampling length ratio of 1.25.
An automated seeding region was placed along the hand knob in the CST
bilaterally. The region of interest (ROI) was positioned within the track
tolerance region with a volume of 1.1e+06 mm?. The anisotropy
threshold and angular threshold were randomly selected within ranges
of values. The step size was randomly chosen between 0.5 and 1.5
voxels. Tracks with lengths shorter than 30 mm or longer than 300 mm
were discarded, and a total of 500,000 seeds were placed for tracking.

2.1.2. Differential tractography technique

Restricted and increased diffusion were quantified, and the diffusion
data were compared with a baseline scan using DifT with a diffusion
sampling length ratio of 1.25 to analyze neuronal changes. DifT was
utilized to map pathways exhibiting an increase or decrease in quanti-
tative anisotropy, with only differences exceeding 20% being tracked. A
seeding region encompassing the entire brain was designated, with the
anisotropy threshold and angular threshold being randomly selected
within specified ranges. The step size was randomly chosen between 0.5
and 1.5 voxels. Tracks with lengths shorter than 30 mm or longer than
300 mm were excluded and a total of 500,000 seeds were generated for
tracking. A threshold of 45-75% was maintained, and topology-
informed pruning was employed with 16 iterations to eliminate false
connections in the tractography.

2.1.3. Differential whole brain connectometry technique

A whole-brain connectome analysis was conducted for each case
using data from the Human Connectome Project (HCP) Database [13].
Graph theory measures were extracted to assess changes between MRI
scans utilizing DSI Studio software, with the "FIB.gz" files extracted for
each patient and scan. Whole-brain fiber tracking was performed for
each scan using 10,000,000 seeds. Subsequently, a connectivity matrix
was generated employing the HCP842 tractography atlas [14]. A
threshold of 50% was applied to create a whole-brain connectome,
which was saved as a matrix of dimensions 15 x15 in.txt format. This
file was utilized to generate a connectogram using the CIRCOS software
package (http://mkweb.bcgsc.ca/tableviewer/visualize/). The graph
was constructed based on quartiles and color-coded for ease of inter-
pretation: Q1 interactions, representing the strongest interactions in the
analysis, were depicted in light blue, Q2 interactions in green, Q3 in
light gray, and Q4 in dark grey.

3. Results
3.1. Case #1

3.1.1. Grade II oligodendroglioma

A 38-year-old male presented with focal seizures and a left upper
limb hemiparesis graded at 4/5. Upon admission, his initial Karnofsky
Performance Scale (KPS) score was 90/100. MRI revealed an M1 glioma
with minimal enhancement in T1 post-gadolinium administration
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Fig. 1. Pre- and postoperative MRI scans. Case #1. (A, B) Preop MRI demonstrates an intra- axial M1 tumor with minimal enhancement after gadolinium admin-
istration. (C, D) Immediate postoperative sagittal and axial images show a near-total resection. Case #2. (E, F) Preop MRI shows a right intra-axial M1 tumor, with
heterogeneous enhancement after contrast administration and significant perilesional edema. (G, H) The 1-year follow-up MRI following adjuvant chemotherapy and

radiotherapy demonstrated satisfactory tumor control.

(Fig. 1). Preoperative tractography displayed anteromedial displace-
ment of the CST (Fig. 2). Surgical resection guided by direct DSS using
CST tractography as a navigation tool resulted in a radiologically safe
near-total resection, consistent with intraoperative findings. Immediate
postoperative tractography indicated the expected preservation of the
CST following DSS guidance. Histological analysis revealed an oligo-
dendroglioma WHO grade II based on molecular and immunochemistry
results. The patient experienced no postoperative neurological deterio-
ration. At the 1-year follow-up, he retained a 4/5 left hemiparesis but
maintained ambulation and independence in daily activities.

3.1.2. Case #2

3.1.2.1. IDH mutant grade IV astrocytoma. A 54-year-old man initially
experienced focal seizures in his left upper limb, which subsequently
generalized, leading to loss of consciousness lasting at least five minutes,
followed by hemiparesis (3/5 in the left arm and 4/5 in the left leg). MRI
revealed a large M1 enhancing tumor (Fig. 1). Upon admission for sur-
gery, his preoperative KPS score was 70/100. Surgical resection was
performed utilizing both preoperative diffusion tensor imaging and
intraoperative stimulation techniques. Histopathological, immuno-
chemistry and molecular analyses confirmed the diagnosis of an IDH-
mutant astrocytoma, grade IV, according to the WHO 2021 classifica-
tion [15]. Postoperatively, the hemiparesis improved, suggestive of
Todd’s paralysis and effective decompression of motor pathways. The
patient was initiated on the conventional STUPP protocol. The 1-year
postoperative MRI revealed tumor progression with diffuse involve-
ment of the CST. Because the risk outweighed the benefit of reinter-
vention, complementary treatment with Bevacizumab at a dosage of
640 mg was administered intravenously over three doses, typically
given every 2 or 3 weeks. In the 18-month follow-up, the patient
exhibited upper left limb monoparesis rated at 3/5, and continued to
necessitate anticonvulsants to manage refractory epilepsy.

3.1.3. Differential tractography data

In case #1, the preoperative tractography revealed a subtle re-
arrangement of the right CST and an intact left CST (Fig. 3). Upon im-
mediate postoperative evaluation, there was a decrease in normalized

quantitative anisotropy (NQA) for both CST tracts, although the fibers
remained intact. However, in the 1-year follow-up, there appeared to be
evidence of recovery in fiber volumes.

In contrast, in case #2, the preoperative tractography showed no
direct compromise of the CST by the tumor core but rather by the tumor
margin and peritumoral edema (Fig. 3). The immediate postoperative
image exhibited a subtle re-arrangement of fibers around the resection
area, resembling the contralateral CST. However, the 1-year post-
operative image revealed a disorganized distribution of fibers, with
decreased NQA observed in the right CST compared to the left.

In terms of volume, both cases exhibited a transient increase in tract
volume immediately postoperatively, which returned close to baseline
levels in the follow-up scans. However, in case #2, the decrease in
volume was more pronounced. Interestingly, the contralateral CST
showed an increase in volume in the 1-year follow-up, suggesting
contralateral neural reorganization.

Quantitatively, in case #1, the preoperative volume of the right CST
was 3226 mm?®, increasing substantially immediately postoperatively,
likely due to decompression, and subsequently decreasing to 3171 mm?>
in the follow-up (Table 1). The NQA also changed in case #1 in the 1-
year follow-up, increasing nearly double from the initial value
(0.18-0.32). FA remained similar, with a slight increase in the follow-up
(0.35-0.44) (Fig. 4).

For case #2, changes in the volume of the right CST tract were more
pronounced. The initial volume was 2301 mm?, increasing significantly
to 9819 mm® immediately postoperatively, and then decreasing to
1365 mm? in the 1-year postoperative scan. In terms of NQA, case #2
exhibited different changes in morphology, with an initial value of 0.18
preoperatively and a non-statistically significant increase to 0.29 post-
operatively. No further changes were observed in FA.

For case #1, most comparisons between preoperative tractography
and immediate postoperative scans did not reveal significant differences
(Fig. 5). However, some nonspecific changes were observed when
comparing immediate postoperative with 1-year follow-up scans. The
final comparison for case #1, between preoperative and 1-year follow-
up scans, demonstrated a decrease primarily in the perilesional area
without affecting the right CST.

In contrast, for case #2, no notable changes were observed when
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Fig. 2. Pre- and postoperative tractography and intraoperative images of brain mapping. Case #1: (A, B) Preoperative tractography demonstrates lateral
displacement of the right CST. The rest of the anterior corona radiata is represented in green. (C, D) Postoperative tractography shows the preservation of the CST
with partial recovery of its anatomical location. (E) Volumetric reconstruction of the brain surface, the tumor, and CST are shown. (F) Intraoperative imaging of the
cortex is demonstrated, showing no superficial cortical abnormalities. (G) Postoperative tractography shows a 3D reconstruction of the resection cavity associated
with the preserved CST. (H) The intraoperative picture shows the preservation of the areas corresponding to the left upper limb (1, 2, 3), delineating the resection
boundaries. Case #2: (I, J) Preoperative tractography demonstrates a CST medial displacement (arrow). (K, L) Postoperative T1 postcontrast images show preser-
vation of the CST. (M, O) 3D reconstructions illustrate postoperative patency of the CST in close relationship with a medial residual in the most superficial aspect of
the resection cavity, which is depicted in blue. (M, O) Comparative fused images of pre-and postoperative tractography show the intimal relationship of the CST,
numbered by the function of the thumb (1), the shoulder (2), and the hand (3). The blue residual was marked as eloquent during the stimulation. The areas of the
thumb (1), shoulder (2), and hand (3) are shown in the intraoperative pictures before (N) and after (P) resection.

comparing preoperative tractography with immediate postoperative 3.1.4. Whole brain connectometry data

scans or between immediate postoperative and 1-year follow-up scans. In the comparison of DifT results from case #2 with the HCP control
However, when comparing 1-year follow-up scans with preoperative connectometry group, no significant differences or direct compromise of
scans, a marked decrease was observed, particularly associated with the the CST by the tumor were observed. However, there was discreet
right CST. displacement of the tract in the perilesional area. Notably, there was no
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Fig. 3. CST tractography. Case #1. (A) Preoperative tractography demonstrates a subtle reorganization of the CST in the right and an intact left CST. (B) Immediate
postoperative tractography shows a decrease in the NQA for both CST tracts without complete disruption of the fibers. (C) 1-year follow-up tractography demon-
strates a recovered distribution and volume of the fibers on both sides. Case #2. (D) Preoperative tractography demonstrates a compromised NQA in the right CST
and the fibers surrounding the margin of the tumor. (E) Immediate postoperative tractography shows a mild reorganization of the right CST, where some lateral fibers
wrapping the tumor are now absent. (F) One-year follow-up images demonstrate increased NQA in both CST. The right CST shows a re-establishment of the fibers in
the previous tumoral area; however, the tract appears to have less volume, possibly associated with displacement of the fibers, recurrence, and radiation therapy.

Table 1
Corticospinal tract quantitative anisotropy values.
Tract Laterality Volume (mm?) Diameter (mm) QA NQA FA
Case 1 Corticospinal Tract Pre-OP Left 4641 6.331 0.886 0.19 0.396
Right 3236 5.391 0.836 0.18 0.356
Corticospinal Tract Post Op (Immediate) Left 5230 6.71 0.866 0.11 0.345
Right 7287 8.48 0.77 0.1 0.325
Corticospinal Tract Post Op Left 3730 5.86 1.2 0.29 0.417
(1 Year) Right 3171 5.67 1.3 0.32 0.44
Case 2 Corticospinal Tract Pre-OP Left 2464 4.91 0.8 0.18 0.39
Right 2301 4.62 0.77 0.18 0.3
Corticospinal Tract Post Op (Immediate) Left 5252 6.75 0.86 0.17 0.36
Right 9819 9.67 0.8 0.16 0.3
Corticospinal Tract Post Op Left 8539 8.6 0.96 0.28 0.36
(1 Year) Right 1365 2.21 1 0.29 0.38

QA: quantitative anisotropy; NQA: normalized quantitative anisotropy;FA: fractional anisotropy

evident decrease in diffusion, suggesting edematous compromise rather
than direct infiltration or disruption of fibers (Fig. 6). This finding un-
derscores the nuanced nature of the tumor’s impact on surrounding
brain structures and highlights the importance of utilizing comprehen-
sive datasets like the HCP database for comparative analysis.

In the connectogram presented in Fig. 7, a whole-brain network
tracking the white matter tracts was performed. In the baseline preop-
erative connectogram of case #1, there was a stronger association

between the left-sided tracts. Immediately postoperatively, there was an
increase in connections bilaterally. At the 1-year follow-up, there was a
stronger association of the left tracts, with a slight decrease observed on
the right.

For case #2, the baseline connectogram exhibited heterogeneous
strength and structure between the tracts, with a slight preference for
the left. The immediate postoperative scan showed a similar increased
distribution of connections. However, at the 1-year follow-up, fewer
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Il Case 1 (Right CST)
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Fig. 4. (A) Changes in the NQA in the different time points comparing the CST bilaterally. No statistically significant changes were found. (B) Changes in FA values
are shown. No statistically significant differences were noted. (C) Changes in the CST volume in the different time points comparing the CST bilaterally are illustrated.
The only statistically significant result corresponded to the volume of case #2 in the right CST in the immediate postoperative tractography compared to a one-year

follow-up (<0.0001).

connections were observed, primarily in terms of strength, with no
presence noted on the right side.

4. Discussion

Here, we present the application of two neuroimaging techniques to
demonstrate immediate postoperative and 1-year follow-up changes in
fiber tracts of glioma patients. Our findings support the early post-
operative viability of the CST through a robust quantitative analysis of
the tracts, comparing diffusion data to standard available databases. In
the context of this study, DifT operates on the principle of "tracking the
differences" focusing on identifying decreases in function.

DifT enables a comprehensive examination, comparing different
time points within the same patient to elucidate how the tracts are
affected by tumor, edema, or surgery, thereby facilitating more accurate
radiological follow-up and recovery prognosis. In contrast, whole-brain
connectometry reveals the lateralization and strength of association
between white fiber tracts, with some of these associations decreasing in
more aggressive treatments or recurrence scenarios. Additionally, it
quantitatively assesses the clinical status of motor function, thereby
reinforcing its anatomical and functional integrity.

Advanced imaging methods play a crucial role in assessing the de-
gree of fiber reorganization [16-19]. Specifically, tractography data aids
in reconstructing a three-dimensional map of the tract, which represents
functional networking involving aspects such as tumor localization,
surgical planning, patient positioning, and flap design. However,
traditional tractography alone may not always ascertain whether the
tract is functional or predicts postoperative changes, such as increases or
decreases in function.

Integrative functions, such as comparing quantitative anisotropy and
FA, offer additional data and valuable insights for predicting functional
outcomes. By analyzing QA and FA concurrently, clinicians can gain a

deeper understanding of the structural and functional integrity of white
matter tracts, enhancing their ability to anticipate postoperative or
posttraumatic changes in neurological function [20,21]. In our study,
we assessed the EOR and any tract disruption. Figs. 2 and 3 demon-
strated adequate resection with preservation of the CST. In case #1, DifT
revealed a decrease in diffusion in the ipsilateral temporal lobe, partially
corresponding to the right CST (Fig. 6). However, this decrease did not
extend to the resection area, suggesting modification of the tract due to
tissue manipulation rather than direct tumor resection. This finding
could potentially be a false positive or indicative of certain areas’
sensitivity to the surgical procedure, as noted by Yeh et al. [4]. Quan-
titative analysis of the CST showed an increase in NQA on the right side,
where the lesion was located, supporting functional preservation. FA did
not exhibit significant changes, which may be attributed to the impact of
edema on tract volume [22,23]. In case #2, postoperative tractography
demonstrated adequate preservation of the tract immediately post-
operatively, despite distorted anatomy. However, in the follow-up, we
observed displacement and disruption of fibers, with a significant
reduction in the right CST volume compared to the immediate post-
operative scan, indicative of tumor progression.

Quantitatively, the NQA for the right CST remained consistent
compared to preoperative tractography in the 1-year follow-up
(0.3-0.38), potentially related to partial preservation of motor func-
tion. However, initial structural changes may precede functional defi-
cits, as the tumor initially impacts tract volume. This information is
crucial for understanding tumor progression and its impact on CST
integrity and function. At this stage, diffuse tumor involvement affects
not only the CST but also whole-brain connectivity compared to the
immediate postoperative state. This information must be complemented
with data obtained from connectometry to provide a comprehensive
understanding of tumor progression and its effects on brain
connectivity.
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Fig. 5. Differential Tractography. (A) Case #1. Preoperative tractography vs. immediate postoperative tractography evaluating changes in the NQA. This differential
tractography demonstrates no changes in the CSTs between both scans. (B) Immediate postop tractography vs. one-year follow-up tractography reveals no specific
changes in the NQA for any tract. (C) The comparison between preop tractography and one-year follow-up shows an unspecific change in the right (threshold 0.50).
(D) Case #2. Preop tractography vs. immediate postop tractography. No changes in the CTS between both scans are observed. (E) Immediate postop tractography vs.
one-year follow-up demonstrates a decrease in the NQA in the right CST. (F) One-year follow-up tractography demonstrates decreased NQA in the right CST,

suggesting a compromised function of this tract.

Fig. 6. The control group from the HCP averaged 1200 patients’ connectome compared to the T1-enhanced MRI preop images from Case #2. (A) Axial view showing
the relationship between normal connectome compared with the tumor architecture. (B-D) Sagittal consecutive slides demonstrate the absence of disruption of the

connections by the tumor core and its relationship with the tumor margins.

Hagmann originally introduced the concept of the connectome in
2005 [24]. Connectomics aims to construct a comprehensive map of
neuronal connections, not only in healthy conditions but also in path-
ological settings. The connectivity architecture of whole-brain networks
is utilized to model the effective connectivity of an individual.This new
perspective is rooted in the concept of the degree of connectivity within
a local connectome, which was introduced by Yeh et al. [25]. This
concept involves assessing the connectivity between adjacent voxels
within a white matter fascicle, which is defined by the density of

diffusing spins [25].

This approach provides insights into the local orientation of tracts,
including where fibers start and stop, and how they traverse through the
core of the white matter. This information is derived from the Human
Connectome Project (HCP) [13]. Connectometry analysis utilizes this
concept to track segments of the fiber bundle that exhibit significant
association with the study variable. This involves reconstructing diffu-
sion MRI data into a standard template based on the baseline space to
map a local connectome matrix. This approach offers a comprehensive
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Fig. 7. Connectivity maps of white matter fibers in the preoperative, immediate postoperative, and 1-year follow-up scans. Green arrowhead: Right CST, Orange
Arrowhead: Left CST. Case #1. (A) Preoperative connectivity map. White fibers are arranged in a symmetric distribution in both, left and right cortical tracts, noting in
blue an increased signal diffusion in the right Aslant tract. (B) Immediate postoperative analysis shows the fiber changes with a tendency for a symmetric distribution
and increased signal diffusion in the right-sided tracts. (C) 1-year follow-up connectome shows a similar distribution to the preoperative period, with a symmetric
distribution along both hemispheres. However, notice in purple a decreasing signal in the right CST. Case #2. (D) Preoperative connectivity map. White fibers are
arranged in a symmetric distribution in both, the left and right cortical tracts, note in blue an increased signal diffusion in the right Aslant tract, the left CST, and the
right external capsule. (E) Immediate postoperative analysis shows a similar distribution as the preoperative connectogram. (F) 1-year follow-up connectome. At this
point, the patient presented with tumoral recurrence, and post-treatment was guided by STUPP protocol. The fibers in this connectogram show a mostly symmetric
distribution with a notorious decreased density, compared to previous images, and a persistent decrease on the right, most specifically in the right CST, probably
associated with post-treatment changes and tumoral infiltration. The graph was built by quartiles and color-coded for easier interpretation. Q1 interactions, meaning

the strongest interaction in the analysis, were selected to appear in light blue, Q2 interactions in green, Q3 light gray, and Q4 in dark grey.

understanding of white matter connectivity and its relation to various
clinical variables [26,27].

Fig. 5 illustrates the relationship between the Human Connectome
Project (HCP) database and patient tractography, revealing potential
additional associations between connections and structural changes
induced by the tumor and its environment. Interestingly, the connec-
tions were not directly affected by the tumor core but rather by the
tumor margin and peritumoral edema, indicating progressive reorga-
nization adapting to the tumor boundaries. This tool allows for a focused
analysis of fibers and connections involved, both within and outside the
tumor boundaries.

In case #2, we aimed to emphasize how the integrity of connections,
compared with 1065 control patients, remains intact despite physical
changes in the peritumoral environment, suggesting early brain plas-
ticity. This suggests that despite the presence of the tumor and its effects
on surrounding tissue, the brain can adapt and maintain connectivity
integrity [28]. One would anticipate either improvements or no changes
in NQA and FA values, along with improvements or no changes in
clinical outcomes, reflecting the preservation of functional connectivity
despite structural changes induced by the tumor.

Our study provides insight into two distinct scenarios: 1) neural
reorganization without clinical changes, and 2) neural reorganization
accompanied by clinical changes. Further follow-up is necessary to
determine whether these findings represent initial radiological in-
dicators preceding clinical improvement or decline in the patient’s

condition. In this context, DifT may play a potential role in predicting
outcomes in motor function. Large sample sizes comparing patients with
similar molecular tumor groups could help mitigate bias, given the
considerable differences in molecular behavior and natural history of
the disease. Our DifT analysis revealed the most significant decrease
between the preoperative period and the 1-year follow-up. However,
this change is likely associated with tumor recurrence and infiltration of
the tract. This underscores the importance of ongoing monitoring and
early detection of changes to guide clinical management effectively.

The brain’s capacity for neuroplasticity enables it to reorganize by
forming new neural connections throughout life. This phenomenon al-
lows the brain to compensate for neoplastic disease and adapt its pri-
mary functions accordingly [28]. Studies have demonstrated cortical
reorganization in repeat surgeries for recurrent tumors in motor areas
using intraoperative cortical stimulation [28,29]. The pattern of neural
plasticity and tract reorganization varies individually, influenced by
multiple variables such as preoperative neurological compromise, tumor
volume, EOR, and molecular profile, among others.

DifT may provide valuable insights into the importance of sequential
tractography for investigating postoperative neural reorganization and
its relationship with a patient’s outcome in the short, medium, and long
term. This minimally invasive approach can offer a deeper under-
standing of a patient’s ability to improve with appropriate rehabilitation
or deteriorate despite receiving optimal treatment. Ultimately, this in-
formation could contribute to personalized treatment strategies and
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improved patient care. One could argue that the reduction in connection
strength observed in the follow-up imaging for case #2 may be associ-
ated with the administration of the STUPP protocol, tumor recurrence,
or a combination of both factors. However, there is insufficient data to
definitively determine the cause.

This study highlights that the progressive distortion of the brain
connectome can be quantified, allowing for individual sequential ana-
lyses regarding white matter compromise. Such analyses can provide
insights into the association between these changes and the nature of the
tumor, as well as how surgical interventions and adjuvant therapies may
influence the compromise of the local and whole-brain connectome.
This approach could lead to a better understanding of the underlying
mechanisms driving changes in brain connectivity following tumor
treatment and aid in the development of more targeted and effective
therapeutic strategies.

4.1. Limitations of the study

The primary limitation of this study is the small sample size, with
only two subjects included, as well as the limited number of follow-up
examinations. However, the investigation of the whole connectome in
both cases was thorough and comprehensive. Further studies involving
more patients, along with additional individual time-spaced diffusion
tensor tractography assessments, are necessary to validate our findings.

An inherent limitation of DifT is its inability to provide a compre-
hensive analysis of track integrity, as it only reflects anisotropy changes
within a specific time frame and may yield false-positive results. How-
ever, we optimized our results according to recommendations by Yeh
et al. [30], employing a high b-value and repeating tests to enhance
sensitivity.

Our study sheds light on how the connectome undergoes sequential
reorganization in an evolving manner, varying on a case-by-case basis.
Nevertheless, a larger sample size would be essential to delineate the key
aspects of plasticity definitively. Regarding connectometry, a significant
limitation is the unpredictability of fiber rearrangement. As demon-
strated in Fig. 7, immediate postoperative changes did not accurately
predict whole-brain rearrangement in the follow-up, underscoring the
need for mathematical tools to minimize errors and improve the accu-
racy of predicting recovery. Additionally, in closer follow-ups, these
changes may also be associated with early imaging signatures for tumor
recurrence, further complicating prediction models.

5. Conclusions

Based on the assessment of NQA, FA values, and changes in tract
volume, our findings consistently indicated satisfactory preservation of
motor function immediately postoperatively. However, despite the
changes observed in the short-term follow-up, both DifT and con-
nectometry/connectogram analyses revealed that reorganization pat-
terns may not necessarily correlate with clinical outcomes in a
prospective setting. Instead, these patterns likely reflect the brain’s
plasticity in response to changes induced by tumor recurrence or adju-
vant treatment. Further studies are necessary to corroborate these
findings and explore their potential predictive value for prognosis. Un-
derstanding how the brain adapts and reorganizes in response to tumor-
related changes and therapeutic interventions could lead to improved
prognostic tools and treatment strategies for patients with brain tumors.
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