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BACKGROUND AND OBJECTIVES: Resting-state functional MRI (rs-fMRI) is a noninvasive tool for studying brain function,
with growing applications in clinical oncology, such as preoperative planning and brain reorganization mapping. Direct electrical
stimulation (DES) during awake surgery remains the gold standard for causally identifying functional brain regions. Although
previous studies have mapped the speech articulation network (SAN) from rs-fMRI using DES-positive points, the inclusion of
DES-negative points remains unexplored. This study integrates both positive and negative DES data to create a more
comprehensive SAN atlas and refine its functional borders using presurgical functional connectivity from glioma patients.
METHODS: We analyzed 25 glioma patients (16 high-grade, 9 low-grade) who underwent awake surgery with DES
mapping for speech articulation. Seventy-four DES points (32 positive, 42 negative) were identified in gray matter.
Presurgical rs-fMRI data were used for seed-based connectivity analysis, with DES-positive and DES-negative points
analyzed separately. Group SAN-positive and SAN-negative networks were assessed for overlap across each other and
with regions from an anatomical atlas. DES-negative and DES-positive points were used to estimate the sensitivity and
specificity of the group SAN-positive network at different thresholds for group frequency.

RESULTS: The DES-positive SAN was bilaterally located in the rolandic operculum, inferior frontal gyrus, and superior temporal
gyrus, consistent with previous studies. DES-negative points revealed distinct connectivity patterns, with only partial overlap,
helping to delineate the SAN's functional borders, particularly in the central sulcus (posterior and anterior) and inferior frontal gyrus
(pars triangularis and opercularis). Anticorrelated networks from DES-positive points further differentiated the roles of positive and
negative sites within the SAN. A 41% threshold in the SAN-positive gives approximately 80% specificity and sensitivity.
CONCLUSION: DES-positive points define the SAN robustly. DES-negative points served to establish a threshold for the
group SAN atlas and a more detailed definition of the functional SAN borders.

KEY WORDS: Brain surgery, Brain mapping, Direct electrical stimulation, Functional magnetic resonance imaging, Glioma, Presurgical planning, Resting state

ABBREVIATIONS: AAL3, Automated Anatomical Labelling Atlas 3; AwS, awake surgery; DES, direct electrical stimulation; HGGs, high-grade gliomas;
LGGs, low-grade gliomas; rs-fMRI, resting-state fMRI; SAN, speech articulation network.
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esting-state functional MRI (rs-fMRI) is a powerful
technique for exploring the functional organization of the
human brain.""> Its emerging clinical applications hold
significant potential for clinical practice, particularly in preoperative
planning®!" and in noninvasive observation of brain reorganization
because of disease'>'> or various therapies.”'®'> rs-fMRI is par-
ticularly valuable in detecting whole-brain network distributions
through seed analysis based on highly specific causal mapping, such
as direct electrical stimulation (DES) during awake surgery (AwS).'°
Among the functions explored with presurgical rs-fMRI,
speech articulation is crucial, requiring an understanding of its
brain areas for preservation during surgery.'® The speech articulation
network (SAN) is distinct from the classical linguistic network.'”-*
Its bilateral functional connectivity has been confirmed through
various techniques and multimodal studies.'®>!*> Intraoperative
mapping further supports this, showing systematic speech arrest in
the left or right ventral premotor cortex, independent of language

lateralization.>>° Therefore, language lateralization was not con-
sidered in this study.

In 2018, a seed-based rs-fMRI analysis combined with DES
causal mapping was pioneered in a small cohort of glioma patients
to map the whole-brain distribution of the speech articulatory
functional network, SAN.!'® Furthermore, in 2020, the first in-
tegrated and comprehensive probabilistic cortical and subcortical
atlas of critical structures mediating human brain functions based
on DES data was reported, providing a well-validated tool for
exploring cerebral processing and performing safe surgical re-
sections in eloquent areas.”! This study included a probabilistic
SAN atlas derived from 142 DES-positive points for speech ar-
ticulation. A recent study demonstrated that, in a cohort of high-
grade and low-grade glioma (HGGs and LGGs, respectively)
patients, the SAN atlas generated from a small sample of just 7
patients, '® was able to predict the subject-specific SAN with high
spatial accuracy (within <1 mm of SAN points identified via DES

TABLE 1. Demographic and Clinical Information of the Study Sample
Total LGGs HGGs

Patients 26 9 17
Sex (#males) 20 7 13
sex (#females) 6 2 4
Handedness (#Left) 1 1 —
Handedness (#Right) 24 7 17
Handedness (#Ambi) 1 1 —
Age (years mean, SD) 45 + 12 37+ 14 49 +9

Tumor characteristics
Tumor lateralization (#left) 14 4 10
Tumor lateralization (#right) 12 5 7
Tumor World Health Organization grade (#patients) — Grade | (1), Grade Il (8) Grade Il (8), Grade IV (9)
Isocitrate dehydrogenase mutation (#patients) 12 5 7
MGMT methylation (#patients) 7 1 6
Tumor location (#frontal) 9 1 8
Tumor location (#frontoinsular/#Insular) 3 1 2
Tumor location (#frontotemporal) 2 — 2
Tumor location (#frontoparietal) 1 — 1
Tumor location (#parietal) 2 1 1
Tumor location (#temporal) 6 4 2
Tumor location (#temporoparietal) 1 — 1
Tumor location (#SMA) 1 1 —

HGGs, high-grade gliomas; LGGs, low-grade gliomas; MGMT, 06-methylguanine-DNA methyltransferase; SMA, supplementary motor area.
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TABLE 2. Summary of DES Points (Positive and Negative) Verified to be on Gray Matter

Speech arrest DES points Total Left hemisphere Right hemisphere
Total 74

Positive 32 14 18
Negative 42 16 26

DES, direct electrical stimulation.
These points were collected during awake surgery while mapping the speech arrest network in the group described in Table 1.

100%

2%

DES network
high threshold DES-derived rs-fMRI
mapping 0.8 frequency map

v Eelee W é%%

FIGURE 1. Robustness of the SAN as defined from positive DES sites. A, Modified from Zaciy et al, Human Front Neurosci, 2018: SAN map as the spatial frequency distribution of
presurgical resting-state fMRI data from 7 glioma patients using seed-based analysis on 7 DES points (Zacé et al, 2018). Color bar represents % of subjects with common SAN voxel. B,

Modified from Sarubbo et al, Neuroimage 2020: the probability distribution of the cortical responses for speech articulation function (142 DES points, Sarubbo et al, 2020). Color scale
reflects the confidence interval of speech articulation function. C, Modified from Coletta et al, Brain 2024: Integration of cortical DES points (552) derived probabilistic atlas of

brain finction from glioma patients with resting-state connectome mapping from 1000 healthyy subjects (Coletta et al, 2024). D, This study: positive DES-derived rs-fMRI frequency map
of 25 glioma patients using seed-based analysis (32 DES points). Color bar represents % of DES points with common SAN voxel. All data is shown on the MINI cortical surface and axial
slices. DES, direct electrical stimulation; rs-fMRI, resting-state functional MRI; SAN; speech articulation network.
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TABLE 3. Brain Structures Included in the DES-Positive SAN
AAL3 atlas ROIs % Overlap with DES-positive SAN
Rolandic operculum R 59
Rolandic operculum L 52
Insula R 50
Insula L 49
Superior temporal gyrus L 45
IFG, pars opercularis R 44
IFG, pars opercularis L 42
Heschl gyrus L 36
Heschl gyrus R 35
Supramarginal gyrus L 32
Supramarginal gyrus _R 26
Postcentral gyrus L 25
Supplementary motor area R 23
Precentral gyrus R 23
Supplementary motor area L 21
IFG, pars triangularis R 20
Superior temporal gyrus R 20
Postcentral gyrus R 17
Temporal pole L 17
Posterior orbital gyrus L 16
Putamen L 16
Olfactory cortex L 13
Precentral gyrus L 12
Medial orbital gyrus L 12
Temporal pole R 1
IFG, pars triangularis L 10

AAL3, Automated Anatomical Labelling Atlas 3; DES, direct electrical stimulation; IFG, inferior
frontal gyrus; L, left; R, right; ROIs, regions of interest; SAN, speech articulation network.
Percent spatial overlap (thresholded by >10%) between the DES-positive SAN network
(25 glioma patients, 32 DES-positive points) and anatomical cortical regions of the
AAL3 Atlas.

during AwS) from presurgical rs-fMRI data.'” These findings
were further supported by a recent multimodal study, which
integrated DES data from 612 brain tumor patients undergoing
AwS with rs-fMRI data from a large cohort of 1000 healthy
subjects spanning 12 functional domains.”® Despite these ad-
vancements, all currently available DES-based atlases share a
critical limitation: They have all been constructed from DES-
positive functional points while neglecting data from negative
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points, typically mapped during AwS. Positive points indicate
regions where stimulation elicits a specific functional response,
whereas negative points show areas where stimulation does not
produce the expected response.””-*® The consideration of both
positive and negative points is important for several reasons. Using
both pieces of information allows for a better understanding of the
true extent and boundaries of functional areas, providing a more
comprehensive network definition. In addition, increased speci-
ficity and sensitivity would be possible by distinguishing func-
tional regions from nonfunctional ones, reducing false positives
and enhancing the reliability of the maps. Better definition of
borders between positive and negative functional DES could also
help the neurosurgeon during the cortical mapping. In this study,
we adopted an innovative approach to map brain networks using a
larger data set of causal mapping data derived exclusively from
multimodal functional data at the individual level (ie, using
patient-specific SAN DES points as seeds on the patient’s pre-
surgical rs-fMRI). Importantly, our methodology includes a
greater number of negative DES points compared with positive
ones. It also incorporates an evaluation of anticorrelated DES-
positive networks, often reflecting inhibitory relationships
between functional systems, relative to the DES-negative
network. If these 2 networks are distinct, it suggests the
brain may organize speech articulation across different types
of regions with unique functions. If they are just inverse
reflections, it may indicate a more cohesive but oppositional
system, where 1 set of region “activates” while the other
“deactivates” during speech production. The aims of the study
were as follows: (1) to create the presurgical SAN with an
extended data set based exclusively on patients taking into
account both positive and negative DES points, (2) to explore
for the first time the borders between positive and negative
DES networks, and (3) to assess the sensitivity and specificity
of DES data at individual level for the SAN.

METHODS

Participants

This study included 26 consecutive patients with brain gliomas (17
HGGs/9 LGGs; 20 male patients/6 female patients; age 45 + 12 years).
Table 1 provides clinical summary information at the group and indi-
vidual level, respectively (Supplemental Digital Content 1 [htep://links.
Iww.com/NEU/E905]). The use of data was approved by the local ethical
committee authorization ID A734, and patients provided informed
consent. The study was conducted according to the ethical standards of
the Declaration of Helsinki.

Intraoperative Functional Mapping

All patients underwent AwS, during which a total of 131 cortical sites
were collected with DES (5-mm bipolar probe; 60 Hz; 1 ms; 2-4 mA
intensity range across the series) to map speech articulation function.
Patient-specific DES coordinates were grouped into 2 domains: positive
speech arrest sites and negative speech arrest sites. After intraoperative
mapping, the DES coordinates were projected onto a postsurgical T1-

neurosurgery-online.com
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A Negative DES-derived rs-fMRI
frequency map

B Anticorrelated DES-positive—derived rs-fMRI

frequency map

31% N 60%

25% I, 637

FIGURE 2. Distinct Speech Articulation Networks: Negative DES points reveal unique connectivity compared with anticorrelated networks from positive DES points. A,
Resting-state fMRI frequency map derived from seed-based analysis using negative DES points (n = 42) as seeds. B, Functional anticorrelated frequency map showing regions
inversely correlated with positive DES points (n = 32), used as seeds for seed-based analysis. Both group frequency networks are shown on the Montreal Neurological Institute

152 brain template. DES, direct electrical stimulation; rs-fMRI, resting-state functional MRI.

weighted (T1w) image after Gadolinium injection with the same ac-
quisition parameters of the presurgical T1w image. Each DES point
underwent visual inspection to confirm its location within the gray matter
(these points were retained for the seed-based analysis). Points located at
the tumor border or inside the tumor cavity were excluded from the
connectivity analysis.

MRI Data Acquisition
Data were acquired with a 1.5 T GE Healthcare MRI scanner. The
MRI presurgical acquisition protocol®!? included high-resolution T1w

image and 12 minutes of rs-fMRI scans (Supplemental Digital Content
1 [heep://links.lww.com/NEU/E905]).

Functional Connectivity Analysis

After standard preprocessing of the rs-fMRI data, seed-based con-
nectivity analysis, performed in MATLAB (R2019b), used DES speech
arrest sites as regions of interest seeds (Supplemental Digital Content 1
[heep://links.lww.com/NEU/E905]). Distortion by the brain tumor was
accounted for during preprocessing, by informing nonlinear warping and
resampling to Montreal Neurological Institute space with a lesion binary
mask. Goodness of coregistration was carefully assessed by visual in-
spection. In brief, for each patient, separate functional connectivity maps
for DES-positive and DES-negative points were transformed into
Montreal Neurological Institute space. Connectivity maps for single
subjects were thresholded at z = 0.21, corresponding to a single-voxel
P-value of .05. To account for multiple comparisons, a false discovery rate
correction was applied, maintaining a significance level of P < .05. To
assess the consistency and variability of SAN-positive and SAN-negative
networks across patients, we generated voxel-wise maps of functional
connectivity agreement frequency across subjects (Supplemental Digital
Content 1 [htp://links.Iww.com/NEU/E905]). For example, the group
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frequency threshold of 41% for the DES-positive network indicates
that a voxel belongs to the network if at least 41% of the individual
subject-specific seed-based DES-positive networks (ie, 13 of the total
32 networks) show significant functional connectivity in that voxel.
The group network anticorrelated from DES-positive points was
calculated similarly.

Specificity and Sensitivity of the SAN-Positive Network

Sensitivity and specificity of the SAN-positive network were calculated
across different network thresholds using standard definitions (Sup-
plemental Digital Content 1 [http://links.lww.com/NEU/E905]).

RESULTS

Quality Assurance of DES Points for Seed-Based Analysis

As a result of the quality assurance procedure, a total of 57 DES
points (1 DES-positive, 56 DES-negative) were discarded for the
seed-based connectivity analysis because of falling inside or at the
borders of the tumor mask (Supplemental Digital Content 2
[hetp://links.lww.com/NEU/E906] shows some examples of
discarded points). The high proportion of DES-negative points
within the tumor cavity and along its borders is consistent with
tumor-induced damage. This reflects the fact that it is more likely
to find positive points outside the tumor than inside, at the
cortical level. This is due to the fact that the tumor disrupts
eloquent neural pathways in these regions. As a result, stimulation
in these areas is less likely to elicit functional responses. Therefore,
the analysis included 25 patients instead of 26. Table 2 describes
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TABLE 4. Brain Structures Included in the DES-Negative SAN
AAL3 ROIs % Overlap with DES-negative SAN
IFG, pars opercularis R 46

IFG, pars triangularis R 41

IFG, pars orbitalis R 39

IFG, pars opercularis L 33

Posterior orbital gyrus L 24

IFG, pars triangularis L 21

Middle frontal gyrus R 20

Insula L 20

Inferior parietal gyrus L 17

Lateral orbital gyrus R 17

Precentral gyrus R 17

Insula R 16

Inferior parietal gyrus R 14

Middle temporal gyrus R 13

Anterior orbital gyrus R 13
Supramarginal gyrus R 11

IFG, pars orbitalis L 11

Angular gyrus R 10

Percent spatial overlap (thresholded at >10%) between the DES-negative SAN network (25
glioma patients, 42 DES-positive points) and anatomical cortical regions of the AAL3 Atlas.
AAL3, Automated Anatomical Labelling Atlas 3; DES, direct electrical stimulation; IFG,
inferior frontal gyrus; L, left; R, right; ROIs, regions of interest; SAN, speech articulation
network.

the DES points that passed the quality assurance and that were
used for the seed-based connectivity analysis.

The SAN From DES-Positive Data

For a visual comparison with previously presented DES-
positive SAN atlases, Figure 1 includes atlases from Zaca et al,
2018 (Figure 1A, 7 DES points and rs-fMRI from 7 patients);
Sarubbo et al, 2020 (Figure 1B, 142 DES points); and Coletta
et al, 2024 (Figure 1C, 552 DES points and rs-fMRI from 1000
healthy subjects). Figure 1D shows the SAN DES-positive net-
work from this study, extended to a larger sample of 25 glioma
patients, resulting in 32 DES-positive points. The group fre-
quency map (thresholded at > 31%) shows that the main areas
involved in the DES-positive SAN are located bilaterally in the
rolandic operculum, inferior frontal gyrus, superior temporal
gyrus, inferior parietal lobe (supramarginal gyrus), precentral and
postcentral gyrus (Table 3). Overall, Figure 1 shows that the SAN-
positive network representations are very similar, despite the fact
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TABLE 5. Brain Structures Included in the Anticorrelated DES-

Positive SAN

AAL3 ROIs % Overlap
Vermis 8 89
Vermis 9 83
Cerebellum Crus2 L 62
Cerebellum Crus1 R 52
Cerebellum 9 R 51
Cerebellum Crus2 R 49
Angular gyrus L 49
Cerebellum 9 L 43
Posterior cingulate gyrus L 42
Precuneus L 39
Posterior orbital gyrus R 37
Cerebellum 7b R 35
Superior frontal gyrus, medial orbital L 35
Superior frontal gyrus, medial L 32
Cerebellum Crus1 L 32
Posterior cingulate gyrus R 30
Precuneus_R 26
Cerebellum 8 R 24
Angular gyrus R 24
Vermis 7 22
Ventral tegmental area L 21
Red nucleus R 19
Medial orbital gyrus R 19
Cerebellum 6 R 19
Cerebellum 7b L 18
Gyrus rectus R 16
Olfactory cortex R 16
Calcarine fissure L 16
Vermis 4 5 16
Red nucleus L 16
Superior frontal gyrus R 15
Gyrus rectus L 15
ParaHippocampal gyrus R 15
Inferior occipital gyrus R 15
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TABLE 5. Continued.

AAL3 ROIs % Overlap
Middle temporal gyrus L 14
Superior frontal gyrus, medial orbital R 14
Superior frontal gyrus, medial R 13
Vermis 6 13
Inferior temporal gyrus L 12
Cerebellum 8 L 12
Superior frontal gyrus L 12
Cuneus L 1
IFG, pars orbitalis L 1
Cerebellum 4 5 L 1
Middle cingulate L 1
Cerebellum 6 L 1

AAL3, Automated Anatomical Labelling Atlas 3; DES, direct electrical stimulation; IFG,
inferior frontal gyrus; L, left; R, right; ROIs, regions of interest; SAN, speech articulation network.
Percent overlap (=10%) between the anticorrelated DES-positive SAN network (25
glioma patients, 32 DES-positive points) and anatomical cortical regions of the AAL3
Atlas.

of being generated from different sample sizes and different types
of data (rs-fMRI patient connectome from patient DES seeds, rs-
fMRI healthy connectome from patient DES seeds, probabilistic
distribution of DES points).

The SAN From DES-Negative Data

To map functional regions that are not related to speech ar-
ticulation as causally determined from DES-negative points, we
computed a seed-based group frequency map from the 42 DES-
negative points (Figure 2A). The Automated Anatomical La-
belling Atlas 3 (AAL3) brain regions covered by this SAN-negative
network are listed in Table 4. The main areas involved are the right
inferior frontal gyrus (pars opercularis, triangularis, and orbitalis),
posterior and lateral orbital gyrus, and middle frontal gyrus. For
comparison purposes, we also computed the functional regions that are
anticorrelated to speech articulation function, by creating a seed-based
group frequency map of the significant negative correlations from the
32 DES-positive points (Figure 2B). The AAL3 brain regions covered
by this anticorrelated SAN network are listed in Table 5. The main
areas involved are the vermis, cerebellum, angular gyrus, and posterior
cingulate gyrus bilaterally. From Figure 2 and Tables 4 and 5, it can be
seen that these 2 networks, the SAN negative and the anticorrelated
SAN, are spatially distinct.

Contrasting Positive and Negative SAN

The distinct spatial connectivity patterns between DES-
positive and DES-negative regions within the SAN are shown
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in Figure 3. Despite the close spatial proximity of positive (red)
and negative (blue) DES points, as seen in the upper row, their
underlying spatial connectivity profiles diverge significantly, as
depicted in the lower row. DES-positive and DES-negative points
show distinct network connectivity profiles that only partially
overlap, indicating that even adjacent points can contribute differ-
ently to speech articulation. This contrast underscores the complexity
and, at the same time, the specificity of neural organization within the
SAN, revealing how closely situated DES points can nonetheless
participate in separate and specialized pathways, reflecting the roles of
specific brain areas in speech processing.

The DES-negative points were analyzed to further assess the
specificity and sensitivity of the SAN+ network. Table 6 reports
the true and false positives and negatives at different network
thresholds, and Figure 4 shows the resulting changes of sensitivity
(blue) and specificity (orange) of the group SAN+ at these
thresholds. As expected, increasing the SAN+ network threshold
reduces gradually its spatial extent (Figure 4 shows a few examples
of the left-hemisphere network at different thresholds). These
changes in spatial extent have 2 main effects: (1) At higher thresholds
(smaller network extent), the percentage of DES-negative points
outside the network increases, indicating higher specificity, and (2) at
lower thresholds (larger network extent), the percentage of DES-
positive points inside the network increases, indicating higher sen-
sitivity. The sensitivity and specificity profiles show opposite trends as
the SAN+ threshold increases, with a crossing around 41% (Figure
4). We found that above the SAN+ threshold of 41%, the sensitivity
starts to decrease from 77% and the specificity gradually increases
from a value of 85%. This suggests that this threshold of the SAN+ is
a good compromise, as larger ones will decrease sensitivity and smaller
ones will decrease specificity.

DISCUSSION

This study provides a more comprehensive mapping of the
SAN by incorporating both DES-positive and DES-negative
points, a novel approach not previously explored. Consistent
with previous research,!®212¢ the DES-positive SAN was ro-
bustly identified in bilateral regions such as the rolandic oper-
culum, inferior frontal gyrus, and superior temporal gyrus. We
speculate that the bi-hemispheric distribution of the SAN is not
related to language lateralization for 2 main reasons. First, we
consistently elicited speech arrest functional responses at DES
sites in the right hemisphere, despite patients’ handedness. All
right-handed patients in our group with right-hemisphere tumors
(n = 12) underwent DES in the right hemisphere. During surgery,
they exhibited speech articulation impairments but showed no
language production errors when DES was applied during AwS,
consistent with the typical localization of this function in the left
hemisphere. Second, we found bi-hemispheric functional con-
nectivity distributions when seeding from DES-positive points,
regardless of their hemispheric location. Importantly, the addition
of DES-negative points allowed us to delineate the functional
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positive and negative
DES points

Frequency Map

60%

speech articulation network.

FIGURE 3. Contrasting DES-positive and negative points in the SANs. The top panel shows the spatial proximity between
32 DES-positive (red) and 42 DES-negative (blue) SAN points. The middle panel reveals distinct functional connectivity
patterns derived from these points, with only partial overlap (green) shown in the bottom panel. The 2 group frequency maps are
thresholded at the same percentage of number of seed-based poinss from the rotal (31%). DES, direct electrical stimulation; SAN,

boundaries of the SAN with an unprecedented level of accuracy and
particularly within the precentral sulcus and inferior frontal gyrus.
Moreover, a threshold of 41% in the DES-positive SAN yielded high
sensitivity (~80%) and specificity (~80%), suggesting this threshold
as a suitable balance for clinical applications. This is a further result
providing a reliable criterion, in the field of functional atlases, to set a

threshold with high level of both sensitivity and specificity.

Preoperative Speech Articulation Mapping From
DES-Positive Points is Robust

We extended the estimation of the SAN using 1.5 T rs-fMRI
data seeded on DES-positive points from 25 glioma patients. The
results align qualitatively with previous SAN atlases derived from
smaller samples,lG probabilistic distributions of DES-positive
data,”! and larger data sets with over 500 DES-positive points

8 | VOLUME 00 | NUMBER 00 | MONTH 2025

seeded on 3 T rs-fMRI from 1000 healthy volunteers.”® On one
hand, and despite significant differences in sample sizes, pa-
thologies, and experimental methodologies, the topology of the
SAN remains consistent across studies, suggesting the robustness
of seed-based rs-fMRI analyses on preoperative data. On the other
hand, this consistency highlights, once again, the power regarding
reliability of DES-positive points in mapping and identifying the
real critical speech articulation regions across different cohorts,
methodologies, and in different centers.

Speech Articulation Functional Borders Defined From
DES-Negative Points

By considering DES-negative areas during AwS speech artic-
ulation mapping, we identified the connected network where
stimulation fails to elicit a response. This novel dual mapping
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TABLE 6. Data Used to Estimate Sensitivity and Specificity of the
SAN-Positive Network

SAN positive thresholds % TP TN FN FP
25 26 47 4 42
28 25 49 5 40
31 24 57 6 32
34 24 62 6 27
38 23 70 7 19
41 23 76 7 13
44 21 78 9 1
47 21 79 9 10
50 18 80 12 9
53 16 82 14 7
56 1 82 19 7
59 7 82 23 7

DES, direct electrical stimulation; FN, false negatives (DES-positive points outside SAN-
positive network); FP, false positives (DES-negative points within the SAN-positive
network); IFG, inferior frontal gyrus; L, left; R, right; ROIs, regions of interest; SAN,
speech articulation network; TN, true negatives (DES-negative points outside SAN-
positive network); TP, true positives (DES-positive points within the SAN-positive
network).

The total number of DES points used were 119 (30 positive DES and 89 negative DES).

approach allowed us to differentiate functional from non-
functional areas more accurately. For the first time, we pre-
cisely identified the functional boundaries between these
networks using positive and negative causal mappings. De-
spite the proximity of DES points, the DES-negative and
DES-positive networks were spatially distinct, with minimal
overlap. We consider this overlap a functional border, in-
cluding the precentral sulcus and inferior frontal gyrus. This
minimal overlap enhances understanding of SAN+ boundaries
without altering the SAN network defined by DES-positive
points, supporting the importance of defining networks from
DES-positive points.

As expected, the choice of SAN network threshold affects its
spatial extent. The threshold represents the minimum percentage
of DES-positive points required to generate seed-based functional
connectivity in a given voxel. To determine the optimal threshold
for presurgical SAN mapping, we assessed the sensitivity and
specificity of the network by comparing the locations of DES-
positive and DES-negative points across various thresholds. Our
analysis revealed that a 41% group frequency threshold in the
DES-positive SAN offers an ideal balance, achieving approxi-
mately 80% sensitivity and specificity, thus providing a valuable
reference for clinical use. In fact, our examination of the SAN-
negative network and the anticorrelated SAN offers novel insights
into the broader landscape of speech-articulatory network
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interconnection in the language and motor frameworks. The
SAN-negative network seemed to have a more lateralized pattern
compared with the bilateral DES-positive SAN. The fact that the
SAN-negative network differs from both the SAN-positive and
its anticorrelated network suggests it may involve nonessential
or redundant pathways, or regions involved in higher order
functions or compensation that do not directly contribute to
speech arrest.

Clinical Implications

The overlap between DES-positive and DES-negative areas
suggests transitional zones within the speech network rather than
core regions for articulation. Although they may not consistently
disrupt speech during DES, their role varies individually, high-
lighting the need for careful mapping. Presurgical definition of the
SAN functional borders has key clinical implications. In AwS with
DES, it enables precise targeting of critical regions, reducing
irrelevant stimulation, mapping time, and improving confidence
in avoiding critical areas. In asleep surgery, it enhances preop-
erative planning and identification of key regions, potentially
reducing postoperative language and speech deficits. Overall,
clearer functional borders improve intraoperative decision making

in AwS and enhance safety and efficacy in asleep surgery.

Limitations

This study advances our understanding of the SAN’s functional
boundaries, but several limitations exist. With a cohort of 25
glioma patients (HGGs and LGGs), the functional borders may
not be fully defined. Larger, more homogeneous samples with
both DES-positive and DES-negative data will refine spatial
definitions. In addition, variability in AwS protocols and
stimulation parameters across centers may affect DES results
and SAN mapping accuracy. Brain shift was not explicitly
modeled, but factors such as neurosurgeon-verified
preoperative/postoperative  T1  registrations, cortical-only
points, and prior validation®'? of presurgical rs-fMRI and
DES agreement (<5 mm) suggest minimal impact. Future
studies could improve this with intraoperative imaging or brain
shift modeling. Neurovascular decoupling may affect blood
oxygenation level dependent (BOLD) signals in tumor pa-
tients,””?Y but strong agreement (<5 mm) between presurgical
rs-fMRI and awake DES mapping®'” supports its reliability.
Future studies should address neurovascular decoupling using
calibrated fMRI, alternative imaging (eg, arterial spin labeling), or
cerebrovascular reactivity.”! Our speech articulation maps include
low-grade (n = 9) and high-grade (n = 17) glioma patients. While
lower grade cases may show differences, studies suggest limited
plasticity in this network.>®*> DES during AwS ensures func-
tional validation. Future studies could investigate reorganization
with longitudinal or advanced tracking methods. This study used
a 1.5 T MRI, which has lower BOLD specificity than higher field
systems. Future studies should use 3 T MRI for improved pre-
cision and validation.
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CONCLUSION

This study represents a significant step forward in the use of
DES-negative data to improve the definition of functional brain
networks, particularly in the context of mapping the SAN. In-
corporating both DES-positive and DES-negative points provides
a more precise and clinically relevant map for preoperative
planning, which is expected to help improve the effectiveness of
neurosurgical interventions. Further efforts should be performed
to investigate how these findings can be more and more applied
across different neurological and neurosurgical contexts. To
support the potential use of these results in presurgical planning
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and future studies exploring the SAN with various neuroimaging
techniques, we provide spatial frequency maps of the SAN based
on DES-positive and DES-negative points (https://neurovault.
org/).
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