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The activity of frontal motor areas during hand-object interaction is coordinated by dense communication along
specific white matter pathways. This architecture allows the continuous shaping of voluntary motor output but,
despite extensive investigation in non-human primate studies, remains poorly understood in humans. Disclosure
of this system is crucial for predicting and treatment of motor deficits after brain lesions.
For this purpose, we investigated the effect of direct electrical stimulation on white matter pathways within the
frontal lobe on hand-object manipulation. This was tested in 34 patients (15 left hemisphere, mean age 42 years,
17 male, 15 with tractography) undergoing awake neurosurgery for frontal lobe tumour removal with the aid of the
brain mapping technique. The stimulation outcome was quantified based on hand-muscle activity required by
task execution. The white matter pathways responsive to stimulation with an interference on muscles were iden-
tified by means of probabilistic density estimation of stimulated sites, tract-based lesion-symptom (disconnec-
tome) analysis and diffusion tractography on the single patient level. Finally, we assessed the effect of permanent
tract disconnection on motor outcome in the immediate postoperative period using a multivariate lesion-symp-
tom mapping approach.
The analysis showed that stimulation disrupted hand-muscle activity during task execution at 66 sites within the
white matter below dorsal and ventral premotor regions. Two different EMG interference patterns associated with
different structural architectures emerged: (i) an ‘arrest’ pattern, characterized by complete impairment of muscle
activity associated with an abrupt task interruption, occurred when stimulating a white matter area below the dor-
sal premotor region. Local middle U-shaped fibres, superior fronto-striatal, corticospinal and dorsal fronto-parietal

associated with movement slowdown and/or uncoordinated finger movements, occurred when stimulating a
white matter area below the ventral premotor region. Ventral fronto-parietal and inferior fronto-striatal tracts
intersected with this region. Finally, only resections partially including the dorsal white matter region surrounding
the supplementary motor area were associated with transient upper-limb deficit (P = 0.05; 5000 permutations).
Overall, the results identify two distinct frontal white matter regions possibly mediating different aspects of hand-
object interaction via distinct sets of structural connectivity. We suggest the dorsal region, associated with arrest
pattern and postoperative immediate motor deficits, to be functionally proximal to motor output implementation,
while the ventral region may be involved in sensorimotor integration required for task execution.
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fibres intersected with this region; and (ii) a ‘clumsy’ pattern, characterized by partial disruption of muscle activity
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Introduction
The ability to manipulate objects is a key behaviour that allows
humans to interact with their environment. Humans have particu-
larly refined dexterity over other non-human primates, due to the
unique structure of their hands1 and the high density of direct pro-
jections from the primary motor cortex (M1) to spinal motoneur-
ons.2 To generate the adequate descending motor command,
premotor areas and direct-indirect cortico-thalamic loops act in par-
allel to refine multiple aspects, from movement planning, selection,
sequencing and inhibition to sensorimotor transformations and on-
line updating of the motor program.3–8 The orchestrated activity of
these networks is supported by specific white matter projections.9–14

In humans, these pathways have been anatomically described15;
however, their role in controlling hand muscles during object ma-
nipulation has never been directly tested by means of an invasive
electrophysiological approach. A comprehensive description of the
connectional anatomy of motor control is still lacking in compara-
tive functional neuroanatomy16 but seems crucial for clinical prac-
tice from surgical interventions to neurorehabilitation.17,18

To this aim, the integration between intraoperative direct elec-
trical stimulation (DES), with its direct access to the functional role
of white matter sites during brain mapping,19–21 and diffusion trac-
tography, which can model white matter connections, represents
one of the most promising approaches in humans. Recent develop-
ments in diffusion tractography enables the investigation of white
mater pathways at high resolution22 and the visualization of
fronto-parietal fibres crucial for motor control.23,24 In cases where
tractography has not been performed, tract-based lesion-symptom
analysis using the ‘disconnectome’ approach generates probabilis-
tic maps of connections from a given region of interest, such as a
functionally eloquent stimulation site, enabling the consideration
of a stimulation effect as the result of a disconnection within a
wider network.9,25

In the context of intraoperative brain mapping for tumour
removal, we recently demonstrated that stimulation of distinct
precentral cortical sectors during the execution of an haptically-
driven hand-object manipulation task (HMt) interferes with
muscle activity with distinguishing features. This suggested that
DES, applied while performing a specific hand motor task coupled
with electromyographic recording, may reveal areas mediating dif-
ferent aspects of motor control possibly via distinct networks.26–29

Within the same clinical context and with the same stimula-
tion paradigm, we here investigate the anatomo-functional organ-
ization of white matter below premotor areas during the same
task. To this aim, we assessed whether subcortical DES caused
interferences in hand muscle patterns during the HMt in 36
patients undergoing awake surgery for removal of a brain tumour.
Quantitative analysis of muscle activity affected at eloquent sites
and their anatomical distribution were assessed using a spatial
probability methodology developed in previous studies.21,26,28 We
evaluated the affected white matter tracts for each patient by
using a disconnectome approach25 for different stimulation effects
based on high angular resolution diffusion imaging tractography
of healthy subjects acquired by the Human Connectome Project
(7 T protocol). We refined this result in a subset of 15 patients that
underwent preoperative diffusion tractography, using their unique
intraoperative stimulation site and white matter tractogram.
Finally, to investigate whether postoperative motor deficits were
associated with resection of a specific white matter region, we per-
formed support vector regression lesion-symptom mapping (SVR-
LSM) using patients’ postoperative resection cavities (n = 34). In the
subset of patients with diffusion tractography (n = 15), the postop-
erative motor outcome was correlated with the percentage of dis-
connection for different white matter tracts. This is a novel study
combining electrophysiological and structural neuroimaging to
directly investigate frontal white matter recruited during object
manipulation. A flowchart of the methods adopted in the study is
shown in Fig. 1. The results are discussed in light of hodological
and electrophysiological evidence in non-human primate investi-
gating hand-related pathways. A more thorough appreciation of
the anatomo-functional organization and functional properties of
this network is crucial for a safe and effective resection of tumours
involving this area.

Materials and methods
Study design and patient cohort

Thirty-four patients that were candidates for an awake neurosur-
gical resection for a left (n = 15) or right (n = 19) hemisphere brain
tumour at the Surgical Neuro-oncology Unit (of L.B.) between 2016
and 2019 (Table 1) were studied. All participants gave written
informed consent to the surgical mapping procedure (IRB1299) and
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data analysis for research purposes, following the principles
outlined in the Declaration of Helsinki. The study was per-
formed with strict adherence to the clinical procedure for tu-
mour removal. Patients were included if they fulfilled the
following criteria: no preoperative motor deficits, no long-term
history of epilepsy and no previous neurosurgical needle or
open biopsy, no tumour infiltration of the tested area. All

patients were assessed for handedness using the Edinburgh
Handedness Inventory and underwent a preoperative, 5-day
and 1-month postoperative neuropsychological evaluation of
cognitive ability and neurological examinations of motor abil-
ity.30 Surgical resection was aimed at supratotal resection,31

involving at the posterior border of the resection cavity the con-
nectivity in the tested area.

Figure 1 Study flow chart.
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Intraoperative subcortical brain mapping for object
manipulation

Surgery was performed using asleep-awake-asleep anaesthesia,
with the aim to identify pure motor (fibres originating from M1),
praxis (see below), language, visual and cognitive bounda-
ries.21,32–34 For praxis mapping during tumour resection, low fre-
quency DES delivered by a bipolar probe with a 5 mm distance tip
(60 Hz, pulse width = 0.5 ms, biphasic current, 1–4 s of stimula-
tion) was applied continuously to identify and preserve subcor-
tical sites where interference occurred while the patient
performed the HMt using a custom-made intraoperative piece of
equipment requiring non-visually guided repetitive object ma-
nipulation with the contralesional hand (Fig. 2A). The HMt is ef-
fective in mapping functional regions involved in complex hand
movement, but also enables quantitative analysis of muscle ac-
tivity, as the rhythmic movement produces a recurring EMG pat-
tern26,33 (Fig. 2B). Interferences in EMG activity of hand and
proximal upper limb muscles were concurrently on-line moni-
tored by the neurophysiologist. The current intensity used was
the same as was effective in producing HMt interferences during

cortical mapping (mean intensity = 3.3 mA, SD = 0.9 mA) when
applied over the premotor cortex. If stimulation disrupted task
execution during progression of the resection, the same site was
verified by applying DES for two additional non-consecutive
times. These sites were reported as ‘effective’. When subcortical
stimulation produced a behavioural disturbance, this was
reported by the neuropsychologist, and used as landmarks for
establishing the functional boundaries of the resection and final-
ly recorded using neuronavigation software (Curve, Brainlab AG,
Munich, Germany). Task execution of each patient was video-
taped for further offline analysis. To verify the low-frequency
DES current threshold, i.e. the minimum intensity required to
produce a task interference, each effective site was reassessed
with DES by progressively decreasing the current in steps of 0.5
mA.29 Each effective site was also stimulated with high fre-
quency DES and the occurrence of motor evoked potentials in
contralateral upper/lower limb and orofacial muscles was eval-
uated to estimate the distance from the corticospinal tract.35

High frequency DES was delivered using a constant current
monopolar stimulator (straight tip, 1.5 mm diameter, Inomed,
with reference/ground on the skull overlying the central sulcus)

Table 1 Demographic and clinical information about the entire sample

Patient no Hem Histology Grade Eor Sex Age Handedness 5-Day MRC scale De Renzi
score

1 Right Astrocytoma III Supratotal Male 43 Right 2 (SMA syndrome) n.a.
2 Right Anaplastic astrocytoma III Supratotal Male 59 Right 5 3
3 Right Oligodendroglioma II Supratotal Male 29 Right 5 3
4 Left Glioblastoma IV Total Female 64 Right 5 3
5 Left Anaplastic

oligodendroglioma
III Supratotal Female 46 Right 5 3

6 Right Astrocytoma II Supratotal Male 27 Right 5 3
7 Left Oligodendroglioma III Total Male 45 Right 5 3
8 Right Astrocytoma II Supratotal Female 35 Right 5 3
9 Left Oligodendroglioma II Supratotal Female 38 Right 5 2
10 Right Anaplastic

oligodendroglioma
III Total Female 54 Right 5 3

11 Left Glioblastoma IV Total Male 54 Right 5 3
12 Left Glioblastoma IV Total Male 38 Right 3 n.a.
13 Left Neurocytoma II Total Male 38 Right 2 (SMA syndrome) n.a.
14 Right Oligoastrocytoma II Supratotal Female 22 Right 2 (SMA syndrome) 3
15 Right Anaplastic astrocytoma III Supratotal Male 38 Right 5 3
16 Left Oligodendroglioma II Supratotal Male 38 Right 5 3
17 Right Glioblastoma IV Total Female 39 Right 2 n.a.
18 Right Oligodendroglioma II Supratotal Female 22 Right 3 n.a.
19 Right Oligodendroglioma II Supratotal Female 34 Right 2 (SMA syndrome) n.a.
20a Right Astrocytoma II Total Female 42 Right 3 n.a.
21a Left Oligodendroglioma II Total Male 41 Left 5 3
22a Left Oligodendroglioma III Supratotal Female 55 Right 5 3
23a Right Oligodendroglioma II Supratotal Male 31 Right 5 3
24a Right Anaplastic astrocytoma III Supratotal Male 28 Left 5 2
25a Right Oligoastrocytoma III Supratotal Female 49 Right 2 n.a.
26a Left Astrocytoma III Supratotal Female 40 Right 5 3
27a Right Oligodendroglioma II Supratotal Male 45 Left 5 3
28a Right Astrocytoma II Supratotal Female 29 Right 5 3
29a Left Glioblastoma IV Supratotal Female 34 Left 5 3
30a Right Anaplastic astrocytoma III Total Female 53 Right 5 3
31a Left Astrocytoma II Supratotal Female 57 Right 2 n.a.
32a Left Glioblastoma IV Total Male 54 Right 5 3
33a Left Anaplastic astrocytoma III Supratotal Male 40 Right 5 3
34a Right Astrocytoma II Supratotal Male 47 Right 5 3

De Renzi score: 3 (462); 2 (53–62); 1 (553); n.a. = not administrated. Eor = extent of resection; Hem = hemisphere.
aPatients that underwent diffusion MRI for tractography.
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in trains of five (To5) constant anodal current pulses (pulse dur-
ation: 5 ms, interstimulus interval ISI: 3-4 ms). Free-running EMG
was recorded through all the procedure. Subdural electrocorti-
cography of the precentral gyrus was recorded to detect DES-
related afterdischarges or clinical seizures.

Offline EMG analysis

Each subcortical effective site identified during intraoperative HMt
was inspected offline using the synchronized EMG recording and

pattern associated to each effective site has been characterized by
means of autocorrelation coefficient (aCC) and muscle recruitment
analysis (root mean square of EMG signal). Both parameters were
calculated for abductor pollicis brevis, extensor digitorum commu-
nis and flexor dorsal interosseus, being the main intrinsic and ex-
trinsic muscles involved in task execution.

regularity of phasic muscle contractions. The output results of
aCC analysis for each muscle ranged from 0 (total loss of rhyth-
micity) to 1 (sustained rhythmicity). We then classified each ef-
fective site based on aCC average value among muscles in two
EMG-interference patterns: arrest pattern (aCC = 0), reflecting a
behavioural complete arrest of task execution (Supplementary
Videos 1 and 2), or clumsy pattern (aCC 4 0), referring to a spec-
trum of disruption of the phasic movement characterized by a
progressive slowdown and/or loss of fingers coordination
(Supplementary Videos 3 and 4).26

site and for each muscle, the root mean square was calculated and
then normalized with respect to the root mean square value of the
same muscle during baseline movement (in absence of DES).
Finally, for each effective site, the root mean square was averaged
among muscles. Effective sites were defined as ‘negative’ or

‘positive’ when the root mean square fell below or above the base-
line respectively. Only negative effective sites were analysed in
this study.

Magnetic resonance data
Data acquisition

All patients underwent MRI 1 day before surgery and at 1-month
follow-up. Preoperative MRI was performed on a Philips Intera 3 T
scanner (Koninklijke Philips N.V.), and acquired for lesion morpho-
logical characterization and volumetric assessment. Fifteen
patients underwent a high angular resolution diffusion imaging-
optimized diffusion imaging sequence using an eight-channel
head coil. A spin echo, single shot echo-planar imaging sequence
was performed with 73 directions collected using a b-value of 2000
s/mm3, and seven interleaved non-diffusion weighted (b0) vol-
umes (TE: 96 ms, TR: 10.4 ms). The acquisition had a matrix size of
128 � 128 with an isotropic voxel size of 2 mm3.

Extent of resection

Extent of resection (volume resected with respect to tumour vol-
ume) was calculated on postoperative postcontrast MRI for
enhancing lesions (target of resection) or FLAIR for nonenhancing
lesions (target of resection) and classified on the basis of residual
tumour volume as total (residual tumour volume = 0), subtotal (re-
sidual tumour volume4 5 ml), and partial (residual tumour volu-
me45ml). A supratotal resection was defined as the complete
removal of any signal abnormalities, with the volume of the post-
operative cavity larger than preoperative tumour volume.31,36

Registration of intraoperative stimulation sites

The spatial extent of the tested white matter area for each pa-
tient was evaluated during the intraoperative procedure on the

Figure 2 Intraoperative HMt. (A) Representation of the hand manipulation task used in the intraoperative setting, and exemplificative Abductor polli-
cis brevis EMG pattern (APB; raw signal in black, rectified signal in red) during baseline execution of the task (B). The window between green vertical
dashed lines indicates the time used to shape the fingers immediately before the contact with the object, to grasp it, to rotate it and turning back to
the initial shaping phase. (C) The common tested area in all patients in the frontal lobe, shown normalized to the MNI template on axial slices.
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the video recording of the behavioural execution. EMG-interference

ACC analysis was used to quantify the effect of DES on the

The root mean square of the EMG signal was used to quantify
the effect of DES on motor unit recruitment. For each effective
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preoperative T1/FLAIR used for neuronavigation and confirmed
comparing the posterior border of the resection using the postop-
erative (1 month) MR image.

All effective sites were recorded by Brainlab software during
the intraoperative procedure on the preoperative T1/FLAIR and
confirmed extra-operatively using comparisons between the EMG
and video-recordings of the resection and task execution.
Resection cavities were delineated on the postoperative (1 month)
MR image using ITK-SNAP, and both registered to a common tem-
plate by means of lesion masking approach using the Clinical
Toolbox in SPM (enantiomorphic normalization). Reliability of the
normalization process was visually inspected case-by-case. Sites
were compared with the border of resection by the operating neu-
rosurgeons (L.B., M.R.). Details of the registration procedure are
reported in the Supplementary material.

Probability density estimation of effective sites

The region of highest probability of producing a given EMG-inter-
ference pattern was calculated using probability density estima-
tions26 (PDEs; see Supplementary material).

The PDEs for each hemisphere for arrest and clumsy pattern in-
dependently was computed. This map represents a 4D visualiza-
tion of the anatomical region with the highest probability of
inducing a given EMG-interference pattern, based on concentra-
tion of stimulation sites. A Dice coefficient of similarity, where 0
indicates no overlap and 1 indicates perfect overlap,37,38 was used
to compare the overlap between the PDEs for arrest pattern and
clumsy pattern within hemispheres, using the PDE thresholded
between 15% and 85%.

Disconnectome analysis

To investigate white matter regions corresponding to different
EMG-interference patterns, a disconnectome analysis was per-
formed using each effective site as region of interest. Following
normalization to MNI space, a 6 mm sphere was centred on the
coordinates of each effective site in each patient. The sphere diam-
eter was set in line with the proposed extent of stimulation of the
bipolar probe.39 Disconnectome maps were generated from the re-
gion of interest spheres for each patient using the Brain connectiv-
ity and behaviour (BCB)toolkit.25 If an individual patient
experienced the same effect at more than one site, both sites were
used to generate the disconnectome map; however, when more
than one EMG-interference pattern was identified in different sites
in the same patient, separate disconnectome maps were gener-
ated for each effect. The maps were generated from the tractogra-
phy of 20 unrelated right-handed adults processed from the
Human connectome project 7-T data release as part of BCBtoolkit
(Supplementary Table 1). This software tracks all white matter
streamlines running through the responsive sites of each patient,
to produce a percentage overlap map accounting for interindivid-
ual variability between the healthy control.25 The disconnectome
maps generate voxels showing the probability of disconnection
from 0% to 100%. Each patient’s disconnection profile was then
used to investigate if specific white matter volumes would predict
different EMG-interference patterns. To do so, nonparametric sta-
tistics were performed on disconnection maps thresholded at 90%,
using FSL’s randomise tool with 5000 permutations and threshold-
free cluster enhancement to correct for multiple comparisons.40

One sample t-tests were used with variance smoothing to assess
which disconnection profiles were associated with the different
EMG-interference pattern, in each hemisphere. The family-wise
error threshold was set at P50.05. To identify the involved white
matter tracts, we superimposed the FSL-randomise outputs (con-
trast maps) with a white matter atlas computed on 1065 healthy

subject41 (WU-Minn Human connectome project consortium data).
For the specific purpose of the study, the Human connectome pro-
ject corticospinal projections were further dissected using the
regions of interest extracted from the Human motor template42,43

in the following subcomponents: (i) M1-corticospinal tract (CST);
(ii) dorsal premotor cortex corticospinal tract (dPM-CST); (iii) ven-

tary motor area corticospinal tract (SMA-CST). We quantified the
involved tracts based on the number of streamlines passing
through the contrast maps out of the total amount of streamlines
within the specific tracts. Results were expressed as a percentage
of disconnected streamlines.

Diffusion tractography in individual patients

As the growth of brain tumours distorts anatomy, we tested and
refined the disconnectome results in a subset of 15 patients, com-
paring their stimulation sites (6 mm-spherical regions of interest)
with their preoperative tractogram. Spherical deconvolution mod-
elling and whole brain deterministic tractography was performed
using StarTrack software. Virtual dissections of the white matter
tracts highlighted by the previous analysis were performed by the
first authors (H.H. and L.V.) using a region of interest-based ap-
proach, defining regions of interest around regions of white matter
reflecting the core of each tract. This included: projection fibres of
(i) M1-CST; (ii) dPM-CST; (iii) vPM-CST; and (iv) SMA-CST; striatal
fibres of the superior frontal gyrus and the inferior frontal gyrus;
association fibres including local u-shaped fibres connecting the
middle frontal gyrus to the precentral gyrus (mid-U), the three
branches of the superior-longitudinal fasciculus (SLFI, II and III),
the frontal aslant tract and the arcuate fasciculus. This allows for
visualization of all fibres of a single tract without constraining its
cortical projections, which may vary between subjects. Detailed
description of the approach to tract dissection is described in pre-
vious studies.15,24 Both the pre and postoperative T1 were regis-
tered to the spherical deconvolution anisotropic power diffusion
map44,45 for correct placement of the stimulation site on the
tractogram.

Lesion symptom mapping and tract disconnection

In the postoperative phase (5 days from surgery), we assessed the
presence of upper-limb motor impairment, using the MRC scale of
muscle strength. To associate the postoperative deficits with
resected voxels we used a multivariate SVR-LSM using a MATLAB
toolbox released by DeMarco and Turkeltaub.46 Two dependent
variables were separately analysed: (i) the MRC score for motor
deficits; and (ii) the De Renzi test score which assess the upper-
limb ideomotor apraxia. During the test, patients were asked to
imitate a variety (10 items) of intransitive gestures (not requiring
the use of objects) with both the arm ipsilateral and that contralat-
eral to the resection. No verbal description of the movements to be
imitated was suggested. When an item was not reproduced cor-
rectly on the first demonstration, a second demonstration was
given. Each item that was performed flawlessly on the first or se-
cond demonstration was scored 2 or 1, respectively; in case of un-
satisfactory reproduction, the item was scored 0.47 Only voxels
resected in over 10% of patients were considered. Cluster-level
family-wise error correction using permutation testing was
applied (5000 permutations; statistical significance P = 0.05). As re-
section volume can be a confounding factor in voxel-behaviour
correlations, we controlled for this using a direct total lesion vol-
ume control.48 The significant cluster was compared with the AAL
atlas49 and an atlas of white matter.41 In patients with tractogra-
phy, the resection cavities were used as exclusion regions of
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interest within TrackVis software to calculate the percentage of
streamlines remaining for each tract.

Data availability

Results
Anatomical and demographic characteristics

Thirty-four patients were included in the study. Patient demo-
graphics are summarized in Table 1 (mean age 42 years, SD 10.6; 17
male, four left-handers). In 23 patients a supratotal resection and
in 11 a total resection was performed.

Anatomically segregated effects of DES on hand
muscles

Although the right frontal white matter was explored more than
the left due to functional (language) constraints, a common area

tested in both hemispheres was clearly detected and involved the
deep white matter above (3 cm) the central sulcus (Fig. 2C). Within
the stimulated area, the arrest pattern (aCC = 0) was found in 36
sites (54%; 27 in right and nine in left hemisphere), while the
clumsy pattern (aCC4 0) was found in 30 sites (46%, 15 in right
and 15 in left hemisphere) (Fig. 3A–C). In 11 patients, both patterns
were observed at different sites. Although muscle suppression
occurred in both patterns, when arrest occurred the suppression
was significantly higher and affected all muscles (Mann-Whitney
U-test, U = 178, P = 50.0001). The distribution of aCC and RMS val-
ues for each effective site is reported in Supplementary material.
Notably, when reducing the current intensity below threshold by
0.5 mA, low frequency DES stimulation of each eloquent site failed

showing that the features of the EMG-patterns were not changing
according to the intensity of current used.

When effective sites were stimulated with high frequency DES
(To5) up to 10 mA of intensity, no upper-limb motor evoked poten-
tials were never elicited, suggesting a distance of at least 10 mm to
the M1-CST.35,50–53 An additional analysis showing the distance be-
tween the stimulation sites and the trajectory of the M1-CST is
reported in Supplementary material.

Anatomical localization of the arrest and clumsy patterns were
computed by means of probability density estimation in each

Figure 3 Anatomically segregated effects of DES on object manipulation using EMG pattern analysis. (A) Abductor pollicis brevis activity (APB; raw
signal in black, rectified signal in red) during an arrest pattern (left, in orange) and a clumsy pattern (right, in blue). The orange and blue shadows rep-
resent the onset and offset of stimulations. (B and C) Distribution of stimulation sites in right and left hemisphere based on aCC value (orange = arrest
pattern; blue = clumsy pattern) normalized to the MNI template. (D and E) Probability density estimation of EMG-interference patterns (arrest pattern
in orange, clumsy in blue) shown on a right and left 3D white matter MNI reconstruction and on coronal MNI slices.
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The data that support the findings of this study are available from
the corresponding author, upon reasonable request. The metadata
generated in this study are available through Mendeley Data at: doi:
10.17632/xpbct2hw2v.1.

in evoking any task interference both at behavioural and EMG level
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hemisphere. The two patterns were partially overlapped mainly
below the middle frontal gyrus (right hemisphere Dice coef-
ficient = 0.42, left hemisphere Dice coefficient = 0.09). However, the
two patterns showed a preferential dorso-ventral distribution: (i)
the arrest pattern occurred bilaterally in the white matter below
the dorsal premotor region (Fig. 3B–D); and (ii) the clumsy pattern
occurred bilaterally in the white matter below the ventral pre-
motor region, and, only in the left hemisphere, four sites out of 15
were reported in the middle anterior cingulum below the pre-SMA
(Fig. 3C–E). This distribution was confirmed also in the 11 patients
in which both patterns were recorded.

Structural connections linked to different EMG-
interference patterns
Disconnectome results

Disconnectome probability maps were created for each patient.
Non-parametric one-sample t-tests were run across patients to
identify the white matter connections associated with the arrest
or the clumsy pattern. Regression showed a dorso-ventral distribu-
tion reflecting the results of the probability density estimation
(Fig. 3D and E) (see previous section): in both hemispheres, the ar-
rest pattern was associated with the disconnection of dorsal-me-
sial white matter, while the clumsy pattern with ventral white
matter (threshold-free cluster enhancement, Pfwer 50.05) (Fig. 4A
and B). After comparison with a white matter atlas,41 we quanti-
fied the percentage of disconnected streamlines for each tract pos-
sibly running through this region (Fig. 4C–H and Supplementary
Table 2). The tracts most often recruited included association
fibres: short U-shaped precentral tracts (mid-U-shaped), the SLF (I,
II and III branches), the frontal aslant tract, the arcuate fasciculus;
projection fibres: the superior and inferior frontostriatal tracts
(FSTs), projections between the cerebral peduncle and (i) the pri-
mary motor cortex (M1-CST); (ii) the dorsal premotor cortex (dPM-
CST); (iii) the ventral premotor cortex (vPM-CST); and (iv) the sup-
plementary motor area (SMA-CST); and callosal fibres (although
these were not further analysed). Short range premotor mid-U-
shaped fibres were exclusively associated with the arrest pattern,
while inferior fronto-striatal fibres and the superior longitudinal
fasciculus III were uniquely associated with the clumsy pattern.
Despite the significant structural segregation, a set of common
pathways were associated to both effects, including the superior
fronto-striatal tract, corticospinal projections, the frontal aslant
tract, the arcuate and the superior longitudinal fascisulus I and II.

Individual patients tractography results

The tracts identified with the disconnectome analysis were recon-
structed by tractography in a subset of 15 patients (Table 2; seven
left hemisphere; eight right hemisphere). In these patients, 27 sites
were identified: in 15 sites (four left hemisphere, 11 right) DES
induced arrest pattern, in 12 (five left hemisphere, seven right) a
clumsy pattern. The location of each site was crossed by dissected
tracts in all cases, except for M1-CST and vPM-CST.

Considering white matter variability due to individual differen-
ces and possible tract dislocation due to tumour growth, the dis-
section of tracts at the individual subject level and correlation with
stimulation sites improved the reliability and specificity of results.
Results clearly showed that stimulation affected tracts running in
the frontal white matter below dorsal premotor, producing the ar-
rest pattern, and that stimulation of tracts in the frontal white
matter below ventral premotor produced the clumsy pattern. This
confirmed the results of disconnectome analysis and reduced the
amount of overlap between effects. To improve the sampling,
results were grouped irrespective of hemisphere. Figure 5A shows

the frequencies of the two EMG-interference patterns within the
studied tracts and Fig. 5B shows the number of stimulations for
each tract and pattern. We considered a single tract to be linked to
a specific EMG-interference pattern when the latter was evoked by
more than 80% of stimulation occurrences with the given tract.
Tracts associated with the arrest pattern were the mid-U-shaped
fibres, the superior longitudinal fasciculus II (10 of 11 stimula-
tions), the superior fronto-striatal tract (9 of 11 stimulations), the
dPM-CST fibres (five stimulations out of six), the SMA-CST fibres
(seven of eight stimulations) and the superior longitudinal fascic-
ulus I (six of six stimulations) (Fig. 5C). The clumsy pattern was
associated with the superior longitudinal fasciculus III and the ar-
cuate fasciculus (eight of eight stimulations) and with the inferior
fronto-striatal tract (seven of seven stimulations) (Fig. 5D). The
frontal aslant tract was linked to both arrest pattern (5 of 13 stimu-
lations) and clumsy pattern (8 of 13 stimulations) (Fig. 5E). No ef-
fective site was located within the trajectory of the M1-CST and
vPM-CST. Figure 5F–J shows a patient with multiple stimulation
sites and their relationship with white matter tracts.

Resection of dorsal white matter was associated to
transient postoperative upper-limb motor deficit

Eleven patients out of 34 experienced transient postoperative MRC
deficits at 5 days from surgery, completely recovered at the 1-
month follow up (Table 1). Figure 6A reports the common resected
area in all patients. SVR-LSM showed the association of the MRC
deficit with a cluster of voxels located in the white matter below
the right superior frontal gyrus, including the SMA, mesial to the
mid-anterior cingulate cortex (mACC) (P = 0.05; 5000 permutations,
Fig. 6B). In the left hemisphere only three patients experienced
postoperative MRC deficits, thus no significant voxels emerged.
The significant cluster overlapped only with the arrest pattern
density map (134 voxels in common) and corresponded with the
dorsal white matter region enclosing mainly SMA-projections and
the superior fronto-striatal tracts (Fig. 6C and D). No overlap
emerged with the region where DES elicited the clumsy pattern.
Finally, we evaluated the impact of resection on the 11 investi-
gated tracts in the 15 patients with tractography. In this group,
only three patients experienced transient MRC deficits. In all of
this group over 50% of resection cavities enclosed the dorsal front-
al white matter region, including mid-U-shaped fibres, SMA-CST
and superior fronto-striatal fibres. Notably, in all 15 patients, the
frontal aslant tract, the three branches of the superior longitudinal
fasciculus, the arcuate and the inferior fronto-striatal tract were
commonly resected without any association with MRC upper-limb
deficit or apraxia (Fig. 6E). M1-CST and vPM-CST were never
resected in any patient. In addition to MRC evaluation, we also per-
formed a SVR-LSM for upper-limb ideomotor apraxia. We excluded
the patients with postoperative MRC deficits from this analysis. In
both hemispheres no significant clusters emerged. Only one pa-
tient had a pathological score in the De Renzi test in the immedi-
ate postoperative phase (Table 1), which fully recovered at the 1-
month follow-up. This observation is consistent with previous
findings showing that surgery guided by intraoperative HMt
reduces immediate and long-term postoperative praxis deficits.33

Discussion
In this study we aimed at identifying the frontal lobe connections
involved in hand-muscle control during the performance of an
ecologically relevant hand-object manipulation task, by using sub-
cortical DES during the awake phase of neurosurgical procedures
of 34 patients. Results of the intraoperative brain mapping, EMG-
interference pattern analysis and diffusion tractography point to
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Figure 4 Disconnectome maps associated with EMG-interference patterns Statistical disconnectome maps (threshold-free cluster enhancement, P-
fwer 50.05) predicting the arrest pattern (red) or the clumsy pattern (blue) shown on normalized axial slices in the right (A) and left (B) hemisphere.
Percentage of overlap between the statistical disconnectome maps and white matter tracts from a healthy population atlas (Yeh et al.41) in the right
(C) and left (D) hemisphere (callosal fibres not shown). 3D renderings of the right and left disconnectome maps (E). On axial slices is shown the over-
lap between the disconnectome maps and both corticospinal (F) and striatal fibres (H). The sagittal slices show the overlap between the disconnec-
tome maps and the association tracts (G).
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the existence of two different white matter regions associated to
distinct aspect of task-related motor output implementation. We
evaluated the effect of permanent disconnection of different white
matter tracts on immediate postoperative motor outcome using
two commonly used clinical tests, the MRC scale of muscle
strength and the De Renzi test for ideomotor apraxia. The preser-
vation during surgery of dorsal white matter surrounding the sup-
plementary motor area is crucial to preserve upper-limb
movement integrity in the immediate postoperative phase, al-
though in the ventral region no motor deficit was detected with
these clinical tests.

Probability density estimation of EMG-interference
patterns

DES evoked either complete disruption of hand-muscle activity
required for task execution (arrest pattern), or a partial disruption
consisting of a spectrum of milder effects ranging from movement
slowdown to a loss of finger coordination (clumsy pattern).
Localization based on probability density estimation (PDE) of the
two interference patterns showed that, although they overlapped
below the middle frontal gyrus, the arrest pattern occurred prefer-
entially during stimulation of white matter below a dorsal pre-
motor region anterior to the precentral hand-knob, whereas the
clumsy pattern occurred preferentially within white matter below
ventral premotor region. In a previous study adopting the same
methodological approach to investigate cortical premotor areas
similar EMG-interference patterns were identified on the precen-
tral convexity.24 The arrest pattern was reported in both vPM and
dPM, although in the latter it was associated with mixed suppres-
sion-recruitment effects (an initial period of muscle suppression
followed by a progressive recruitment of motor units). The clumsy
pattern was instead reported exclusively in vPM, with different
degrees of muscle suppression. The homologies and differences
emerging along the dorso-ventral direction with the present study
might be due to differences in the neural elements stimulated
with DES (cortical versus subcortical). Stimulation can evoke in-
hibitory or excitatory effects within local neuronal populations de-
pending on its proximity to grey or white matter.54 Despite local
and remote neurophysiological effects induced by DES are still
poorly understood, in line with the previous study,26 we suggest
that the two EMG-interference patterns may result from stimula-
tion of different neuronal substrates: the arrest pattern may reflect

the disruption of a network closely involved in motor output im-
plementation, while the clumsy pattern may reflect the perturb-
ation of a network possibly involved in sensorimotor
computations required for task execution.

Disconnectome and tractography in single patients

To predict which white matter connections were associated to the
different EMG-interference patterns, we used a disconnectome
analysis,25 assuming that DES caused a transient disconnection of
the workflow information between interconnected structures. The
arrest and clumsy patterns were associated respectively with dis-
connection of different dorsal and ventral white matter pathways,
in line with the results shown by PDE. Within these regions, we
identified specific and common white matter tracts for the two
interference patterns. Short range premotor mid-U-shaped fibres
were only associated with the arrest pattern, while inferior fronto-
striatal fibres and the superior longitudinal fasciculus III were
uniquely associated with the clumsy pattern. Despite the signifi-
cant structural segregation, both effects could result from the
interference of the activity of corticospinal fibres from primary
and premotor areas. Permanent disconnection of these fibres has
been extensively correlated to deficits in dexterity.55–57 Moreover,
a set of common striatal and associative pathways, including the
superior fronto-striatal tract, the frontal aslant tract, the arcuate
and the superior longitudinal fascisulus I and II, were correlated to
both effects.

To improve the specificity of the atlas-based disconnectome
results, we used preoperative tractography in 15 patients to assess
the disconnected tracts based on their own stimulation sites. This
analysis refined the previous results to show that: (i) transient dis-
connection of dorsal white matter including local mid-U-shaped
fibres together with the superior longitudinal fasciculus I and II,
the superior fronto-striatal tract and corticospinal projections of
dPM and SMA was preferentially associated with the arrest pat-
tern; (ii) transient disconnection of ventral white matter, including
the inferior fronto-striatal tract, the superior longitudinal fascic-
ulus III and the arcuate instead produced the clumsy pattern; and
(iii) precentral corticospinal fibres (linked to M1and vPM) were not
affected by stimulation, as no sites were in the vicinity of these
connections. The dorsal region, differently from the ventral one,
has direct access to the spinal cord via SMA/dorsal PM-CST and
both direct/indirect connections with primary motor output via

Table 2 Diffusion tractography of 15 patients

No Hem M1-CST dPM-CST vPM-CST SMA-CST Sup-FST Inf-FST mid-U SLFI SLFII SLFIII FAT AF

20 R 5.5 3.4a 1.6 8.5a 11.4a 0.56 1.52a 22.1a 8.691a 17.1 7.4a 3.23
21 L 8.3 5.5 5.1 10.3a 10.1a 1.6 2.46a 17.1 22.6a 15.4 19.1a 8.9
22 L 11.7 4.2a 2.9 7.7a 2.8a 3.3c 6.1a 9.0a 9.34 11.1c 4.2a, c 9.6c
23 R 4 3.9a 2.8 7.6a, c 4.39a, c 3.03c 9.2a, c 18.9 21.8a, c 20.3c 1.6c 7.9c
24 R 8.6 4.3a 0.4 9.1 8.3a, c 11.1 2.6a 19.8 10.2a 21.7c 11.5c 10.9c
25 R 6.1 2 2.7 10.1a 4.9a 11.4 13.2a 26.3a 16.3a 25.4 9.2 5.6
26 L 6 5.4 0.4 10.6 4.7 0.4 6.1a 13.1a 13.6a 24.5 6.7 15.2
27 R 4.3 4.5 0.4 12.3a 6.2a 3.2c 5.2 25.6a 27.6a 19.5c 8.35a, c 9.4c
28 R 5.4 4.4 2.3 6.6 2.8 5.4 4.1a 28.2 21.1a 27.3 11.9 10.9
29 L 7.5 5.9 0.8 7 2.9 3.1c 2.4 21.9 19.9 8.6c 9.8c 3.9c
30 R 4.7 3.7 9.1 8.9 0.5 10.1c 2.4 22.5 17.5 19.3c 8.3 9.9c
31 L 5.8 4 2.4 5.7a 2.4a 1.6 6.3a 12.8a 9.7a 15.4 17.8a 8.9
32 L 8.2 4.2 2.9 10.7 3.9 1.8c 4.2 18.5 19.2 12.4c 12.3c 18.5c
33 L 3.7 1.4 3.9 4.9 1.9 12.3c 8.3 22.2 10.8 26.1c 9.5c 24.6c
34 R 15.6 8.4a, c 4 7.5 0.8a 5.2 3.13a 32.03 19.2a 16.7 12.3c 5.11

Measurements are expressed in millilitres. a = arrest pattern; c = clumsy pattern. Sup_FST = superior FST; Inf_FST = inferior FST; FAT = frontal aslant tract; AF = arcuate

fasciculus.
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basal ganglia-thalamo-cortical loops and local motor-premotor U-
shaped fibres. This result agrees with the hypothesis that the ar-
rest pattern may reflect the perturbation of a network

hierarchically proximal to the motor output. Coherently, lesion
analysis showed that resection of the dorsal white matter region
(i.e. mid-U fibres, SMA projections and superior-FST), but not of

Figure 5 White matter tracts associated with different stimulation effects—single subject diffusion tractography. (A) Bar graph shows the percentage
of stimulations, within tract, producing the arrest or the clumsy pattern. (B) Bar graph shows the total number of stimulations for each tract. All tracts
are represented on normalized templates, divided based on their likelihood to be associated with arrest pattern (C) or clumsy pattern (D). The frontal
aslant tract was associated to both effects (E). The lower panel shows a single patient who underwent surgery for a right frontal anaplastic oligo-
dendroglioma (grade III) who did not experience a postoperative deficit. Screenshot from surgical video taken during subcortical stimulation and cor-
responding EMG interference patterns are reported for multiple sites. Arrest pattern was elicited in site 1 (F, aCC = 0, root mean squared (RMS) = 45%
compared to baseline) and in site 2 (H, aCC = 0, RMS = 31% compared to baseline). Clumsy pattern was elicited in site 3 (I, aCC = 0.3, RMS = 45% com-
pared to baseline) and in site 4 (J, aCC = 0.9, RMS = 69% compared to baseline). These sites are shown relative to the underlying white matter anatomy
of the patient (G), traced using diffusion tractography. Resection cavity (dark grey) and tumour (light grey) are overlaid in the same space.
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the ventral one, was significantly associated with short-term MRC
postoperative upper limb deficit.

Arrest of movement occurs stimulating white matter
below dorsal premotor area

The arrest pattern occurred when DES was applied below dorsal
premotor cortex where cortico-fugal, cortico-striatal, and cortico-
cortical projections intersect. Although this study does not provide
conclusive evidence whether the effect induced by DES results
from the stimulation of one or multiple white matter pathways,
non-human primate studies may suggest some interpretations.

Since no muscle contractions were elicited when stimulating
the hand at rest within this region, nor even when stimulating
with high frequency DES and progressively increasing current in-
tensity (until 10 mA, an intensity corresponding approximately to
a distance of 10 mm to the CST35,50–53) we reasonably ruled out the
involvement of the corticospinal tract originating from the primary
motor area. However, as also highlighted by tractography results,
projections descending from the dPM and the SMA should be con-
sidered. In non-human primates, the SMA and dPM have direct ac-
cess to the spinal cord, with dense terminations to inhibitory
interneurons of the intermediate zone, mainly in lateral lamina
VII.58,59 Coherently, DES applied in a region dense with cortico-
fugal fibres may have caused abnormal activation of inhibitory spi-
nal circuits leading to the muscle suppression observed in the task
arrest pattern. In accordance with this hypothesis, optogenetic
stimulation of spinal inhibitory interneurons arrests the voluntary
motor output.60

Inhibition of ongoing upper limb movement occurs in non-
human primates during stimulation of white matter superior to
the dorsal striatum.61,62 Direct and indirect cortico-thalamic loops
via the basal ganglia guarantee motor inhibition, a key component
of adaptive behaviour.3,63,64 In our cohort of patients, stimulation
of superior fronto-striatal fibres may have altered the excitatory-
inhibitory balance within the basal ganglia circuits, eventually
affecting the excitability of the primary motor output. In humans,
this hypothesis is coherent with previous intraoperative studies
suggesting that the arrest of repetitive flexion-extension of the
arm might be induced by stimulation of cortico-striatal tracts.65,66

Short association U-shaped fibres connecting the hand-knob
sector of primary motor cortex with the middle frontal gyrus may
also have been implicated in facilitating hand-object interaction.
In a previous study, using the same task,28 DES of the anterior
hand-knob region hosting caudal U-shaped terminations evoked
task arrest concomitant to suppression of hand muscles. This pre-
liminary result suggests that these fibres may play an inhibitory
role on the primary motor output, an hypothesis supported by
non-human primate data reporting a short-latency powerful in-
hibition of M1 output due to a conditioning stimulation of dPM.67

Premotor short association tracts have been identified in humans
using postmortem methods,68 diffusion tractography69,70 and 7 T
MRI71 and have been theorized to be the human homologues of
the cortico-cortical premotor connections engaged in the monkey
reaching and grasping system.69,72

The dorsal white matter area is also a region crossed by fronto-
parietal connections recognized to be responsible for different
processes of sensorimotor integrations required by hand action in

Figure 6 Effect of resection on immediate postoperative motor outcome. (A) Overlap maps of resection cavities of all patients. (B) Significative cluster
associated with a decrease in upper-limb motor performance (5 days post-surgery, MRC score). This cluster is also displayed in 3D reconstructions
showing its overlapping with the projection fibres from the SMA and the superior FST (C and D). (E) Percentage of streamlines disconnected by the
neurosurgical procedure for each tract in the 15 patients with tractography. Motor outcome is compared between the three patients with transient
MRC deficit (red) and those without deficits (blue).

L. Viganò et al.1546 | BRAIN 2022: 145; 1535–1550



non-human primates.11 The dorsal branch of the SLF (I) has been
linked to manual specialization and lateralized hand selection,24,73

while the middle branch (SLFII) seems to be involved in higher
order sensorimotor transformation for reaching and grasping and
oculomotor exploration.23,24,74,75 Possibly, the SLFI/II, in addition to
its visuomotor functions, may also transmit relevant propriocep-
tive and tactile information required for controlling finger coordin-
ation during haptically guided object manipulation. However,
considering the functional aspects associated with these pathways
and that the HMt is performed in absence of visual guidance, it
seems not reasonable to hypothesize that DES of the SLFI/II could
evoke a massive distal muscle suppression.

Finally, DES may have also perturbed the excitability of the
contralateral motor areas via transcallosal fibres connecting the
contralateral motor-premotor areas. In this regard, it has been
shown that interhemispheric inhibition is a key component in
fine dextrous motor control, mediated via motor transcallosal
fibres.76–78

Clumsy movement occurs when stimulating white
matter below ventral premotor area

The clumsy pattern was characterized by a low level of regularity
between phasic muscle contractions and behaviourally shows a
progressive movement slowdown and loss of finger coordination.
It occurred with highest probability in a white matter region below
the ventral premotor area, mainly occupied by fronto-parietal and
inferior fronto-striatal connections.

This region contains fibres of the superior longitudinal fascic-
ulus III, connecting the supramarginal gyrus (anterior inferior par-
ietal lobule) with inferior frontal regions.79 The disconnectome
analysis indicated this fascicle may be affected by stimulation in
the right hemisphere only. However, this result may have been
influenced by the strong right-ward asymmetry of this tract
described in literature.23,24,80 In fact, when examining the patients
with tractography, we showed that in fact stimulation had affected
the SLFIII in both hemispheres. Anatomo-functional studies in
non-human primates report this connection as the most likely
homologue of the AIP/PFG-F5 circuit underlying grasp-related sen-
sorimotor transformations in macaques.5 In the non-human pri-
mate, the PFG/AIP connections with the anterior premotor area F5
represent the core of a large-scale network for purposeful hand ac-
tion, integrating sensorimotor and cognitive information.74

Interestingly, using behavioural inspection, the clumsy pattern
resembled symptoms associated with myelo/limb-kinetic
apraxia.81 Patients with this disorder cannot accurately realize fine
motor acts, such as turning a key into a lock. Limb-kinetic apraxia
occurs in frontal lesions and its nature is controversial, as it is dif-
ficult to disentangle this higher order deficit from a concurrent
limb weakness.82 Fogassi and colleagues83 also highlighted the
similarity between this condition and impairment in hand-shap-
ing after reversible inactivation of monkey vPM during visually
guided grasping in macaques. A similar pattern of interference has
been reported in humans when vPM is virtually lesioned by trans-
cranial magnetic stimulation during a precision grip task, which
affects accurate finger adjustments on the object.84 Notably, the
superior longitudinal fasciculus III has cortical terminations in the
dorsal sector of vPM, where DES during the HMt evoked the same
clumsy pattern.26 Moreover, information coming from the human
right and left inferior parietal lobe seem crucial in perception of
our own limbs and in somatic perception of hand-object inter-
active movement respectively.85,86 Overall, the effects evoked by
DES-related transient disconnection of the superior longitudinal
fasciculus III during HMt might reflect disruption of information
carried between the parietal and premotor cortex.

Disconnectome and tractography results also showed that the
clumsy pattern may have been induced by stimulation of inferior

tomo-functional organization of the macaque lateral grasping net-
work, where vPM sends inputs to specific sectors of the
putamen.87 Notably the limb-kinetic apraxia is a symptom of neu-
rodegenerative disorders involving the basal ganglia, such as pro-
gressive supranuclear palsy and Parkinson disease. In this view,
the apraxic symptoms, and the clumsy pattern observed in the
present study, may reflect combined cortico-cortical connections
to ventral premotor area and cortico-striatal dysfunction.82

The frontal aslant tract

Finally, the association of the frontal aslant tract with both the ar-
rest and clumsy pattern deserves discussion. The frontal aslant
tract is an intra-lobar tract connecting the SMA/preSMA region
with the posterior inferior frontal gyrus,69 which intersects both
the dorsal and ventral regions emerging in our analysis. The dou-
ble effect associated with the frontal aslant tract may be due to its
stimulation at the intersection with the tracts actually mediating
the effect, challenging its direct involvement. Alternatively, we
speculate that DES delivered along the frontal aslant tract may af-
fect task execution by acting indirectly on the ventral and dorsal
node, possibly via their common cortical sources. The functional
role of the frontal aslant tract is diverse, being associated with
speech and language,88 working memory89 and visually guided
upper-limb movements.90 However, the lesion analysis here
showed this pathway could be resected without postoperative
motor deficit, which may suggest it plays an indirect role in motor
output control.

Association between permanent disconnection and
motor outcome

Results showed that partial resection of the SMA and surrounding
white matter was associated with an immediate postoperative
upper-limb motor impairment, fully recovered at the 1-month fol-
low-up. This result is coherent with the transient akinesia or ‘SMA
syndrome’ described in the neurosurgical literature after SMA re-
section91 and with human studies predicting motor outcome after
stroke based on dorsal premotor white matter integrity.92,93 This
result was confirmed in a subset of patients with preoperative dif-
fusion tractography. In this cohort, the absence of motor deficit
occurred only when SMA-projections and mid-U-shaped connec-
tions to M1 were spared. This supports our hypothesis, suggesting
a functional proximity of the dorsal white matter region to the
hand-related motor output. Overall, our results highlighted the
clinical importance of preserving SMA fibres, whose correlation
with motor deficit was demonstrated in patients with subcortical
stroke.55 On the other hand, the frontal aslant tract, the arcuate,
the three branches of the superior longitudinal fasciculus and the
inferior fronto-striatal fibres were commonly resected without any
motor disturbances. Resection of the latter tracts might rather be
associated to higher sensorimotor disorders, such as ideomotor
apraxia. However, SVR-LSM for this clinical variable did not show,
in the sample of patients analysed, any significant clusters, leav-
ing this issue unsolved.

Limitations

The intraoperative setting, while providing a unique opportunity
for studying the role of tracts, has some intrinsic limitations. The
area to be stimulated in single patients cannot be established a pri-
ori for research purposes, but entirely depends on the surgical
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fronto-striatal fibres. Again, these data are coherent with the ana-



strategy. For this reason, the left hemisphere was less investigated
in terms of the number of stimulation sites, as language tests were
also performed to assess the posterior border of the resection. It is
also not possible to study subtle hemispheric differences using
DES, as patients cannot be tested in both hemispheres. As tumour
location and surgical strategy establish the area available for test-
ing with stimulation, it would be important to confirm these
results in an even higher number of patients with diffusion trac-
tography and taking advantage of advanced electrophysiological
recording techniques.94 Finally, our intraoperative task was hapti-
cally performed, in order to focus mainly on the motor domain of
hand-object manipulation, thus results cannot be attributed to
mechanisms underlying visual guidance and/or reaching phase of
the movement.
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