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Objective: The structural and functional organization of brain networks subserving basic daily activities (i.e.
language, visuo-spatial cognition, movement, semantics, etc.) are not completely understood to date. Here, we
report the ﬁrst probabilistic cortical and subcortical atlas of critical structures mediating human brain functions
based on direct electrical stimulation (DES), a well-validated tool for the exploration of cerebral processing and
for performing safe surgical interventions in eloquent areas.
Methods: We collected 1162 cortical and 659 subcortical DES responses during testing of 16 functional domains in
256 patients undergoing awake surgery. Spatial coordinates for each functional response were calculated, and
probability distributions for the entire patient cohort were mapped onto a standardized three-dimensional brain
template using a multinomial statistical analysis. In addition, matching analyses were performed against prior
established anatomy-based cortical and white matter (WM) atlases.
Results: The probabilistic maps for each functional domain were provided. The topographical analysis demonstrated a wide spatial distribution of cortical functional responses, while subcortical responses were more
restricted, localizing to known WM pathways. These DES-derived data showed reliable matching with existing
cortical and WM atlases as well as recent neuroimaging and neurophysiological data.
Conclusions: We present the ﬁrst integrated and comprehensive cortical-subcortical atlas of structures essential for
humans’ neural functions based on highly-speciﬁc DES mapping during real-time neuropsychological testing. This
novel atlas can serve as a complementary tool for neuroscientists, along with data obtained from other modalities,
to improve and reﬁne our understanding of the functional anatomy of critical brain networks.

1. Introduction
Since the origin of the medical sciences, the brain has been considered the most complex human organ and the core of human intelligence
(Crivellato and Ribatti, 2007; Hutchison et al., 2013). Over the last three
decades, the exploration of brain structures and functional processing
experienced substantial advances, most notably due to non-invasive

neuroimaging techniques such as functional MRI (fMRI) and
diffusion-weighted imaging (DWI) tractography. Task-based and
resting-state fMRI provided insights into the functional organization and
plasticity of brain networks, while DWI offered visualization of white
matter (WM) pathways underlying network connectivity, opening the era
of the brain connectome (Sporns, 2013). The integration of fMRI, lesion
maps (Fox, 2018), and tractography provided notable contributions to
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the deﬁnition of network circuitry underlying brain processing (Petersen
and Sporns, 2015) and a large volume of original data. Despite their
obvious importance in neuroscience research, fMRI and DTI do have
some limitations (van den Heuvel et al., 2017; Maier-Hein et al., 2017;
Pujol et al., 2015). For instance, while fMRI may delineate which brain
areas involved in a given function, it does not indicate which of these
regions are critical, and DTI, despite its interest and widespread adoption
into neuroscience over the last decade, does not provide functional information about human WM pathways. Thus, there is a critical need for
simple, direct, and reproducible measurements of brain function that can
serve as a starting point for a more sophisticated understanding of human
brain network organization and function.
In this context, the application of cortical-subcortical direct electrical
stimulation (DES) during resection of low-grade gliomas (LGGs), allowed
reliable, original and reproducible evidence for the functional assessment
of different brain networks (Duffau, 2015; Thiebaut de Schotten et al.,
2005; Rech et al., 2014;Sarubbo, 2016; Herbet et al., 2014). Moreover,
despite the fact that LGGs inﬁltrate cortical and subcortical WM sites, this
method has demonstrated added contributions relative to other brain
mapping techniques [i.e. electro-encephalography, cortico-cortical
evoked-potentials, transcranial magnetic stimulation (EEG, CCEPs,
TMS)] (Matsumoto et al, 2004, 2012; Michel and Murray, 2012). In
particular, DES is currently considered the primary technique in neurosurgical practice for the identiﬁcation of critical network components at
both the cortical and the subcortical levels, allowing neurosurgeons to
preserve neurologic functions despite resections in or near eloquent areas
(Sanai et al., 2008; Sanai and Berger, 2010; Duffau et al., 2005a). It is
worth noting that DES is not the only technique that provides information about the putative properties of the cortices, but it does constitutes
the unique method to investigate the functional role also of WM connections during mapping. Thus DES has allowed the computation of
cortical and subcortical probabilistic functional atlases of the human
brain that are consistent with the current neuroscience literature (Ius
et al., 2011; Tate et al., 2014; Sarubbo et al., 2015a; Herbet et al., 2016).
However, no studies are available integrating cortical and subcortical
DES data for a given function, nor validating such ﬁndings using independent non-DES data sets.
Here, we propose, for the ﬁrst time to our knowledge, an integrated
probabilistic atlas of the critical hubs and connections subserving
fundamental human brain functions, based on a series of 1821 functional
responses collected by DES in 256 patients undergoing awake craniotomy. We deﬁned these maps according to a comprehensive and practical description of the cortical and subcortical brain regions required for
key domains of human brain processing, as determined by DES during
real-time neuropsychological evaluation. For each individual functional
response evoked during DES, we provide MNI coordinates, with the goal
of proposing a practical and complementary atlas for supporting,
reﬁning, validating, and driving brain network analyses.

Table 1
Patients demographics.
Patients (N )

256

Age at surgery (years)
Male/Female
Tumor location (%)
Left
Right
Handedness (%)
Right
Left
Ambidextrous

38.7  10.3
135/121

Tumor Distribution
Frontal
Temporal
Frontal-temporal-insular
Frontal-insular
Parietal
Temporal-insular
Temporal-parietal
Insular
Frontal-parietal
Temporal-occipital

60.6
39.4
85.1
9.4
5.5
%
69
56
40
32
23
18
8
2
2
2

ventral pre-motor cortex (VPMC) or by evoking motor (i.e. muscle
contraction) and/or sensory (i.e. dysesthesias) responses during stimulation of the primary motor or sensory areas [the pre-central (Pre-CG) or
post-central gyrus (Post-CG), respectively]. This threshold was used for
the remainder of the mapping session. The entire exposed cortical surface
was electrically interrogated, even beyond the borders of the lesion, to
deﬁne a map of functionally critical brain regions (Fig. 1). During the
tumor resection, patients were asked to continuously perform speciﬁc
tasks that were designed according to the cortical and subcortical pathways that the neurosurgeon was expected to encounter during resection
(rather than all 16 tasks at each cortical/subcortical site, which would
have been impractical given intraoperative time limitations). For the
purposes of this study, subcortical mapping referred to the WM bundles
and/or caudate/basal ganglia that was exposed at the depth of the surgical resection cavity. The entire area of subcortical WM exposed during
the resection was mapped using the same current threshold identiﬁed
during the initial cortical mapping (Fig. 1). With respect to DES-deﬁned
mapping sties, a “positive” functional site referred to a cortical/subcortical region that either promoted a functional response (in the
case of motor and sensory mapping) or altered normal behavior (in the
case of all other functional categories tested). Speciﬁc examples of positive functional mapping sites are detailed below in the “Neuropsychological Testing” section.
When all functional limits of the resection were reached (i.e. the
boundaries of the surgical cavities resulted in eloquent responses with
DES at both the cortical and subcortical levels), the resection was
stopped. Functional responses were marked with numerical tags, and
intra-operative digital images of the cortical and subcortical DES-deﬁned
maps were stored for ofﬂine analyses, speciﬁcally direct comparison with
the pre- and post-operative anatomic MRI.

2. Material and methods
2.1. Patient characteristics and intraoperative mapping paradigm
256 patients [mean age: 38.7 years] with WHO grade II LGGs were
included (demographics and general information are reported in
Table 1). An asleep-awake-asleep protocol was utilized, with sedation
stopped just prior to the awake mapping portion of the surgery (Tate
et al., 2014; Sarubbo et al, 2015a, Sarubbo, 2016). DES was performed to
identify essential cortical epicenters and subcortical pathways, according
to the technique previously reported (Herbet et al., 2014; Duffau et al.,
2005a; Tate et al., 2014; Sarubbo et al., 2015a; Hau et al., 2017). Brieﬂy,
a bipolar electrode with 5 mm spacing was used to deliver a biphasic
current to the brain surface or subcortical white matter (60 Hz; 2–4 mA; 1
msec pulse duration). During awake mapping, the DES intensity
threshold was determined by either evoking speech arrest (without facial
or tongue movements) during a counting task (from 0 to 10) within the

2.2. Neuropsychological testing
Motor functions were monitored in two ways: (1) overt muscle twitch
noted during cortical or subcortical stimulation and (2) alteration of a
continuous complex motor task (simultaneous hand, arm and forearm
ﬂexion-extension contralateral to the lesion side) during stimulation,
speciﬁcally acceleration, deceleration, or halting of movement. Sensory
responses were reported verbally by the patient during cortical and
subcortical mapping, in particularly dysesthesias of the contralateral
face, arm, or leg during stimulation (Duffau et al, 2005a, 2008). Spontaneous language production was monitored by a counting paradigm
(series from 0 to 10) and repetition test, with positive functional
2
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Fig.
1. Intra-operative
direct
electrical
stimulation-based mapping. In panel A, the surgeon is stimulating the subcortical white matter of
the middle temporal gyrus using a standard handheld bipolar stimulator while the patient (panel B)
is performing a classical naming task. Panel C
shows the ﬁnal cortical (tags 0,1,2,A,B,C) and
subcortical (42,43) positive mapping sites. For the
naming task, the patient is asked to name the object
presented on a computer screen (D) while the
neurosurgeon stimulates sites at the cortical and
subcortical white matter. In this case, the correct
response is “This is a horse.” If the patient makes an
error during stimulation at a particular site, the
type of error is noted, such as anomia (patient says
“This is a … …” but cannot come up with “horse”),
semantic paraphasias (e.g. patient incorrectly says
“This is a cow.” instead of “This is a horse.“),
phonemic paraphasias (e.g. patient incorrectly says
“This is a hearse.” instead of “This is a horse.“),
speech arrest (no verbal output), or verbal perseveration (patient correctly says “This is a horse” but
when a different object is shown after a delay, the
patient incorrectly states “This is a horse.” again).
In the example depicted in this ﬁgure, stimulation
of the white matter region corresponding to site 42
(Panel C) caused an anomia. The MNI coordinates
(x,y,z) corresponding to site 42 is derived by
normalizing this patient’s brain to MNI space and
manually plotting this subcortical point onto the
normalized brain. For the group mapping and
matching analyses, this point is combined with
normalized coordinates of all other anomia sites
from the entire cohort of subjects.

2.3. Atlas computation

responses being involuntary cessation of counting or inability to repeat,
respectively, during stimulation (Coello et al., 2013; Mandonnet et al.,
2017). Phonologic and semantic aspects of language processing (i.e. semantic and phonological paraphasias or pure anomia, not related to
motor/praxis/visual disturbances) and reading (i.e. alexia or reading
disturbances) were assessed with picture naming [denomination object
80 (DO 80)] and reading tests, respectively, as previously reported
(Duffau et al, 2003, 2005a, 2008; Mandonnet et al., 2017; Deloche et al.,
1991). Examples of positive functional responses included semantic
paraphasias (e.g. patient says “dog” instead of cat during presentation of
a picture of a cat), phonemic paraphasias (e.g. patient says “kite” instead
of cat after presentation of a picture of a cat), and anomias (e.g. patient
states “this is a …..” but cannot come up with “cat” during presentation of
a cat picture). Such patient errors during stimulation were monitored by
a speech therapist (S.M-G.) or by a neuropsychologist (G.H.). Non-verbal
semantic disorders (namely, asemantism) were identiﬁed with the
pyramid-palm-tree test (PPTT). For the PPTT, a picture is shown and the
patient asked to select the one picture (from a choice of two) that goes
with the original picture (Moritz-Gasser et al., 2013; Herbet et al., 2015).
Visual ﬁeld, visual functions and eye movements were monitored, as
previously described (Montemurro et al., 2016; Gras-Combe et al., 2012;
Sarubbo et al., 2015b). Spatial cognition was assessed with a line
bisection task, according to the technique previously described, where
the patient is presented with a standard length line and asked to mark the
midpoint with a pen (Thiebaut de Schotten et al., 2005; Bartolomeo et al.,
2007). Functional responses related to mentalizing (i.e. understanding,
and consequently predicting, mental and psychological states and behaviors) were assessed using a variant of the classical Reading the Mind
in the Eyes Test (Herbet et al., 2015), in which the patient is presented
with a set of eyes and then asked to choose (from a list of four) the
emotional state. Importantly, during these tasks, both the patient and
neuropsychologist/speech therapist were blinded to the timing of DES
performed by the surgeon.

All patients underwent volumetric T1-weighted MRI with gadolinium
3 months after surgery. These sequences were normalized spatially to the
Montreal Neurologic Institute (MNI) 152 template brain space, at 1 mm3
voxel spatial resolution (Evans et al., 1992). Non-brain structures were
removed from the T1-images with the brain extraction tool (BET) of the
FMRIB software library (FSL; http://www.fmrib.ox.ac.uk/fsl). Registration of resulting images was performed by applying 12 parameter afﬁne
transformations using FSL’s linear image registration tool (FLIRT). Of
note, this method proved more reliable than non-linear registration
methods that were explored due to factors speciﬁc to patients harboring
brain tumors (brain shift, local mass effect, sizeable resection cavity,
ventricular changes). As previously described (Herbet et al., 2014; Tate
et al., 2014; Sarubbo et al, 2015a, Sarubbo, 2016), the MNI coordinates
of the functional subcortical and cortical responses, collected during
intra-operative DES, were extracted by the ﬁrst and second authors (S.S.
and M.T.), two expert anatomists with previous experiences in these atlas
methods. Each stimulation point was manually plotted onto a digitized
asymmetric human brain template (MNI ICBM152, 1-mm resolution)
using a combination of regional cortical (sulci, vessels) and subcortical
(resection cavity) landmarks, T1-weighted MRI reconstructed on three
planes (axial, sagittal and coronal), and dictated operative reports.
Three-dimensional coordinates (x, y, z) in MNI space were recorded and
reported for each cortical and subcortical point for subsequent
group-level analyses.

2.4. Probabilistic distribution of cortical and subcortical functional
responses
The MNI location x corresponds to an individual DES-induced functional response for a given function R (e.g. semantic, motor, etc.) in a
single patient. The null hypothesis tested in our methodology was that no
3
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a color scale reﬂecting the conﬁdence interval of each function, plotted
onto the MNI 152 brain template and based on the multinomial statistical
analysis.
For example, the ﬁrst two panels of Fig. 2 report the distribution of
motor and sensory responses, with the highest probability voxels, as
expected, in the mid-portion of the pre- and post-central gyri,
respectively.
The results of the matching analysis of the DES-deﬁned functional
responses with the major subcortical pathways as reconstructed in NatBrainLab Atlas are shown in the graphs of Fig. 5. Data are presented as
the distance from subcortical DES points to the known WM pathways.
Finally, the overlap of DES-based data with the cortical and the
cortical plus superﬁcial WM ROIs of the JHU Atlas are reported in Tables 2 and 3.

functional response was present at a given cortical or subcortical site
(rather than a different functional response). As previously detailed
(Sarubbo et al, 2015a), based on the diameter of the bipolar DES electrode (5 mm), we assume that all voxels y of the brain in MNI space at a
distance  0:5 cm from x have the same functional response R. Also,
similar to the aforementioned analysis (Herbet et al., 2014; Tate et al.,
2014; Sarubbo et al, 2015a, Sarubbo, 2016), let R1 ; …; Rk be the set of k
functional responses considered in this study (e.g. semantic, motor, etc.),
and let x be a voxel of the brain in MNI space. We assume that any voxel x
is associated with a vector π ðxÞ ¼ ðπ 1 ðxÞ; …; π k ðxÞÞ; where π i ðxÞ is the
probability that voxel x is involved in the processing of the functional
response Ri . Let us assume that nðxÞ functional response errors have been
induced by DES at voxel x in our patient series, obtaining li ðxÞ functional
k
P
response errors of type Ri , with
li ðxÞ ¼ nðxÞ. We assume that the
i¼1

number of outcomes li ðxÞ follows a multinomial distribution with parameters nðxÞ and π ðxÞ. Therefore, the probability function of this
multinomial distribution is: f ðl1 ðxÞ; …; lk ðxÞ; nðxÞ; π ðxÞÞ ¼
l1 ðxÞ
l ðxÞ
nðxÞ!
ðxÞ⋯π kk ðxÞ.
l1 ðxÞ!⋯lk ðxÞ!π 1

4. Discussion
4.1. General considerations

The maximum likelihood estimate of any
Brain disorders represent an increasingly important problem for
public health, given the high incidence and costs of diagnosis/treatment,
as well as the increased level of physical and social disability, as the
worldwide population ages. Accordingly, understanding the functional
and structural organization of the human brain has been a key challenge
not only for the neurosciences but also for the medical community.
Recently, the National Institutes of Health in the United States established the Human Connectome Project (HCP), with the goal of mapping
critical human brain structures and functions in healthy subjects over the
lifespan. While the HCP has primarily focused on neuroimaging data in
healthy subjects, multimodal research methods in both healthy and patient populations will be needed to develop reliable maps of human brain
networks (Toga et al., 2006).
We computed a detailed three-dimensional probability distribution
atlas for critical human brain functions with the largest stimulation-based
functional dataset of the human brain to date (1187 functional responses
in 256 patients). This “heat map” has, as an unprecedented feature, the
capacity to integrate direct functional responses at both the cortical and
the subcortical level obtained by stimulation. As a consequence, it may
serve as a minimal and highly-speciﬁc anatomic-functional background
for integration with different neuroimaging data as well as other functional (fMRI, TMS, EEG, etc.) and structural (i.e. tractography) datasets,
with the goal of resolving the “true” governing principles behind physiologic brain processing, as well as patterns of re-organization following
injury, i.e. neuroplasticity.

individual probability π i ðxÞ is pi ðxÞ ¼ li ðxÞ=nðxÞ: Maximum likelihood
estimates pi ðxÞ, derived by varying x in the MNI space, represent statistical maps in the MNI space of the probability that voxels x are involved
in the processing of functional responses Ri . As a check of validity of the
proposed method, statistical maps pi ðxÞ consistently match with those
previously reported (Tate et al., 2014; Sarubbo et al, 2015a).
2.5. Matching analysis
In order to provide a quantitative analysis of the data, for comparison
with recent literature, and to validate our stimulation point localization
technique, we performed a partition of our brain model into 176 cortical
and cortical plus white matter anatomical ROIs, according to the extensively adopted JHU Atlas (Zhang et al., 2010). For each spatial map pi ðxÞ,
we computed the percentage of the maps of the functional responses
overlapping the ROIs of this anatomic atlas.
Finally, we computed the distance of any subcortical functional
response from all the WM pathways of the tractography atlas of NatBrainLab (available at: http://www.natbrainlab.co.uk/atlas-maps)
(Thiebaut de Schotten et al., 2011a). The distance of a stimulus from a
given bundle of the atlas was deﬁned as the minimal Euclidean distance
between the stimulus and the set of voxels deﬁning the tract itself, as
previously described (Sarubbo et al., 2015a). This allowed us to quantify
the distribution of the distance of the different functional responses Ri
from the main bundles of the human WM, as reconstructed in the most
recent version of this established tool.

4.2. Functional considerations
3. Results
4.2.1. Motor and somatosensory
The distribution of involuntary movements during DES reﬂects the
classical cortical-subcortical distribution of the primary motor system,
involving the pre-central gyrus (PreCG) and the corticospinal (CS)
pathway (Fig. 2). (Duffau, 2015; Sarubbo et al., 2015a; Penﬁeld and
Boldrey, 1937) Sensory stimuli are distributed according to the classical
cortical-subcortical organization of the somatosensory system, including
the post-central gyrus (PostCG) and the thalamo-cortical pathways
(Fig. 2). However, considering together these motor and sensory responses, our results suggest a non-rigid separation between the PreCG
and the PostCG, as initially described by Penﬁeld (Penﬁeld and Boldrey,
1937). Rather, a strict reciprocal integration between the motor and
sensory networks emerges, subserved by short inter-gyral WM connections (Catani et al., 2012). It is worth noting the high overlap of the
cortical and subcortical responses with the Pre- and Post-CG ROIs of the
JHU Atlas (Table 2) and the course of the tractography pathways (see
also graphs in Fig. 5) conﬁrms the reliable alignment of the data in the
MNI space.

An overall number of 1821 positive responses (1162 cortical, 659
subcortical) were collected by using DES among 16 functional domains.
The total number of cortical functional responses collected included:
reading (2), anomia (94), asemantism [i.e. comprehension disorders
during execution of PPTT (17)], eye movement control (4), mentalizing
(12), motor (325), motor control (89), phonological (14), semantic (39),
somatosensory (150), spatial perception (23), speech output (251),
speech articulation (142). Subcortical functional responses included:
acoustic (2), reading (13), anomia (31), non-verbal comprehension (20),
eye movement control (7), language and motor planning (24), mentalizing (14), motor (103), motor control (72), phonological (69), semantic
(131), somatosensory (69), spatial perception (12), speech output (27),
speech articulation (42), and visual (23).
The probabilistic distribution of the cortical and subcortical responses
for each function among the entire patient cohort is reported in Figs. 2–4.
Sagittal, coronal, and axial slices (spacing ¼ 10 mm) along the respective
MNI coordinates (x, y, z), illustrate the probability distribution, including
4
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Fig. 2. The probability distribution along with conﬁdence intervals mapped onto volumetric (1 mm) MNI T1 background (axial, sagittal, and coronal planes; 10 mm
spacing) are demonstrated for the following functional responses: motor (A), sensory (B), motor control (C), language and motor planning (D), and eye movement
control (E).

5

S. Sarubbo et al.

NeuroImage 205 (2020) 116237

4.2.2. Motor control and language/motor planning
The distribution of the stimuli related to disorders of motor initiation
and control, including movement arrest, conﬁrms that awareness and
control of voluntary movements depend on a network involving the
dorsal-medial and lateral pre-motor cortices as well as the basal ganglia
(Fig. 2). A complex framework of inhibitory and excitatory connections
with a somatotopic organization characterizes this circuitry (Rech et al.,
2016). In particular, the cortical distribution of stimuli related to interruption of the motor task conﬁrms the key role of supplementary motor
area (SMA), PreSMA, dorso-lateral pre-motor cortex (DLPMC), PreCS,
insula and basal ganglia in the so-called “negative motor network”
necessary for movement selection and pacing of voluntary movements
(Duffau, 2015; Sarubbo et al., 2015a; Hoffstaedter et al., 2012; Schucht
et al., 2013; Wolpe et al., 2014). A complex network of short and
mid-range cortico-cortical and cortico-striatal ﬁbers connects these regions, running in the deep WM of the frontal lobe (anteriorly to the pyramidal tract responsible for pure motor responses) (Catani et al., 2012;
Schucht et al., 2013). Language and motor planning errors resulting in
motor/verbal perseverations (Fig. 2) occurred predominantly during
subcortical stimulation and mainly at the level of the caudate or neighboring WM. These results conﬁrm the crucial role of the caudate in
integrating the cortico-basal ganglia circuitry for the initiation, execution, and control of movements (Alexander and Crutcher, 1990).
4.2.3. Eye movement control
Disorders of eye movements have a cortical-subcortical distribution at
the posterior part of the middle frontal gyrus (MFG) in both hemispheres
(Fig. 2), which corresponds to the frontal eye ﬁelds. These results conﬁrm
the participation of this region in the network mediating motor initiation
and control (Duffau, 2015) with a concordant topography with respect to
the deﬁnition of the crucial region for control of eyes movement and
integration in spatial working memory (Courtney et al., 1998).
4.2.4. Speech output
The representation of cortical and subcortical speech output response
errors (speech arrest) is bilateral and symmetric, conﬁrming a prevalent
distribution within the most ventral portion of the pre-motor cortex and
the underlying WM (Fig. 3). (Tate et al., 2014; Sarubbo et al., 2015a) The
occurrence of complete speech arrest after stimulation of the ventral
pre-motor cortex (VPMC), as previously reported, regardless of the side
stimulated, suggests a possible bi-hemispheric integration of the articulatory loop network as previously proposed in a detailed stimulation
study (Tate et al., 2014) and recently highlighted in a multimodal study
integrating resting-state fMRI and DES (Zaca et al., 2018).
4.2.5. Speech articulation
The cortical and subcortical distribution of speech articulation errors
(verbal apraxia) during stimulation in the ventral cortices of the PreCG,
PostCG, supramarginal gyrus (SMG), and in the underlying WM (Fig. 3),
including the indirect anterior component of superior longitudinal
fascicle (SLF) (Catani et al., 2005), conﬁrms the crucial role of the VPMC
and this frontal-parietal network for converting the phonological information in articulatory motor output (Duffau et al., 2014). This characterization of the speech articulatory network is also concordant with
analyses combining resting-state fMRI, DES, and tractography (Zaca
et al., 2018) and with CCEPs studies in humans (Matsumoto et al, 2004).
4.2.6. Anomia
The high frequency of subcortical anomia at the junction below the
posterior temporal cortices [middle and posterior thirds of STG and
middle temporal gyrus (MTG)] and the inferior parietal lobule [particularly, the angular gyrus (AG)](Fig. 3), matching the course of the indirect posterior component of the SLF, is likely a consequence of
deactivation of visuo-semantic integration (Martino et al., 2013). In fact,
the temporal-parietal-occipital junction represents a crucial region for
visual-semantic processing and integration of this functional substrate

Fig. 3. The probability distribution, along with conﬁdence intervals, mapped
onto volumetric (1 mm) MNI T1 sequences (axial, sagittal and coronal planes;
10 mm spacing) are plotted for the following functional responses: semantic (A),
anomia (B), non-verbal comprehension (C), phonologic (D), speech output (E),
and speech articulation (F).
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Fig. 4. The probability distribution, along with conﬁdence intervals, mapped onto volumetric (1 mm) MNI T1 sequences (axial, sagittal and coronal planes; 10 mm
spacing) are plotted for the following functional responses: reading (A), visual (B), spatial perception (C), mentalizing (D), and acoustic (E).

dorso-ventral posterior frontal lobe [namely, inferior frontal gyrus (IFG)
and DLPFC] where terminations of IFOF, indirect anterior SLF and
uncinated fascicle (UF) are adjacent and may overlap (Sarubbo, 2016;
Martino et al., 2013; De Benedictis et al., 2014).

into the dorsal stream (Zemmoura et al., 2015; De Benedictis et al.,
2014). From an anatomical point of view, this region includes an intersection of terminations of dorsal and ventral pathways [namely, indirect
anterior and posterior SLF, arcuate fascicle (AF), inferior longitudinal
fascicle (ILF), inferior fronto-occipital fascicle (IFOF)], as seen in the
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Fig. 5. In panels A–O we report the distributions (mean, 50% and 95% quantiles) of the distance of the different subcortical functional responses from the course of
main white matter tracts, as reconstructed in the NatBrainLab Atlas (available at http://www.natbrainlab.co.uk/atlas-maps). In each panel the dark blue box plot
represents the tract with minimal mean distance; the light blue box plots represent tracts whose mean distance is not statistically different from the minimal distance
(Wilcoxon test; p > 0.05); and the green box plots represent tracts whose mean distance is statistically different from the minimal distance (Wilcoxon test; p < 0.05).

longest association bundle in the human brain, with the unique feature of
terminating in the occipital, temporal, parietal, and frontal lobes (Hau
et al., 2016; Caverzasi et al., 2014; Sarubbo et al., 2013; Martino et al.,
2010). This long-range link between distant functional nodes was
demonstrated to be crucial in mapping visual information into meaning,
according to the classical role of the ventral stream (Duffau, 2015; Sarubbo et al., 2015a; 2008).

4.2.7. Semantic
As indicated by the cortical and subcortical distribution of semantic
paraphasias (Fig. 3), semantic processing is supported by a large and
distributed network, including the posterior and middle thirds of the STG
and MTG, respectively, the DLPFC, and the IFG (Whitney et al., 2011).
The subcortical distribution of semantic responses reﬂects the continuous
and homogenous ventral course of functional information in the deep
WM of the temporal lobe, from the occipital-temporal-parietal junction,
through the ventral third of the external capsule, and ascending to the
WM underneath the posterior two-thirds of IFG and MFG. This ventral
workﬂow is crucial for the top-down control and contextualization of the
semantic system (Duffau, 2015; Han et al., 2013). It is mainly subserved
by IFOF, as conﬁrmed in this series by the consistent overlap of subcortical and cortical semantic responses with the course of the IFOF (Fig. 5),
from the posterior WM of the temporal lobe through the external capsule
and up to its main territories of terminations within the frontal lobe
(ventro-lateral and dorso-lateral cortices) (Sarubbo et al, 2015a, Sarubbo, 2016; Hau et al., 2016; Caverzasi et al., 2014). The IFOF is the

4.2.8. Non-verbal comprehension disorders
Non-verbal comprehension disorders identiﬁed with palm-pyramidtree test (PPTT) were mainly located in the right hemisphere with a
cortical distribution analogous to semantic paraphasias in the left
hemisphere (Fig. 3). In fact, these responses are distributed across the
parietal, temporal, and frontal regions with a prevalent ventral course
matching the course of the IFOF, in particular at the level of the WM of
the ventral third of the external capsule between the temporal and frontal
lobes. These data support the hypothesis of a hemispheric segregation
between verbal and non-verbal semantics (Moritz-Gasser et al., 2013;
8
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Table 2
Overall distribution of the functional responses elicited at the cortical level according to a matching analysis with the JHU Atlas (cortical and cortical plus
white matter ROIs). For each functional category, the percentage of DES-deﬁned positive cortical sites that overlap with a given ROI is presented. For example, 32.4%
of cortical sites where anomia was elicited with direct electrical stimulation overlapped with the JHU Atlas-deﬁned left superior temporal gyrus, and 1.3% overlapped
with the JHU Atlas-deﬁned left superior temporal gyrus white matter. MFG: middle frontal gyrus; MTG: middle temporal gyrus; IFG: inferior frontal gyrus; ITG: inferior
temporal gyrus; PreCG: pre-central gyrus; PostCG: post-central gyrus; SFG: superior frontal gyrus; SMG: supra marginal gyrus; SPL: superior parietal lobule; STG: superior temporal gyrus; WM: white matter.

Alexia
Anomia
Comprehension
Eye Movement
Control
Mentalizing
Motor
Motor Control
Phonological
Semantic
Somatosensory
Spatial perception
Speech Output
Speech Articulation

Left hemisphere

Right hemisphere

MTG (90.3%), ITG (7.2%), MTG WM (2.4%)
STG (32.4%), ITG (17.1%), MTG (17.1%), MFG (10.2%), SMG (4.7%), IFG
WM (2.3%), STG WM (1.3%)
MTG (20.3%), MFG (8.9%), STG (7%),

–
STG (2.4%)

–
–
PreCG (18.2%), PostCG (8.3%), MFG (6.7%), PreCG WM (2.5%), SFG
(1.9%), IFG (1.1%)
MFG (9.9%), SFG (8.8%), PreCG (7%), PostCG (4.4%), SMG (2.3%),
PostCG WM (1.7%), PreCG WM (1.5%), IFG (1%)
SMG (31.4%), MFG (22.9%), MTG (21.4%), IFG (12.6%), SMG WM
(3.6%), MFG WM (2.7%), STG (2%), ITG (1.5%)
MFG (24.2%), STG (22.5%), IFG (21.6%), MTG (20.1%), IFG WM (3.2%),
MFG WM (2.6%), STG WM (1.5%), PostCG (1%)
PostCG (26%), PreCG (5.3%), PostCG WM (4.6%), SMG (3.4%), SPL
(1.4%)
SMG (5.9%)
PreCG (27.3%), IFG (11.1%), PostCG (10.6%), PreCG WM (4.3%), SMG
(4%), STG (4%), MTG (3.9%), IFG WM (1.8%)
PostCG (19.9%), MFG (9.1%), PreCG (7.4%), IFG (7.2%), SMG (4.5%),
STG (3.7%), PostCG WM (1.5%), IFG WM (1.3%)

MFG (24.9%), IFG (16.5%), STG (6.3%), MTG (5.3%), MFG WM (2.3%), IFG WM
(1.6%), SMG (1.3%)
PreCG WM (65.9%), PreCG (27.1%), PostCG (7.1%)
MFG (62.1%), IFG (22%), SFG (6.6%), MFG WM (6.5%), IFG WM (2.7%)
PreCG (22.7%), PostCG (12.3%), SFG (5.2%), MFG (4.9%), PreCG WM (4.1%),
IFG (2.1%), STG (1.8%), PostCG WM (1.7%), SPL (1.2%)
PreCG (26.4%), MFG (9.1%), STG (8.3%), SFG (4.1%), PreCG WM (4%), IFG
(4%), PostCG (2.7%), STG WM (1.1%)
–
STG (1.5%)
PostCG (32%), PreCG (6.1%), SPL (5.6%), PostCG WM (5.4%), SMG (5.4%)
SMG (40.9%), STG (25.1%), MTG (8.7%), SMG WM (5.9%), MFG (4.1%), STG
WM (3.2%), SPL (1.8%), MFG WM (1.5%)
PreCG (10.4%), IFG (5.2%), STG (5%), PostCG (3.1%), PreCG WM (2%), SMG
(1.8%), MFG (1.8%), IFG WM (1%)
PreCG (14.8%), IFG (11.2%), MFG (5.4%), PostCG (5.4%), PreCG WM (3.4%),
STG (1.7%)

4.2.10. Visual and reading
The distribution of visual deﬁcits (Fig. 4) reﬂects the classical distribution of visual pathways underlying the temporal-occipital regions,
including the primary visual area and optic radiations (Sarubbo et al.,
2015b).
Reading deﬁcits were mainly distributed in the left MTG and inferior
temporal gyrus (ITG), and in the basolateral WM of ITG and fusiform
gyrus (Fig. 4), corresponding to the course of the dorsal portion of ILF
(Sarubbo, 2016). These cortical territories are also known as the visual
word form area (VWFA) and are structurally involved in the elaboration
of visual information, integrating inputs coming from the ipsilateral and
contralateral occipital pole, via the posterior-dorsal portion of ILF and
CC, respectively (Zemmoura et al., 2015; Herbet et al., 2018). The ILF is a
double component long bundle connecting the dorso-lateral and ventral
cortices of the occipital lobe to the antero-lateral and anterior and basal
temporal cortices (Sarubbo, 2016; De Benedictis et al., 2014; Catani
et al., 2003; Mandonnet et al., 2009). This pathway is the main WM tract
implicated in both the direct and indirect transfer of information between
the occipital visual territories and temporal limbic and memory areas.
The ILF subserves several aspects of visual input processing, such as face
recognition, reading, visual perception and memory (Mandonnet et al.,
2009). Finally, this occipital-temporal system is bi-directionally modulated by connections with the IPL, via the indirect posterior portion of the
SLF, connecting the posterior third of STG and MTG with the AG and the
SMG, and providing an interactive feedback between visual and
non-visual information (Zemmoura et al., 2015; Dehaene et al., 2005).

Han et al., 2013), with the latter mediated by the right IFOF (Herbet
et al., 2017).
4.2.9. Phonologic
Phonological disturbances revealed a large and typical distribution
over the cortices and subcortical WM connecting the ventral and middorsal cortices of the posterior frontal lobe (particularly, IFG and MFG)
with the posterior two-thirds of the temporal lobe (particularly, STG and
MTG)(Fig. 3). We found a consistent match of the cortical and subcortical
responses with the course and terminations of the AF. This multi-layer
bundle (Sarubbo, 2016; Fernandez-Miranda et al., 2015) is the main
component of the dorsal pathways and constitutes the essential structural
core for long-range connection among the phonological epicenters that
are largely distributed around the peri-sylvian cortices (Thiebaut de
Schotten et al., 2011a; Duffau et al., 2014; Corina et al., 2010; Maldonado
et al., 2011). The parallel course of the two main components of dorsal
stream, AF (medially) and indirect anterior SLF (also known as SLF III,
laterally) that connects the ventral frontal lobe with the inferior parietal
lobule (IPL) (Sarubbo, 2016; Catani et al., 2005; Martino et al., 2013),
reﬂects the parallel and segregated distribution of, respectively, subcortical phonological and verbal apraxia responses. The adjacent and
partially overlapping territories of termination of these bundles in the
frontal lobe and IPL also reﬂects the distribution of the phonological and
verbal apraxia responses at the cortical level, as in previous reports
(Sarubbo, 2016; Vigneau et al., 2006). This intricate functional anatomy
constitutes the essential background for the strict integration of the
dorsal route. Our data suggest that in this system, auditory and
somato-sensory speech inputs are transferred via direct AF ﬁbers from
the posterior two thirds of STG/MTG to the IFG (particularly, pars
opercularis and triangularis), to be converted in working phonological–phonetic representations. This information is then translated into
articulatory motor outputs mediated by the VPMC, which receives
feedback information from somatosensory and auditory areas at the
junction between STG and SMG and the ventral PostCG, via the SLF III
(Duffau, 2015; Duffau et al., 2014).

4.2.11. Spatial perception
Spatial perception error responses are strongly right-lateralized, as
previously reported (Thiebaut de Schotten et al, 2011b, 2012) and are
distributed over the cortices of SMG, posterior portion of STG and within
the WM crossing the IPL and the superior-posterior portion of the temporal lobe (Fig. 4). This largely integrated cortico-subcortical network
subserves the symmetrical processing of visual scene, attention, and
awareness. For this reason, several different qualitative and quantitative
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Table 3
Distribution of the functional responses elicited in the white matter according to the matching analysis with the ROIs of JHU Atlas (cortical and cortical plus
white matter ROIs). For each functional category, the percentage of DES-deﬁned subcortical white matter positive sites that overlap with a given ROI is presented. For
example, 28.4% of sites where alexia was elicited with direct electrical stimulation of the subcortical white matter during Reading task overlapped with the JHU Atlasdeﬁned left inferior temporal gyrus, and 5.8% overlapped with the JHU Atlas-deﬁned left inferior temporal gyrus white matter. AG: angular gyrus; CG: cingulate gyrus;
FG: fusiform gyrus; FOC: fronts-orbital cortex; MFG: middle frontal gyrus; MOG: middle occipital gyrus; MTG: middle temporal gyrus; IFG: inferior frontal gyrus; IOG:
inferior occipital gyrus; ITG: inferior temporal gyrus; PreCG: pre-central gyrus; PostCG: post-central gyrus; SFG: superior frontal gyrus; SMG: supra marginal gyrus; SOG:
superior occipital gyrus; SPL: superior parietal lobule; STG: superior temporal gyrus; WM: white matter.

Acoustic responses
Reading
Anomia

Comprehension

Eye movement
Control
Language and Motor
Planning
Mentalizing

Left hemisphere

Right hemisphere

STG (31%), STG WM (21.1%), MTG (2.9%)
ITG (28.4%), FG (21.5%), MTG (8.2%), IOG (6.5%), ITG WM (5.8%), MTG
WM (5.3%), FG WM (5.2%), IOG WM (3.4%)
STG (11.5%), MFG (8.1%), MFG WM (7.8%), AG (7.4%), AG WM (7%), MTG
(6.9%), ITG (6.6%)STG WM (4.1%), IFG WM (3.3%), SMG (2.9%), insula
(2.6%), lateral FOC (2.5%), ITG WM (2.3%), MTG WM (2%), IFG (1.9%),
SMG WM (1.3%), lateral FOC WM (1.1%), FG (1%)
SPL (3.3%), STG (3.2%), insula (2.9%), SPL WM (2.6%), SMG WM (2.1%),
MFG WM (1.7%), STG WM (1.2%)

STG (20.4%), MTG (14.1%), STG WM (5.5%), MTG WM (4.9%)
ITG (4.3%), ITG WM (2.4%)

MFG (23.4%), MFG WM (19.3%), SFG WM (4%), PreCG (3.8%), PreCG WM
(3.6%), SFG (2.2%)
CN (13.9%), SFG WM (6%), SFG (4.9%), MFG WM (3%), insula (2.9%), IFG
(2.4%), lateral FOC WM (2.1%), IFG WM (1.9%), MFG (1.8%), Putamen
(1.4%), lateral FOC (1.1%)
–

Motor

PreCG WM (5.2%), SFG (4.6%), PreCG (4.5%), SFG WM (4.2%), putamen
(2.4%), insula (2.3%), MFG (1.7%)

Motor Control

SFG WM (8.9%), SFG (7.5%), MFG WM (3.4%), MFG (3.1%), CG (1.7%),
PostCG WM (1.4%), PostCG (1.3%), preCG (1.1%)
ITG (10.3%), MTG (8.4%), MTG WM (7.9%), FG (6.3%), IFG WM (5.8%), STG
(4.9%), SPL WM (3.6%), ITG WM (3.2%), IFG (2.9%), MFG (2.8%), STG WM
(2.7%), AG WM (2.4%), MFG WM (2.4%), PostCG WM (2%), SS (2%), PreCG
WM (1.9%), AG (1.9%), PostCG (1.9%), SPL (1.8%), SMG WM (1.5%), PreCG
(1.5%), SMG (1.4%), insula (1.2%)
MTG WM (7.7%), insula (6.9%), MTG (5.7%), STG (5.5%), hippocampus
(4.9%), MFG WM (4.6%), ITG (4.6%), ITG (4.6%), FG (4.4%), ITG WM
(4.6%), STG WM (3.9%), MFG 3.2%), IFG (3.1%), IFG WM (2.7%), putamen
(2%), lateral FOC (2%), FG WM (1.7%), SFG WM (1.3%)
SPL WM (6.2%), SPL (2.9%), PostCG WM (2.7%), precuneus (2.5%), PostCG
(1.2%), preCG (1.2%), PreCG WM (1.1%)

Phonological

Semantic

Somatosensory

Spatial perception

AG WM (6.7%), AG (6.2%)

Speech Output

IFG (11.4%), IFG WM (10.7%), PreCG (8%), PreCG WM (7.7%), MFG (5.2%),
STG (5.1%), insula (4.1%), MFG WM (2.5%), STG WM (1.7%)
SMG WM (10.6%), SMG (10.5%), PostCG (6.1%), PreCG WM (6.1%), PostCG
WM (5.2%), PreCG (5.1%), IFG (4.1%), MFG (4%), IFG WM (3.6%), MFG WM
(3.2%), STG (3.1%), AG WM (2.9%), AG (2.8%), insula (2.5%), SFG WM
(1.2%)
FG (8.6%), IOG WM (3.1%), FG WM (2.9%), MOG WM (1.9%), IOG (1.5%)

Speech Articulation

Visual

AG WM (3.8%), AG (1.8%), MTG WM (1%)

MFG WM (9.7%), STG (7%), hippocampus (6.9%), MFG (6.7%), STG WM
(6.6%), AG WM (6.6%), MTG WM (4.9%), AG (3.9%), insula (3.6%), ITG WM
(2.7%), ITG (2%), PostCG (1.2%), SMFG (1.2%), MTG (1.1%)
MFG (19.6%), MFG WM (9.5%), SFG (3.8%), SFG WM (1.3%)
CN (1.3%)

MFG WM (12.4%), IFG (9.9%), MFG (9.2%), SFG (8.8%), IFG WM (6.7%),
SFG WM (6.5%), CG (3.7%), CN (3.3%), insula (1%)
preCG WM (5.9%), SFG (5.2%), putamen (4.9%), SFG WM (4.6%), PreCG
(4.3%), insula (4.2%), MFG (3.3%), MFG WM (2.4%), PostCG (2.1%), SLF
(2.1%), PostCG WM (1.6%), IFG (1.2%), IFG WM (1%)
SFG (10.3%), SFG WM (6.9%), MFG (4.9%), CG (4.7%), IFG (4.6%), IFG WM
(4.2%), insula (2.8%), MFG WM (2.5%), putamen (1.9%), precuneus (1.4%)
–

–

SPL (8.6%), PostCG WM (8.3%), PostCG (8.1%), SPL WM (7.1%), SMG
(6.7%), AG (4.6%), SMG (4.6%), insula (3%), pre-cuneus (2.4%), STG (2.2%),
AG WM (2%), PreCG (1.7%)
SMG (17.1%), SMG WM (11.9%), AG (10.5%), AG WM (6.7%), STG (4.4%),
SPL WM (4.2%), STG WM (3.3%), MFG WM (3.2%), PostCG WM (2.6%), SPL
(1.9%), CG (1.6%), MTG (1.5%), PreCG WM (1.3%), MFG (1.3%)
PreCG WM (6.1%), PReCG (6%), MFG (4.1%), IFG (3.8%), insula (3.6%),
MFG WM (3.3%), IFG WM (3.1%), putamen (1.6%)
SMG (2.6%), SMG WM (2.4%), IFG (2.3%), MFG (2.2%), SFG WM (1.6%),
MFG WM (1.3%)

AG WM (9%), AG (5.4%), IOG (4.1%), MTG WM (3.8%), MOG WM (3.3%),
Hippocampus (3.1%), FG (2.7%), IOG WM (2.3%), SPL WM (2%), SOG WM
(1.8%), MOG (1.6%), MTG (1.5%), ITG (1.5%), FG WM (1.2%), STG WM
(1%), SMG WM (1%)

understand, and consequently predict, mental and psychological states
(intentions or emotions) and behaviors of others. Previous studies
demonstrated that mentalizing abilities are subserved by neural subsystems, namely the mirror neural network and the mentalizing network
coding, respectively, for low-level perceptive socio-cognitive processes
and high-level reﬂective processing (Amodio and Frith, 2006; Molnar-Szakacs and Uddin, 2013). In a previous work, the application of
speciﬁc intraoperative behavioral tasks during DES mapping allowed to
differentiate two functional sub-systems, respectively at the posterior
infero-lateral prefrontal regions (low-level perceptual) and at the
dorso-mesial prefrontal territory (high-level inferential) (Herbet et al.,
2014). The whole distribution of functional epicenters for mentalizing in
the same portion of IFG and SFG (Fig. 4) and in the WM of the frontal lobe
connecting these ventral and dorsal cortices, conﬁrms a crucial role of
mid-posterior frontal lobe in different aspects of emotional and social
cognitive intelligence (Yordanova et al., 2017).

clinical manifestations have been described, depending on different
patterns of cortical damage and WM disconnection (2012; Doricchi et al.,
2008; Verdon et al., 2010). The distribution of cortical and subcortical
responses in this atlas conﬁrmed that SMG and the posterior-superior
STG are the main cortical hubs. Accordingly, the WM underlying the
IPL, especially at the level of SMG where dorsal and ventral components
of SLF (i.e. II and III, respectively) have parallel course and adjacent
terminations (Thiebaut de Schotten et al., 2011a; Makris et al., 2005;
Vallar et al., 2013; Wang et al., 2016), is the essential anatomical substrate for spatial awareness (Sarubbo et al., 2015a; 2011b). Finally, the
subcortical responses elicited in the mid-dorsal WM of the frontal lobe,
along the anterior course of SLF, highlight the basic fronto-parietal
functional integration subserved by these ﬁbers (Lunven et al., 2015).
4.2.12. Mentalizing
Mentalizing is a socio-cognitive process that enables humans to
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of Ethics of the World Medical Association (Declaration of Helsinki) for
experiments involving humans and was approved by the local Institutional Review Board.

4.2.13. Acoustic
Acoustic responses were classically located along the posterior third
of the planum temporalis and the WM underneath, connecting the auditory cortex of the Heschl’s gyrus with the medial geniculate nucleus of
the thalamus (Fig. 4). Although no tractography atlas reconstructing the
acoustic radiations are available, the subcortical distribution of these
functional responses matches the course of the acoustic radiations, as
recently renewed by high-resolution tractography and micro-dissection
(Maffei et al., 2018).

Funding
Research reported in this publication was supported, in part, by the
National Institutes of Health’s National Center for Advancing Translational Sciences, Grant Number KL2TR001424 (MT). The content is
solely the responsibility of the authors and does not necessarily represent
the ofﬁcial views of the National Institutes of Health.

4.3. Limitations
Our dataset, although unique given the different aspects highlighted
above, does have some limitations. First, we propose data coming from a
pathological model which assumes limited plasticity despite tumor
involvement. Although tumor-induced plasticity may occur, LGGs have
been shown to represent a valid model for exploring normal brain functions, and in fact, DES has been consistently utilized to conﬁrm previous
hypotheses of human brain processing (Duffau, 2015). As discussed
above, the overall distribution of the functional responses is topographically congruent with the atlases used for matching analyses and the current literature, including large meta-analysis involving healthy human
subjects. Finally, the large number of responses in this study (1821 responses in 256 patients) of patients with widely distributed tumor locations should minimize the contribution of plasticity effects in individual
patients to our overall statistically-derived functional maps.
A second limitation relates to the collection of only positive functional
responses in our series, in spite of a homogenous distribution of these
responses over the brain at both cortical and subcortical levels. To
minimize this possible issue, we adopted a solid multinomial statistical
analysis and provided the conﬁdence intervals plots of the positive critical nodes across our large functional datasets for both number of stimulations and subjects tested. The exploration with DES of the entire
exposed cortex and subcortical WM in each mapping session, including
beyond the margins of the tumor, contributed to provide reliability to
this data set.
Third, we utilized a linear transformation methods for normalizing
patients brains to the MNI-125 atlas. While this may introduce some
degree of error during normalization, we found that the linear approach
worked best in our dataset, due to a combination of factors including
brain shift, local mass effect, resection cavity distortion, and ventricular
changes. The consistent matching of our data with prior independently
published cortical/subcortical atlases (which was a second check of
reliability) conﬁrms that our registration approach was reasonable and
accurate.
Lastly, given time limitations of surgery we were unable to test all 16
functional domains at each cortical and subcortical point, which may
have biased our mapping of some functions to certain anatomic locations.
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