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Abstract 15 

The cortical area within the human primary motor cortex (M1) that hosts the representation of the 16 

hand and fingers is known as the ‘hand-knob’ and is essential for voluntary hand movement. The 17 

anatomo-functional heterogeneity described within the monkey primary motor cortex (M1) in a 18 

rostro-caudal direction suggests an internal subdivision in two sectors originating different systems 19 

of connections to the spinal cord. Direct investigation of the human hand-knob has been prevented, 20 

so far, by methodological constraints. The unique setting of brain tumour resection with the brain 21 

mapping technique in awake patients enables direct electrophysiological investigation of the 22 

functional properties of the human hand-knob. Motor-evoked potentials (MEPs) elicited by Direct 23 

Electrical Stimulation (DES) at high frequency (HF-DES) delivered along the hand-knob in rostro-24 

caudal direction, i.e. from the central to the precentral sulcus, were recorded from the hand/arm 25 

muscles in patients at rest. The sites located near the precentral sulcus identified with HF-DES were 26 

then stimulated with low-frequency DES (LF-DES) during a hand manipulation task (HMt) to assess 27 

whether DES affected task execution. From the stimulated sites, corticofugal projections and U-28 

shaped tracts connecting with adjacent gyri were traced using diffusion tensor and spherical 29 

deconvolution tractography. Analysis of MEPs showed a rostro-caudal gradient of cortical 30 

excitability along the hand-knob (the rostral sector being less excitable). Stimulation of rostral sites 31 

during the HMt impaired the task by inducing dysfunctional recruitment or, alternatively, suppression 32 

of distal muscles. Diffusion tractography showed different patterns of rostro-caudal connectivity for 33 

the U-shaped tracts. Overall data suggests, in humans, the anatomo-functional subdivision of the 34 

human hand-knob in two sectors, possibly subserving different roles in motor control. 35 
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1. INTRODUCTION 40 

 41 

The cerebral cortex within the precentral gyrus (PreCG), hosting the primary motor area (M1), plays 42 

an essential role in execution of voluntary movement. By using intraoperative direct electrical 43 

stimulation (DES), Penfield and Boldrey in 1937 demonstrated that a somatotopic representation of 44 

the body, the so-called motor homunculus, exists along the human precentral gyrus.  45 

The representation of the hand in the primary motor area (M1) is prevalently localised in a specific 46 

segment of the precentral gyrus, called the ‘hand-knob’ due to its visible omega or epsilon shaped 47 

bulge in axial MR images (Yousry et al. 1997, Boling et al. 1999, Caulo et al. 2007). This region 48 

corresponds with the pli de passage fronto-pariétal moyen described by Broca (Broca 1888). 49 

Interestingly, cytoarchitectonic investigation of the human hand-knob revealed a subdivision, along 50 

the rostro-caudal direction, in different architectonic districts suggested to subserve different aspects 51 

of motor control (Geyer et al. 1996; Binkofski et al. 2002; Bastiani et al. 2016; Glasser et al. 2016). 52 

Amiez and Petrides (2018) recently confirmed a crucial role of the caudal region in the control of 53 

simple hand movements and suggested the most rostral region, corresponding to the dorsal portion of 54 

the superior precentral sulcus, to be involved in the selection of hand movements. There are 55 

reasonable grounds for this hypothesis, given the considerable evidence from non-human primate 56 

studies using intracortical micro-stimulation (ICMS), cytoarchitectonic analysis and anatomical 57 

tracers. These studies provide evidence of a strict correlation between architectonic features of 58 

different M1 subsectors and their specific roles in motor control (Strick & Preston 1982; Rathelot & 59 

Strick 2008; Witham et al., 2016). Precisely, the rostral and caudal subsectors of M1 hand region may 60 

exert different roles in motor control through different corticospinal connections. The caudal sector 61 

of M1 (the so-called “new-M1”), incorporating the bank of the central sulcus, shows dense cortico-62 

motoneuronal (CM) projections whereas the rostral sector (the so-called “old-M1”) shows very few 63 

CM projections (Rathelot & Strick 2008; Witham et al. 2016). Coherently with this structural 64 

evidence, ICMS of the two sectors evokes Excitatory Post-Synaptic Potentials (EPSPs) with different 65 

features: both sectors indeed elicit long latency monosynaptic potentials, but only the new-M1 shows 66 

fast-monosynaptic responses (Witham et al. 2016).   67 

In addition to the different corticospinal connections, the two sectors might act through different 68 

cortico-cortical networks. In the Old World monkey, although a clear network for fine control of hand 69 



movements has been described (Borra et al. 2017), no available data at present sheds light on a 70 

possible differentiation in cortical connectivity between the ‘new-M1’ and the ‘old-M1’. However, 71 

in the New World monkey, in which the whole M1 is unfolded on the convexity, a different pattern 72 

of cortico-cortical connectivity has been shown in the rostro-caudal direction: the rostral M1 is 73 

primarily connected with premotor areas, especially the caudal portion of dorsal premotor (dPM) and 74 

ventral premotor (vPM) cortex, while the caudal M1 is primarily connected with somatosensory 75 

cortices (Stepniewska et al. 1993, 2006; Dea et al. 2016). In humans, a system of U-shaped fibres 76 

connecting the M1 hand motor area both to premotor and postcentral regions (Rosett 1933; Catani et 77 

al. 2012; Thompson et al. 2017) has been highlighted but no conclusive evidence of a different 78 

connectivity between M1 subsectors has yet been shown. 79 

 80 

Despite attempts to characterise functional properties of the human M1 with indirect techniques 81 

(Kleinschmidt et al. 1997; Meier et al. 2008), a direct electrophysiological approach with high spatial 82 

resolution is the best approach currently available for investigating the anatomo-functional rostro-83 

caudal organization within the human hand-knob. We addressed this issue by analysing the 84 

neurophysiological data recorded intraoperatively in patients undergoing awake surgery for brain 85 

tumour resection with the aid of the Brain Mapping Technique and Direct Electrical Stimulation 86 

(DES). The analysis focused on data recorded when stimulating the hand-knob sector in the right 87 

hemisphere of 17 selected patients adopting a multimodal approach, i.e. by combining the analysis of 88 

data obtained during mapping with High Frequency Stimulation at rest (HF-DES-Rest), Low 89 

Frequency Stimulation during a voluntary hand manipulation task (HMt, LF-DES-HMt) and 90 

neuroimaging data by performing diffusion tractography to explore the white matter anatomy using 91 

Diffusion Tensor (DTI) and High Angular Resolution Diffusion Imaging (HARDI). During surgery, 92 

the choice of a HF or LF-DES paradigm to be used to perform brain mapping depends on the clinical 93 

context (critically the specific neurological function to be preserved and the clinical conditions that 94 

may affect excitability of the patient’s brain tissue). By inducing a clear motor output, Motor Evoked 95 

Potentials (MEPs), HF-DES is effective in mapping primary and non-primary motor areas/pathways 96 

(Bello et al. 2014; Fornia et al. 2016). LF-DES, on the other hand, may elicit a motor output when 97 

applied to motor areas, although with differences with respect to HF-DES (Bello et al. 2014). 98 

Additionally, LF-DES, by transiently interfering with the neuronal activity of a small amount of tissue 99 

below the probe, affects the execution of specific tasks (Bello et al. 2014; Rossi et al. 2018) when 100 

applied on neural networks underlying their execution. 101 

Analysis of the intraoperative data allows for specific investigation of the precentral gyrus focusing 102 

on two subsectors, the sector close to the central sulcus, here defined as the caudal hand-knob, and 103 



the sector close to the precentral sulcus, here defined as the rostral hand-knob. Analysis of the motor 104 

output elicited by HF-DES applied on the hand-knob in a resting condition was performed to evaluate 105 

whether differences in MEP features correlated with stimulation of different subsectors. The 106 

stimulation parameters and MEP amplitude were used to establish differences in the cortical 107 

excitability between the two sectors. The hypothesis was that a gradient of excitability in the rostro-108 

caudal direction within the hand knob exists, which points to a functional subdivision of this sector. 109 

We previously demonstrated that the quantitative analysis of the same MEPs parameters is reliable 110 

in differentiating between two functionally distinct regions within the precentral gyrus (ventrolateral 111 

premotor cortex and M1) (Fornia et al. 2016).  112 

When appropriate for the clinical context (Bello et al 2014), brain mapping requires LF-DES-HMt 113 

whereby the precentral gyrus is stimulated while the patient performs a dedicated voluntary hand-114 

manipulation task (HMt), an intraoperative tool efficient in preventing post-operative apraxia (Rossi 115 

et al 2018). The HMt requires adequate coordination of muscles synergies to achieve the appropriate 116 

hand-object interaction to correctly perform the task. Analysis of the interference during HMt 117 

execution was focused on impairment of hand movement (an observed behavioural outcome) and on 118 

electrical activity (EMG) of the muscles primarily involved in HMt execution. Analysis of the specific 119 

features characterizing the effect of DES on task execution was aimed at providing insight as to the 120 

role of this sector in motor control for skilled hand-object interaction. 121 

Finally, we evaluated patterns of white matter connectivity of the precentral gyrus in a subset of six 122 

patients: specifically, the corticofugal connections and the U-shaped connections surrounding the 123 

precentral sulcus, and those connected with the postcentral gyrus (Catani et al. 2012) were studied to 124 

assess whether differences in anatomical connectivity may correspond with rostro-caudal functional 125 

differences occurring in the hand-knob, as highlighted by our electrophysiological results. 126 

 127 

2. MATERIAL AND METHODS  128 

 129 

The main aim of the present study was to investigate the human precentral gyrus, specifically focusing 130 

on the anatomo-functional properties of the hand-knob along the rostro-caudal direction. To this end, 131 

we performed a multimodal analysis of electrophysiological and neuroimaging data recorded in 132 

patients undergoing awake surgery for brain tumour resection in the right hemisphere.  133 

According to standard procedure, the surgical resection was performed according to functional 134 

boundaries by means of the brain mapping technique and Direct Electrical Stimulation (DES) (Bello 135 

et al. 2014). All the patients performed the entire standard brain mapping procedure, which consists 136 

of the combination of High Frequency DES and Low Frequency DES (so defined according to the 137 



frequency of pulses in the delivered stimulating train, see Bello et al. 2014), aimed at the individuation 138 

of the safety entry point and at the preservation of eloquent cortical and subcortical structures. 139 

The strict inclusion criteria allowed us to select and investigate, in 17 patients, two cortical subsectors 140 

of hand-knob, the caudal ones (close to the central sulcus) and the rostral ones (close to the precentral 141 

sulcus). Two stimulation paradigms were available during the procedure: the High Frequency and the 142 

Low Frequency stimulation and, based on the clinical context (Bello et al. 2014) one or both (see 143 

Table 1) paradigms were delivered during the awake period of the procedure.  144 

1) High Frequency Monopolar Stimulation at rest (HF-DES-Rest), i.e. in absence of voluntary 145 

movement, was applied at the beginning of the procedure. HF-DES-Rest was used to explore the 146 

precentral hand-knob in the rostro-caudal direction to identify the most excitable cortical site based 147 

on the occurrence and amplitude of the Motor Evoked Potentials (MEPs) evoked in intrinsic and 148 

extrinsic hand muscles. Mapping with HF-DES-Rest was clinically relevant to identify the cortical 149 

site over the primary motor cortex (M1), from which the corticospinal tract can be continuously 150 

monitored (and preserved) during tumour resection (intraoperative MEPs monitoring, see Bello et al. 151 

2014). HF-DES was delivered through a constant current monopolar stimulator (straight tip, 1.5 mm 152 

diameter (Inomed), with reference/ground on the skull overlying the central sulcus). Depending on 153 

the clinical context, either 1 pulse or a train of 5 pulses of constant anodal current pulses (pulse 154 

duration 0.5 ms; interstimulus interval, ISI: 3-4 ms) were delivered. 155 

2) Low Frequency Bipolar Stimulation during the hand manipulation task (LF-DES-HMt). LF-DES 156 

consisted of trains, lasting 2 to 5 seconds, of biphasic square wave pulses (0.5 ms each phase) at 60 157 

Hz (ISI 16.6 ms) delivered by a constant current stimulator (OSIRIS-NeuroStimulator) integrated 158 

into the ISIS-System through a bipolar probe (2 ball tips, 2 mm diameter, separation 5 mm). LF-DES-159 

HMt was delivered mainly on the rostral sector of the hand-knob. In the patients included in this 160 

study, the caudal sector of the hand-knob was indeed generally easily excitable and thus identified 161 

with HF-DES-Rest, rarely requiring a further investigation with LF-DES-HMt. Due to the small 162 

sample of stimulations with LF-DES-HMt, the caudal sites (about <10% of total) were thus not 163 

included in the analysis, but they have been discussed according to rostral stimulations and the 164 

neurosurgical literature. The LF-DES-HMt was clinically relevant to identify the functional cortical 165 

and subcortical frontal boundaries of the resections. To identify cortical and subcortical structures of 166 

the rostral hand-knob that had to be preserved, the effect of DES stimulation during HMt execution 167 

was assessed (Rossi et al. 2018).  This effect of DES was evaluated based on the observation of the 168 

movement of the hand and classified as “behavioural outcome”. Moreover, the qualitative analysis of 169 

the corresponding EMG pattern was used to confirm/clarify the effect of DES on the upper-limb 170 

effectors (proximal or distal) evaluated based on movement observation.  171 



The definition of “High Frequency” vs “Low Frequency” paradigms, described in details in a previous 172 

study of our group (see Bello et al. 2014), was determined purely by the frequency of shocks within 173 

the stimulating train based on the inter stimulus interval (ISI) between two subsequent pulses (3-4 ms 174 

for the HF-DES and 16.6 ms for the LF-DES), irrespectively of the number of pulses and train 175 

duration. 176 

More detailed description of the surgical procedure, and of the standard intraoperative 177 

neurophysiological monitoring and mapping protocol is reported in the Supplementary Material.  178 

 179 

2.1 Patients selection. 17 patients (15 right-handed and 2 left-handed) with a glioma affecting the 180 

right hemisphere were enrolled. Detailed information on these patients is shown in Table 1. In all 181 

patients, the precentral gyrus was exposed for surgical reasons and accessible for DES. Patients 182 

included in this study were not enrolled a priori but they were selected after the surgery only when 183 

meeting the criteria for the study, i.e. if the clinical procedure, requiring the combination of HF-DES-184 

Rest and LF-DES-HMt for the localization of the safe entry point and of the cortical and subcortical 185 

functional boundaries, allowed the investigation of the hand-knob area providing data for the Data 186 

Analysis. At present, despite procedures having been performed on both left and right hemisphere 187 

lesions, the sample of data that allowed for a significant analysis was collected from patients with 188 

right hemisphere lesions, thus we focused on this population. 189 

We ensured that in selected patients the tumours were not infiltrating the regions of interest, i.e. the 190 

entire precentral gyrus (specifically the hand-knob region giving rise to the U-shaped connections 191 

with the adjacent gyri), the postcentral gyrus, and the posterior limb of the internal capsule and 192 

cerebral peduncle hosting the corticospinal fibres (see Supplementary Material, Fig. 5). Each patient 193 

underwent preoperative baseline magnetic resonance (MR) studies. Volumetric scan analysis was 194 

used to define tumour location and volume. Tumour volume was computed on volumetric fluid-195 

attenuated inversion recovery (FLAIR) MRI scans for low-grade gliomas (LGGs) and on postcontrast 196 

T1-weighted MRI scans for high-grade gliomas (HGGs). The minimum distance between the most 197 

anterior or the most posterior border of the tumour with respect to the central or the precentral sulcus 198 

was determined using Brainlab software. For all the patients included in the study, the distance 199 

between these landmarks was ≥10 mm (Quiñones-Hinojosa et al. 2003; Fornia et al. 2016). 200 

Patients with sensory-motor deficits and/or cognitive deficits affecting the motor and/or language 201 

function were not included in the study. Only patients without seizures, or with a short seizure history 202 

well-controlled by one AED were included. All patients gave written informed consent to the surgical 203 

and mapping procedure, which followed the principles outlined in “World Medical Association 204 



Declaration of Helsinki: Research involving human subjects". The study was performed with strict 205 

adherence to the routine procedure used for surgical tumour removal. 206 

Table 1.  207 
    Neuro-

Psycho_apraxia 

Neuro-

Psycho_apraxia 

       

Patient 

Age 

range 

hand 

dominance Neurological Bucco-facial ideomotor 

lesion 

side lesion site 

WHO 

grade Anesthesia 

HF-

DES-

Rest 

LF-

DES- 

HMt 

 

Diffusion-

Tractography 

1 

50-

55 Right Normal Normal Normal Right Frontal AstroIII A-A 

 

X 

  

2 

50-

55 Right Normal Normal Normal Right Frontoparietal Other* A-A 

 

X 

  

3 

30-

35 Left Normal Normal Normal Right Frontal OligoIII A-A 

 

X 

  

4 

40-

45 Right Normal Normal Normal Right Frontal AstroIII A-A 

 

X 

 

X 

 

5 

35-

40 Right Normal Normal Normal Right Frontal OligoII A-A 

 

X 

 

X 

 

X 

6 

60-

65 Right Normal Normal Normal Right Frontal AstroIII A-A 

 

X 

 

X 

 

X 

7 

30-

35 Right Normal Normal Normal Right Frontal OligoII A-A 

 

X 

 

X 

 

8 

25-

30 Right Normal Normal Normal Right Frontal AstroII A-A 

 

X 

  

X 

9 

25-

30 Left Normal Normal Normal Right Frontal OligoIII A-A 

 

X 

 

X 

 

X 

10 

30-

35 Right Normal Normal Normal Right Parietal OligoIII A-A 

 

X 

 

X 

 

X 

11 

30-

35 Right Normal Normal Normal Right Frontal AstroIII A-A 

 

X 

 

X 

 

 

12 

15-

20 Right Normal Normal Normal Right Frontal Other* A-A 

  

X 

 

13 

55-

60 Right Normal Normal Normal Right Frontoparietal AstroIII A-A 

  

X 

 

 

14 

45-

50 

Right Normal Normal Normal Right  

Frontotemporal 

 

GBMIV 

A-A  

X 

 

X 

 

 

 

15 

20-

25 

Right Normal Normal Normal Right  

Frontal 

 

Other* 

A-A  

X 

 

X 

 

 

 

16 

60-

65 

Right Normal Normal Normal Right  

Frontal 

 

AstroIII 

A-A   

X 

 

 

 

17 

40-

45 

Right Normal Normal Normal Right  

Frontal 

 

OligoII 

A-A   

X 

 

X 

 208 
*Other: 1 inflammatory lesion (patient 2),1 cystic lesion (patient 12) and 1 cortical dysplasia (patient 15). 209 
A-A = Asleep – Awake anaesthesia.  210 

 211 

2.2 Hand-Manipulation Task (HMt). LF-DES was applied while patients performed the hand-212 

manipulation task with a specific tool made for this purpose (Rossi et al. 2018; see also Fig. 2C and 213 

Supplementary Material). The tool’s rectangular base was kept stable close to the patient’s hand along 214 

the armrest of the operating table, while the patient grasped, hold, rotated and released the cylindrical 215 

handle with the thumb and the index finger, likely resembling a precision grip rhythmically 216 



performed. Proximity between the hand and the cylindrical handle allowed the patients to perform 217 

the movement using just the fingers, avoiding a possible reaching movement. Each patient, 218 

opportunely trained one day before surgery, was asked to perform the task continuously, following 219 

an internal generated rhythm without any external cue to instruct the phases of movement nor visual 220 

information about the hand or the cylindrical handle movement (i.e. the movement was “haptically 221 

driven”). During HMt execution, neuropsychologists performed a real-time monitoring of the 222 

patients’ behavioural outcome, reporting to the surgeons any arrest, decrease of performance and/or 223 

any somatic sensation. During its execution up to 24 muscles were simultaneously recorded including 224 

bilateral upper body, lower body and oro-facial muscles. The hand-object interaction during the task 225 

execution was video-recorded and synchronized off-line with the EMG signals. At the beginning of 226 

the HMt session, 10 seconds (in some cases even longer) of baseline movement (without stimulation) 227 

was required to reach stable task execution. When good stability was reached (as assessed based on 228 

behavioural outcome and ongoing EMG activity real time monitoring), the surgeon started the 229 

stimulation of the investigated areas randomly during task performance. An interval of 3-4 seconds 230 

among different stimulation and among different sites was observed to avoid dragging-effects. The 231 

effect of the LF-DES-HMt was assessed by means of online and offline observation (behavioural 232 

outcome) and confirmed by qualitative EMG-pattern inspection. 233 

 234 

2.3 Definition and anatomical localization of the stimulation sites: All the stimulation sites were 235 

chosen based on the morphology of the hand-knob according to the surgical flap and based on the 236 

margins of the resection planned. Both anatomical localization and the number of the stimulation sites 237 

were constrained by the surgical procedure. No additional sites others than those required for clinical 238 

needs were added to the brain mapping procedure. Intraoperatively, the central sulcus and the 239 

precentral sulcus were chosen as anatomical landmarks for identifying respectively the caudal and 240 

rostral sector of the hand-knob region. The procedure requires, first, identification with HF-DES of 241 

the site eliciting a motor output with lowest current threshold; above this site the surgeon places a 4-242 

contact subdural strip electrode delivering “train-of-five” pulses to elicit MEPs in a sample of 243 

contralateral muscles (see Supplementary Materials; Bello et al. 2014). The localization of this site is 244 

always close to the central sulcus according to the extensive surgical experience (L.B. and M.R.) as 245 

supported also by results of the present work (see Results). For resection of tumours affecting patients 246 

considered for this study, the surgeon, moving anterior along the rostro-caudal line, applied HF-DES 247 

also close to the precentral sulcus with the aim of identifying the safe cortical entry point and the 248 

border of the resection. Considering that, with respect to the motor output obtained by stimulation of 249 

the caudal site (see Results), the motor output of the rostral sector was significantly lower in 250 



amplitude, the rostral region was also tested during the Hand-Manipulation task delivering LF-DES 251 

to establish its implication in action execution despite its lower excitability at rest. In this cohort of 252 

patients, the caudal region was rarely stimulated with LF-DES, thus the definition of the rostral sites 253 

was, at the single subject level, relative to the caudal site as identified with HF-DES (i.e. rostral site 254 

= localized anterior and approximately at same medio-lateral of the caudal site, defined based on the 255 

proximity to the central sulcus) and verified using the precentral sulcus as anatomical reference. In 256 

four patients (P 12, 13, 16, 17, see Table 1) the caudal site was identified with HF-DES, and following 257 

this, the rostral sector was stimulated mainly/only with LF-DES to assess the posterior border of the 258 

resection. In these cases, the HF-DES data was not included because the number of trials (MEPs) was 259 

not adequate for statistical comparison or because the rostral site was investigated only with LF-DES. 260 

 261 

2.4 Diffusion Tractography. Diffusion imaging tractography was performed in a subset of six 262 

patients (Table 1). Data was acquired on a 3T Siemens Magnetom Verio scanner with an 8 channel 263 

head coil, using a HARDI-optimised diffusion weighted single-shot echo-planar sequence along 73 264 

directions with a b-value of 2000s/mm2 (TE:96ms, TR 10.4ms). Seven interleaved non-diffusion 265 

weighted volumes were acquired. The sequence had a matrix size of 128 x 128 x 64 with 2mm 266 

isotropic voxels. 267 

 268 

2.5 DATA ANALYSIS  269 

 270 

2.5.1 Analysis of MEPs (HF-DES-Rest). Raw electromyography (EMG) of hand/forearm muscles 271 

was recorded with specific software (ISIS, INOMED, sampling rate 20 kHz, notch filter at 50 Hz). 272 

For each patient, the raw data, i.e. all the Motor Evoked Potentials (MEPs) recorded during the 273 

procedure, were extracted from the acquisition system and resampled at 4 kHz and analysed offline 274 

by means of dedicated MATLAB software. For each trial, a window of interest of 100 ms from the 275 

stimulus onset was defined. The average background EMG activity and its SD (±1 SD) were then 276 

calculated from the last 25 ms of the record (i.e., from 75 to 100 ms). A MEP was considered reliable 277 

only when the EMG voltage signal exceeded the average background ±1 SD (Fornia et al. 2016). All 278 

the MEPs were stored based on the location of the stimulating site within the hand-knob sectors 279 

(caudal vs rostral). We focused our analysis on the most represented forearm-hand muscles in the 280 

data sample (i.e. Extensor Digitorum Communis, EDC; First Dorsal Interosseous, FDI; Abductor 281 

Pollicis Brevis, APB; Abductor Digiti Minimi, ADM and Flexor Carpi Radialis, FCR). We 282 

considered only MEPs evoked when patients were fully awake and lying with all body parts at rest, 283 

avoiding any “facilitation” effect (i.e. increase of excitability) due to unforeseen upper limb 284 



movements. To this end, we visually inspected the raw EMG activity to qualitatively evaluate the 285 

background activity at rest. MEPs facilitated by unforeseen muscle contraction were detected and 286 

excluded from further analysis.  287 

The main parameter considered for the comparison between caudal and rostral hand-knob was the 288 

“cortical excitability” measured with a quantitative analysis aimed at comparing the occurrence and 289 

the amplitude of MEPs elicited in the rostral sectors with respect to the caudal ones by stimulating 290 

both sectors with the same paradigm,  i.e. with the same combination of number of pulses and 291 

intensity delivered with HF-DES. To this end, two main parameters were selected to assess 292 

differences in cortical excitability between the two sectors:  293 

1) the Caudal Motor Threshold (cMT), defined as the minimum number of pulses (given a fixed 294 

intensity of current) and intensity of stimulation (given a fixed number of pulses) required to evoke 295 

MEPs in the caudal sector, supposed to be the most excitable based on surgeon’s extensive 296 

intraoperative experience (L.B., M.R.). For all the procedures that required stimulation of the rostral 297 

region with the cMT identified on the caudal region, an offline analysis was performed to verify, 298 

within the same patient, if the cMT parameters of stimulations were effective to evoke MEPs in the 299 

rostral region.  300 

2) The amplitude of MEPs evoked in the same patients in both the rostral and caudal sectors with the 301 

same stimulation parameters (i.e. number of pulses and intensity) was compared.   302 

 303 

2.5.2 Behavioural outcome classification (LF-DES-HMt). The effect of DES delivered on the 304 

rostral hand knob subsector during the HMt (LF-DES-HMt), was evaluated by trained 305 

neuropsychologists and neurophysiologists blinded to the stimulation sites by means of an off-line 306 

inspection of the video-recorded task performance during surgery of each patient. DES during HMt 307 

execution resulted in different effects on the execution, enabling a classification into distinct 308 

“behavioural outcomes”. Moreover, each identified outcome was also confirmed by visual inspection 309 

of the associated muscle pattern (EMG).  310 

2.5.3 Reconstruction of stimulation sites. During the surgery, the brain mapping technique was 311 

videotaped and MRI coordinates of all the stimulated sites were acquired by the neuronavigation 312 

system. The reconstruction of the exact position of all sites was then computed for each patient with 313 

the following procedure. The cortical surface extraction and surface volume registration was 314 

computed using the T1 with or without contrast according to the sequence loaded into the 315 

neuronavigation system during surgery, by means of Freesurfer software (Fischl 2008). Subsequently 316 

the results were loaded onto Brainstorm (a MATLAB toolbox; Tadel et al. 2011), an open source 317 

software downloadable under the GNU general public license. The exact position of all the sites was 318 



marked as a scout on the patient’s 3D MRI with the aid of Brainstorm. Subsequently, using the same 319 

software, each patient’s 3D MRI with the respective labelled scouts were co-registered in the MNI 320 

space (Ashburner & Friston, 2005). Finally, all the stimulation sites were plotted on the FSAverage 321 

template to create a 3D reconstruction of the (right) stimulated hemisphere.  322 

The colour code in Fig. 1 and Fig. 2 reflects the localization of all the stimulation sites during HF-323 

DES-Rest (Fig. 1 A-B) and the classification of the behavioural outcome during LF-DES-HMt (Fig. 324 

2 A-B).  325 

 326 

2.5.4 Diffusion tractography.  We corrected the diffusion MRI collected in the six patients for head 327 

motion, eddy current distortion and susceptibility artefacts using ExploreDTI (Leemans et al. 2009). 328 

This data was then processed for both whole brain diffusion tensor and spherical deconvolution 329 

tractography, using StarTrack software (www.mr-startrack.com; Dell’Acqua et al. 2010). For 330 

spherical deconvolution modelling, a damped Richardson-Lucy algorithm was used with a fibre 331 

response parameter of 1.5, 200 iterations, and threshold and geometrical regularisation parameters of 332 

0.04 and 15 respectively (Dell’Acqua et al. 2012). An absolute threshold of 0.0038 was used to 333 

exclude spurious local maxima. For both tensor and HARDI models, Euler integration was used for 334 

streamline reconstruction, using an angle threshold of 45 and a step-size of 1 (with tensor FA 335 

threshold of 0.12). Tractography dissections were performed using a region-of-interest approach by 336 

an experienced dissector (H.H.). The corticospinal (corticofugal) projection tracts were dissected 337 

using the methods detailed in Catani & Thiebaut de Schotten (2012) and Howells et al. (2018). One 338 

inclusion ROI was composed of the entire precentral gyrus, and a second inclusion ROI was used in 339 

the brain stem, below the cerebellar peduncles, to constrain the resulting streamlines to display those 340 

descending to the brain stem. The U-shaped connections between the precentral gyrus, superior and 341 

middle frontal gyrus, and precentral to postcentral gyri were dissected according to Catani et al. 342 

(2012). The entire precentral, postcentral, superior frontal and middle frontal gyri were delineated 343 

and used as inclusion ROIs for the relevant tracts in all six patients. 344 

 345 

2.5.5 Statistical analysis. Statistical analysis was performed only on HF-DES-Rest data acquired by 346 

stimulation of both the rostral and the caudal hand-knob sector and was aimed at assessing differences 347 

in cortical excitability between the two subsectors in the forearm-hand muscles (EDC, APB, FDI, 348 

ADM and FCR). To this end, MEP amplitude evoked by stimulation of the two sectors of the hand-349 

knob, with the same number of pulses and intensity of stimulation, was compared in each single 350 

patient. We included in the analysis only muscles responsive to at least five HF-DES-Rest trials in 351 

both areas. All the MEPs evoked in the different muscles of the forearm and hand were grouped by 352 



sector (caudal or rostral hand-knob). All MEPs amplitude values were standardized within the area 353 

and between muscles (z-score). Mann-Whitney U tests were used to assess statistical differences 354 

between the MEP amplitude elicited in the two different hand-knob subsectors.  355 

 356 

3. RESULTS 357 

 358 

Seventeen patients submitted to awake surgery of a tumour in the right hemisphere, were enrolled in 359 

this study. These patients were operated according to functional boundaries by means of the brain 360 

mapping technique and Direct Electrical Stimulation (DES). All patients satisfied the required 361 

inclusion criteria.  362 

 363 

3.1 HF-DES-Rest. In 13 patients out of 17 brain mapping was performed with this technique (see 364 

Table 1). 30 stimulation sites were recorded, n=14 in caudal-hand-knob (patient mean 1.1, SD 0.3) 365 

and n=16 in rostral-hand-knob (patient mean 1.2, sd 0.6) (Fig. 1A). Analysis of the excitability of the 366 

two subsectors was performed as follows: 1) in a sample of 5 patients the comparison was based on 367 

MEP occurrence in the rostral subsector by applying the same stimulation parameters (number of 368 

pulses and intensity of stimulation) defined for the caudal motor threshold (cMT); 2) in 8 patients, 369 

where cMT stimulation was not applied on the rostral sector, we analysed the amplitude of MEPs 370 

elicited with an over-threshold stimulation delivered on the two subsectors with the same intensity 371 

and number of pulses. 372 

1) Analysis of the cMT. According to the clinical procedure, the caudal sector was explored with HF-373 

DES-Rest first and the cMT was defined as the minimum number of pulses and intensity of 374 

stimulation required to evoke MEPs in the caudal sector (mean intensity = 5.8mA; mean number of 375 

pulses = 5). In 5 out of 13 patients, HF-DES was applied at the cMT also on rostral hand-knob. In all 376 

patients stimulation at cMT was effective in eliciting reliable MEPs in the caudal sector in the entire 377 

sample of muscles analysed (APB, FDI, EDC, ADM, FCR), while when applied on the rostral sector 378 

it systematically failed to evoke reliable MEPs that were clearly distinguishable from EMG 379 

background activity (see Methods) in the entire sample of muscles (Fig. 1C). This data suggests a 380 

non-homogeneous distribution of excitability in the two subsectors, with the caudal one more 381 

excitable than the rostral.  382 

2) Analysis of the MEP amplitude. Given that, due to clinical constraints, direct comparison of the 383 

effect of stimulation at cMT over the two subsectors was not performed in 8 out of 13 patients, an 384 

alternative analysis was considered to assess the excitability of the hand-knob in the rostro-caudal 385 

direction. In this cohort of patients, the surgeon used an over-threshold stimulation protocol to induce 386 



MEPs on both sides, thus it was possible to compare MEP amplitude evoked with same stimulation 387 

parameters in the two subsectors. As a first observation, DES stimulation of the caudal hand-knob 388 

elicited reliable MEPs in all the analysed hand muscles, while when delivered on the rostral hand-389 

knob with the same stimulation parameters (number of pulses and intensity) DES elicited MEPs only 390 

in some of the analysed hand muscles. Due to this condition, comparison of MEP amplitude using 391 

the same DES parameters in the two subsectors was allowed only in the muscles in which the over-392 

threshold stimulation elicited reliable MEPs in both subsectors. This meant that different 393 

combinations of muscles were compared in each patient: 2 out of 5 muscles (EDC; FDI) in Patient 5; 394 

1 out of 5 (FCR) in Patient 6; 1 out of 5 (APB) in Patient 7; 3 out of 5 (ADM; FDI; APB) in Patient 395 

8; 1 out of 5 (FDI) in Patient 9; 1 out of 5 (APB) in Patient 10; 2 out of 5 (EDC; APB) in Patient 11; 396 

3 out of 5 (EDC; ADM; FDI) in Patient 15.  For all patients that underwent this analysis, MEP 397 

amplitudes evoked by HF-DES delivered on rostral hand-knob were significantly lower compared 398 

with MEP amplitudes evoked by HF-DES delivered on caudal hand-knob (Patient 5 U=0, 399 

p=0.000006; Patient 6 U=0, p=0.000311; Patient 7 U=0, p=0.002165; Patient 8 U=21, p=0.000012; 400 

Patient 9 U=0, p=0.000074; Patient 10 U=0, p=0.007937; Patient 11 U=0, p=0.000666; Patient 15 401 

U=7, p=0.0000000003 (Fig. 1D). Although the number of muscles were not the same in all patients, 402 

a statistically significant difference in amplitude was observed in each patient, which strongly 403 

supports the results obtained with cMT. Figure 3A shows all the stimulation sites plotted on the 3D 404 

MNI brain reconstruction of Patient 7 (1) and the MEP average of 10 trials from the caudal and rostral 405 

hand-knob in the same patient (2).  406 

 407 

3.2 LF-DES-HMt. This condition was analysed in 13 patients out of 17 (see Table 1). The 408 

behavioural outcome occurring during LF-DES stimulation while patients were performing the HMt 409 

was assessed in 20 sites on the rostral hand-knob (patient mean 1.54, sd 1) (Fig. 2A). Offline visual 410 

inspection of the hand-object interaction during, and in absence, of DES lead to classification of two 411 

“anomalous” hand/arm behavioural outcomes induced by DES: 412 

- Dysfunctional Hand Movement (dHM) (10 sites out of 20 (50%), Fig. 2A): during DES, 413 

HMt was impaired due to the occurrence of hand movement clearly dysfunctional (dHM) for 414 

the achievement of the task. Precisely two possible involuntary configurations of the hand 415 

induced by stimulation were observed: -closure/contraction of the hand/fingers (see Video 1, 416 

Supplementary Materials); -progressive aperture of the hand, sometimes coupled with clonic-417 

like twitches (see Video 2, Supplementary Materials). Recruitment of distal muscles not 418 

required to perform the HMt was observed by inspection of EMG recording. In 5 of 10 sites, 419 

the involuntary recruitment involved also the forearm and/or proximal muscles.   420 



- Suppression of Hand Movement (sHM) (10 sites out of 20 (50%), Fig. 2A): during DES the 421 

HMt was impaired due to an arrest of hand and finger movement (sHM) (see Video 3, 422 

Supplementary Materials). In 5 out of 10 sites the loss of postural hand tone was coupled with 423 

a clear activation of the forearm/proximal muscles leading to a flexion or an extension of the 424 

arm (see Video 4, Supplementary Materials). 425 

Overall a significant impairment in HMt execution correlated with DES stimulation, although with 426 

different features. In dHM sites, DES impaired the task by inducing an accessory activation of hand 427 

and arm muscles, producing a dysfunctional hand-object interaction. In sHM sites, DES impaired the 428 

task by inhibiting ongoing activation of the muscles required for the movement. Both interference 429 

effects could be elicited in different sites in the same patient (Figure 3B). In order to investigate if the 430 

observed outcomes were task-dependent responses rather than being the result of the involuntary 431 

progressive recruitment of all the muscles represented in the stimulated area, irrespective to their 432 

reciprocal action (e.g. agonist and antagonists) in the ongoing task, we analysed data in 4 patients 433 

stimulated, for clinical reasons, with LF-DES at rostral sites in different conditions that we can 434 

consider as “control”. In 3 patients, 3 sites classified as sHM and 1 site classified as dHM, were also 435 

stimulated while patient’s hand was at rest and failed to show upper-limb movement and/or EMG 436 

activation in proximal and distal upper limb muscles. In 1 patient, a site classified as sHM, was 437 

stimulated while the patient was asked to open and close the hand: no interference on movement 438 

neither activation of distal and/or proximal muscle was observed.  Interestingly the same site, when 439 

stimulated during HMt arrested the hand movement and activates the biceps.  440 

The results obtained from controls showed that DES in the same sites positive for the HMt did not 441 

evoke any significant electrophysiological and behavioral response at rest or when performing a 442 

simple opening and closing of the hand. This indicates that the execution of the task significantly 443 

changes the excitability of the rostral sites, leading to the described outcome. Overall, these results 444 

support the hypothesis that sHM and dHM are task-dependent outcomes.  445 

Finally, when delivered on the caudal hand-knob, LF-DES always resulted in a recruitment of hand-446 

arm muscles both during the HMt and in the resting condition. 447 

 448 

3.3 Tractography. In six patients, the corticofugal and U-shaped tracts were traced between the 449 

precentral gyrus and the superior frontal and middle frontal gyrus (see Fig. 4). Additionally, the tracts 450 

connecting the precentral and postcentral gyrus were also traced. The main finding was that the tracts 451 

connecting dorsal premotor regions with the precentral gyrus terminate solely within the rostral 452 

portion of M1 (rostral hand-knob) and were distinct from tracts connecting the precentral gyrus with 453 

the postcentral gyrus, that terminated in the caudal portion of M1 (caudal hand-knob). These 454 



terminations corresponded with the same sectors previously identified by DES as sectors that had 455 

different cortical excitability, the caudal showing higher excitability and preferentially connected 456 

with the postcentral gyrus, while the rostral sites showed lower excitability and preferentially 457 

connected with the dPM area (Fig. 4). The corticofugal projections extended equally into both caudal 458 

and rostral sectors of the precentral gyrus, when using the diffusion tensor (Fig. 4) and spherical 459 

deconvolution for modelling the tracts.  460 

 461 

4. DISCUSSION 462 

 463 

The aim of the study was to investigate whether the human hand-knob region of precentral gyrus can 464 

be considered, in the rostro-caudal direction, a unitary cortical area or rather if it could be subdivided 465 

in different anatomo-functional subsectors, as suggested by studies in the monkey (Rathelot & Strick, 466 

2008; Witham et al. 2016). Our results suggest a subdivision of the human hand-knob in a rostral and 467 

caudal sector, based on the observed difference in functional properties and patterns of connectivity. 468 

 469 

4.1 Cortical excitability within the hand-knob. A direct comparison of cortical excitability in the 470 

caudal and rostral hand-knob was performed based on a comparison of the motor output of the two 471 

subsectors elicited by HF-DES-Rest. Given the clinical constraints, cortical excitability was here 472 

investigated with a complementary approach. On one side, the two sectors were compared with 473 

respect to stimulation threshold: rostral and caudal sectors were stimulated with the parameters of 474 

stimulation necessary to evoke MEPs when delivered over the caudal sector (the Caudal Motor 475 

Threshold, cMT) used as reference. Should the two sectors be equally excitable, the cMT would be 476 

expected to elicit comparable responses in both sectors. The alternative approach we used, in patients 477 

for whom this type of comparison could not be performed, involved comparing the MEP amplitudes 478 

themselves, elicited in the two sectors with the same number of pulses and stimulation intensity. 479 

Again, should the two sectors be equally excitable, the amplitude would not be different. These two 480 

approaches for assessing differences in cortical excitability suggest that a non-homogeneous rostro-481 

caudal distribution of cortical excitability exists within the hand-knob. The caudal sector showed 482 

significantly higher excitability with respect to the rostral one. This result may also be supported by 483 

the pattern of muscles activated by the over-threshold stimulations in the two sectors: the same 484 

stimulation protocol induced activation of a higher number of muscles when applied to the caudal 485 

sector compared with the rostral (a mean of 5 muscles per patient in the caudal hand-knob and a mean 486 

of 1.6 muscle per patient in the rostral hand-knob). This latter observation, although interesting, is 487 

not conclusive and future studies are required to clarify whether this might be due to different 488 



organization of muscle synergies in the two cortical districts. With regard to a gradient of rostro-489 

caudal excitability, the functional organization of the monkeys’ M1 can be used as a benchmark. In 490 

the monkey M1, the highest excitability is observed in the caudal sector, the new-M1, which is 491 

different with respect to the rostral sector, the old-M1. Rathelot and Strick (2008), using retrograde 492 

trans-synaptic transport of rabies virus from the finger, elbow and shoulder muscles, found that the 493 

traced corticomotoneuronal (CM) cells correspond only with the low-threshold sites in the new-M1. 494 

Evidence of CM connections originating from both old and new-M1 was more recently provided by 495 

Witham and colleagues (2016), although confirming different structural patterns of corticospinal 496 

connectivity, since from the old-M1 originate slower corticospinal (CST) fibers when compared to 497 

the faster new-M1. Based on functional evidence, our hypothesis is that the rostral sector close to the 498 

precentral sulcus explored with DES and emerging as the less excitable sector, might correspond to 499 

the monkeys’ old-M1 located on the crest of the precentral sulcus, while the caudal sector, close to 500 

the central sulcus, might correspond to the new-M1 buried in the central sulcus. The functional 501 

matching between the human and monkeys hand-knob region suggested by the intraoperative data 502 

might let us speculate that the two sectors, in humans, contribute in different proportions to the CST. 503 

However, no conclusive interpretation in light of non-human old and new-M1 can be claimed, since 504 

we cannot support the neurophysiological data with architectonic investigation of the caudal and 505 

rostral sectors in our patients.  506 

Another possible explanation for the excitability gradient observed within the hand-knob deserves 507 

discussion. Architectonic data (Geyer et al. 1996) suggests that human M1 is buried on the bank of 508 

the central sulcus, where, due to clinical constraints, HF-DES-Rest cannot be directly applied. Should 509 

this be the case, DES delivered on caudal convexity proximal to central sulcus may easily reach and 510 

excite cortical neurons in the sulcus, while a higher intensity of current would be needed to excite the 511 

same neurons, when DES is delivered further away on the convexity close to the precentral sulcus. 512 

This would explain the lower motor threshold of the caudal sector, challenging the idea of a functional 513 

subdivision of M1 in distinct subsectors. An alternative hypothesis of our results might be grounded 514 

on fMRI data in humans, showing a partial overlap of the premotor cortices (PMC) and M1 on the 515 

convexity of the PreCG (Mayka et al. 2006; Fan et al. 2016). The cortical parcellation described 516 

across several neuroimaging modalities in a large number of healthy subjects supports this data 517 

(Glasser et al. 2016). In this light, DES applied on caudal and rostral sector of the precentral gyrus 518 

may be stimulating area 4 and 6d respectively, reasonably suggesting that the rostral hand-knob might 519 

actually represent a transition area from M1 toward the dorsal premotor cortex (dPM) (Fig. 1B). This 520 

hypothesis finds a further support in the anatomo-functional studies investigating the dPM in monkey, 521 

particularly focusing on its caudal portion called F2, a specific architectonic area (Matelli et al. 1991) 522 



connected with both primary motor cortex and spinal cord (He et al. 1993; Geyer et al. 2000; Dum & 523 

Strick 2005) and requiring a higher current intensity when compared to M1 to elicit a motor output 524 

(Raos et al. 2003, 2004; Dum & Strick 2005). When compared to M1, F2 shows fewer corticospinal 525 

projections (He et al. 1993). This data might suggest that the intraoperative “rostral hand-knob” shares 526 

similarities with the caudal F2. 527 

 528 

4.2 The role of human rostral hand-knob in action execution. The combined approach used to 529 

investigate this area suggests that the rostral sector is strongly involved in the recruitment of adequate 530 

muscle activity to perform hand actions. The clear disruption of the intraoperative hand task suggests 531 

that, despite its lower excitability at rest (HF-DES-Rest), the rostral hand-knob is highly responsive 532 

during LF-DES-HMt, leading to hypothesize its involvement in the neural network controlling action 533 

execution. Results from control conditions in 4 patients, in which the stimulation of the same sites 534 

positive for the HMt did not evoke any overt behavioural response neither a slightly muscle activation 535 

in the proximal and distal muscles of the upper limb, support this hypothesis. However, despite no 536 

direct comparison was allowed with the caudal sector, which was not systematically investigated with 537 

this technique for clinical reasons (see Methods), the analysis of the specific behavioural outcome 538 

occurring during stimulation provided two interesting elements to speculate on the possible role of 539 

rostral hand-knob in hand manipulation. First, two different outcomes occurred when DES was 540 

applied on the rostral hand-knob during HMt: an involuntary recruitment of the distal muscles 541 

(Dysfunctional Hand Movement, see Video 1-2 in the Supplementary Materials), or an arrest of hand 542 

and finger movements (Suppression of Hand Movement, see Video 3-4 in the Supplementary 543 

Materials). Second, the two responses were not clearly segregated in the rostral hand-knob (Fig. 2A).  544 

The two outcomes of DES interference observed, dHM and sHM, were not entirely expected. As part 545 

of the primary motor cortex, the stimulation of the rostral hand-knob with LF-DES was expected to 546 

arrest the task by eliciting an a-specific recruitment of all the hand-forearm muscles progressively 547 

involving distal to proximal muscles by increasing the intensity of stimulation (see Park et al. 2004; 548 

Boudrias et al 2010; Bello et al. 2014). Surprisingly, LF-DES interferes with the task either by 549 

suppressing the ongoing muscle activity, or by changing the pattern of muscle synergies activated, 550 

resulting in a dysfunctional activation. LF-DES applied on the caudal hand-knob, where the hand 551 

representation of M1 is supposed to be hosted, evoked a clear progressive muscles recruitment both 552 

at rest (Penfield et al. 1937; Bello et al. 2014), involving a number of muscles dependent on the 553 

intensity of the stimulation (see Park et al. 2004; Boudrias et al 2010; Bello et al. 2014), and during 554 

HMt execution, in line with what has been suggested in the literature (Rech et al. 2016; 2017). 555 

However, the response to LF-DES delivered during HMt on the rostral hand-knob (i.e. a suppression 556 



or a selective activation of different patterns of distal and proximal muscle activation leading to 557 

dysfunctional movements such as an aperture or a closure of the hand on the handle of the tool) is not 558 

coherent with this kind of tetanic and a-specific recruitment. This data points to the rostral hand-knob 559 

as an area involved in shaping the motor output rather than in hosting the muscle representations used 560 

for the transmission of the motor command to the spinal motoneurons. 561 

Interestingly, both the behavioural outcomes (50% of dHM and 50% of sHM) were coupled with 562 

forearm and/or proximal muscle accessory recruitment leading to an unrequired arm movement (i.e 563 

flexion or extension) (see Fig. 3B 1-2 for a single subject example and Video 1 and 4 in the 564 

Supplementary Materials). Monkey studies report a muscle-based map of M1 in which a central core 565 

of distal muscles (buried in the central sulcus) is surrounded by an intermediate zone of overlapped 566 

distal and proximal muscles and by a horseshoe-shaped proximal muscle zone (Park et al 2001; 567 

Hudson et al. 2017). Coherently, high-resolution fMRI (Meier et al. 2008) confirmed in humans a 568 

core of digit representation in the PreCG bracketed by a wrist and forearm area. The occurrence of 569 

dHM and sHM in the rostral sector may indicate a role of the rostral hand-knob in the implementation 570 

of functional synergies between distal and proximal muscles during upper-limb multi-joint 571 

movement. A focused analysis is mandatory to address this issue, however the similarities suggested 572 

above between the rostral sector of the human hand-knob and the non-human dPM, particularly area 573 

F2, seems coherent with proximal muscle involvement. In monkeys, F2 neurons are active during 574 

reaching and grasping movements (Kalaska et al. 1997; Cisek et al 2003; Nelissen et al. 2017) and 575 

their discharge correlates with relevant features of goal-related actions (Raos et al. 2004). Coherently, 576 

F2 has a mixed proximal and distal representation (Dum & Strick, 2005; Boudrias et al 2010). In 577 

humans, rTMS applied to dPM affects hand movement by decoupling the holding phase of grasping 578 

with the lifting phase requiring proximal muscles to achieve the goal (Davare et al. 2006). A recent 579 

meta-analytic connectivity model based on co-activation patterns across active tasks (MACM-CBP) 580 

in humans (Genon et al. 2017) described rostro-caudal organization of the right dPM, confirming the 581 

involvement of the caudal sector, adjacent to M1, in action execution.  The effect of DES on HMt 582 

suggests the rostral hand-knob as a transition zone between M1 and dPM (Fig. 2B).  583 

From a behavioural perspective, suppression of hand movements (sHM) could recall the outcome 584 

described during DES of the so-called negative motor areas (NMAs) (Luders er al. 1995). However, 585 

some observations inferred from the EMG recording, prevent us from classifying the sHM sites as 586 

NMAs. We show that in half of stimulations, “negative motor phenomena” observed as arrest of hand 587 

movement was actually coupled with a clear positive motor response, i.e. activation of 588 

forearm/proximal muscles promoting movement of the proximal part of the upper-limb. To our 589 

knowledge, this mixed effect has not been described in literature and, reasonably, this cannot be 590 



defined as a “negative” phenomenon when considered as a whole. Moreover, historically the 591 

anatomical localization of NMAs is reported to occur mainly in the SMA complex and the inferior 592 

frontal gyrus (Filevich et al. 2012). Although some studies report that negative motor responses can 593 

be evoked in the hand-knob sector (Nii et al. 1996; Enatsu et al. 2013), none of them have validated 594 

the behavioural outcome with simultaneous EMG activity recorded in the movers to assess whether 595 

the observed negative effect, i.e. the “arrest” of the ongoing movement, was due to recruitment or 596 

suppression of muscle phenomena. Our results indicate that, despite the largely accepted criteria for 597 

selecting negative motor responses based on observation of the overt component of an action, 598 

behavioural data coupled with EMG recording produces a different categorization of DES-outcome. 599 

The arrest of the hand/finger coupled with forearm/proximal recruitment, for instance, could be the 600 

result of a dysfunctional re-shaping of muscles synergies required by the HMt, instead of a positive 601 

process of distal muscle inhibition. In some cases, it could not be detected without EMG recording 602 

of muscles not directly involved in the ongoing task. Further, we showed both “negative” and 603 

“positive” responses in the same sector without clear segregation, the latter consisting in 604 

dysfunctional movements with task-unrelated EMG recruitment. However, no conclusions can be 605 

discussed in the absence of more detailed studies aimed at analysing this issue. 606 

The overlapping of dHM and sHM on the rostral sector deserves a specific methodological comment. 607 

In the intraoperative setting, the delivery of LF-DES during HMt was randomly applied during the 608 

task and was not triggered during a specific phase of the task execution (e.g. the ‘shape’, ‘hold’, 609 

‘rotate’ or ‘release’ phases) which involve different muscles synergies. In such a context, we cannot 610 

exclude that the occurrence of different excitatory (dHM) and inhibitory (sHM) effects regarding the 611 

distal muscles by stimulating the same rostral sector, might be a HMt phase-dependent phenomenon 612 

rather than a specific cortical site-related effect.   613 

 614 

4.3 HF-DES-Rest and LF-DES-HMt in relation to white matter connectivity of the human 615 

hand-knob.  616 

 617 

We performed virtual dissections of the tracts extending from the hand-knob region using diffusion 618 

imaging in a subset of six patients, specifically the local connections between the hand-knob and 619 

superior and middle frontal regions, and those with the postcentral gyrus, as well as long-range 620 

corticofugal projection tracts extending to the brainstem. We aimed at evaluating whether the 621 

functional differences detected between the rostral and caudal sectors corresponded with different 622 

patterns of connectivity. Differences between the two sectors emerged when considering the cortico-623 

cortical connections only. 624 



Corticofugal tracts were identified, but we could not detect specific terminations in either the rostral 625 

or caudal sector. However, a gradient in laminar structure of the hand-knob region has previously 626 

been reported based on histological and ex-vivo diffusion imaging, suggesting a different 627 

corticospinal composition in rostro-caudal direction (Geyer et al. 1996, Bastiani et al. 2016). 628 

Evaluating rostro-caudal differences in projection tracts requires a higher spatial resolution, however 629 

we used a voxel size of 2mm voxel, which may contain up to 5 million axons (Walhovd et al. 2014). 630 

This lack of sensitivity therefore prevents us from distinguishing between actual corticospinal fibres 631 

and alternative corticofugal tracts that may terminate in subcortical structures. For this reason, at 632 

present is not possible to disclose the existence of microstructural differences within the bundle of 633 

corticospinal fibres projecting from the two sectors of the hand-knob region as suggested by the 634 

intraoperative data analysis. Further, diffusion tractography shows a lower density of corticospinal 635 

fibres exists in the right hemisphere (Catani & Thiebaut de Schotten, 2008; Howells et al. 2018), thus 636 

future studies are mandatory to investigate whether rostro-caudal variation of corticospinal tracts 637 

exists within the left hemisphere. 638 

 639 

Regarding the cortico-cortical connections, we examined the local white matter connectivity in this 640 

region, described as taking a ‘poppy flower’-like formation (Figure 4A right panel, Catani et al. 2012). 641 

The frontal U-shaped tracts projected between the superior and middle frontal gyrus and the rostral 642 

but not caudal sector of the hand-knob, whereas the fronto-parietal tracts connected the postcentral 643 

gyrus and the caudal sector exclusively (Figure 4). Although differences in local connectivity of M1 644 

have not yet been reported in the Old World monkey, a similar distinction between rostral intrafrontal 645 

and caudal fronto-parietal connections has been described in owl and squirrel monkeys (Stepniewska 646 

et al. 1993, 2006; Dea et al. 2016), suggesting a dedicated analysis is required to substantiate this 647 

observation of connectional patterns in a higher number of subjects. 648 

The observed differences in local connectivity may reflect the functional role that each sector plays 649 

in control of the hand. Our results show that LF-DES-HMt on the rostral crown of the hand region of 650 

the precentral gyrus interrupts task performance. In the six subjects with diffusion tractography and 651 

corresponding intraoperative stimulation sites, this region corresponded with the intrafrontal tracts. 652 

The cortical regions connected by these U-shaped tracts (the rostral hand-knob region and anterior 653 

premotor areas), are suggested to play a role in mediating motor planning and execution (Catani et 654 

al. 2012). When matching the observed patterns of white matter connectivity with intraoperative 655 

neurophysiological data, the hypothesis of the rostral region as a caudal extension of the dorsal 656 

premotor cortex involved in motor programming of upper-limb movement seems more reasonable. 657 

Whether the precentral-postcentral connections play a similar role, or are more involved in ongoing 658 



tactile and somatosensory feedback in the executive stage of movement execution, remains to be 659 

investigated.   660 

 661 

4.4 Limitations: The main result of the study, based on the quantitative analysis of the motor output 662 

elicited with HF-DES-Rest, shows a non-homogeneous rostro-caudal distribution of cortical 663 

excitability, with the caudal hand-knob being the most excitable sector. Although we show 664 

consistency in this result across the patients studied, some limitations should be considered. 665 

Concerning the hemisphere investigated, the pattern of cortical excitability of the hand-knob region 666 

must be verified also in the left hemisphere, particularly when considering the left-lateralization of 667 

the corticospinal tract (Catani et al. 2011; Catani & Thiebaut de Schotten 2012; Howells et al. 2018). 668 

Moreover, due to clinical constraints, the central sulcus cannot be unfolded preventing a direct 669 

investigation of the cortex localized on its anterior bank, an area that, from architectonic studies, 670 

might suggest the presence of the highest concentration of corticomotoneuronal cells (Geyer et al. 671 

1996). The effect of LF-DES during the Hand Manipulation task was assessed by means of a 672 

behavioural classification based on the inspection, blinded to the stimulation sites, of the videotaped 673 

task disruptions aligned with EMG recording. A more objective classification would benefit this type 674 

of study, such as one computer-based and subject-independent, however the first authors (L.V and 675 

L.F) used strict behavioural criteria blind from stimulated sites to overcome this limitation. Both HF-676 

DES-Rest and LF-DES-HMt results must be confirmed in a wider sample of subject and stimulations. 677 

The intraoperative brain mapping paradigm is accomplished according only to tumour resection 678 

planned by means of functional boundaries. The location of the brain tumours is variable in different 679 

individuals, thus it is difficult to enrol suitable subjects and acquire high numbers of stimulation sites 680 

to improve power when examining brain activity for research purposes. The existence of different 681 

patterns of short-range cortico-cortical U-shaped connections according to rostro-caudal directions 682 

must be considered a preliminary result, given the low number of patients with HARDI acquisition. 683 

Investigating these functions in non-neurotypical brain tissue has potential limitations, considering 684 

the possible reorganization of function with respect to the healthy brain (especially for low-grade 685 

gliomas). To account for this, we applied strict inclusion criteria for each patient in order to avoid 686 

possible confounding results. Finally, we believe that the high spatio-temporal resolution, the strong 687 

causal relationship between stimulation and behavioural outcome (Mandonnet et al. 2010), and the 688 

inclusion criteria adopted by our group contribute to make reliable the results of the present study. 689 

 690 

4.5 Conclusions. The present study first investigated the functional organization of the human hand-691 

knob area in the rostro-caudal direction, using a direct electrophysiological approach. A gradient of 692 



cortical excitability along this axis emerges, with the caudal hand-knob being the most excitable 693 

sector, based on quantitative analysis of the motor output elicited with HF-DES-Rest. The specific 694 

pattern of interference occurring when stimulation was delivered on the rostral hand-knob during a 695 

dedicated hand manipulation task, suggests that this sector may represent a crucial area for shaping 696 

functional synergies for hand-object interaction. Although the spatial limitations of tractography 697 

prevented conclusive interpretation of corticospinal involvement, different patterns of local 698 

connectivity between the rostral and caudal sectors with adjacent areas were observed. Overall, our 699 

results suggest that the human hand-knob can be subdivided into different functional sectors, which 700 

may reflect either the rostro-caudal heterogeneity of monkeys’ M1, or the existence of a transitional 701 

cortical area between M1 and caudal dorsal premotor cortex. 702 
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Caption 939 

Fig. 1: A) Cortical distribution of the HF-DES-Rest sites on caudal sector (red) and rostral sector (black) of the hand-940 
knob on the 3D FSAverage template. B) Probability density estimation of the two HF-DES-Rest subsectors (caudal hand-941 
knob in red and rostral hand-knob in white). The green and purple rois represent right area 4 (upper limb region) and right 942 
caudal dorsolateral area 6 respectively (Fan et al. 2016). C) Caudal Motor Threshold (cMT, see Materials and Methods) 943 
parameters (number of pulses and intensity) that, applied to the rostral sector of hand-knob failed to elicit motor responses 944 
within the same patients. D) Comparison of MEP amplitude evoked with the same stimulation parameters (number of 945 
pulses and intensity) in the caudal and rostral hand-knob. All MEP amplitude values were standardised within the area 946 
and between muscles. Boxplots indicate the median value (small rectangles), 25th-75th (edge of the box) and the most 947 
extreme data points (whiskers). * p < 0.5; ** p < 0.01; *** p < 0.001. 948 
 949 
Fig.2: A) Distribution of the cortical stimulation sites associated with the two behavioural outcomes mapped on the 3D 950 
FSAverage template: Dysfunctional Hand Movement (blue) and Suppression of hand movement (pale-blue).  951 
B) Probability density estimation of dHM and sHM within the rostral hand-knob. The green and purple rois represent 952 
right area 4 (upper limb region) and right caudal dorsolateral area 6 respectively (Fan et al. 2016). C) Schematic 953 
representation of the HMt execution (left). Example of EMG activity from three hand muscles recorded during HMt 954 
execution (APB, Abductor Pollicis Brevis; FDI, First Dorsal Interosseous; EDC, Extensor Digitorum Communis) (right). 955 

 956 

Fig. 3: A) 1: Cortical distribution of the HF-DES-Rest sites on the caudal sector (red) and rostral sector (black) of the 957 
hand-knob on the 3D MNI brain reconstruction of patient 7. 2: MEP average of 10 trials elicited by stimulating caudal 958 
(red) and rostral (black) hand-knob. The grey dashed lines represent the MEP root mean square. The 10 trials for averaging 959 
were selected among a sequence obtained over the same site in the same run. B) 1: Example of single trial LF-DES-HMt 960 
stimulation resulted in a Dysfunctional Hand Movement. 2: Example of a single trial LF-DES-HMt stimulation that 961 
resulted in a Suppression of Hand Movement coupled with a proximal muscles recruitment. In both (1) and (2) the EMG 962 
recording shows 2 hand-muscles (APB and FDI) and 2 proximal muscles (Biceps Brachii and Triceps Brachii). The grey 963 
shadow represents the onset and the offset of the stimulations. The time that the patient needed to restore HMt execution 964 
is shown between dashed lines. Note that the mere proximal muscles recruitment induced by the stimulation is not a 965 
sufficient cause to determine a loss of activity in the hand-muscle district. In fact, a proximal recruitment during dHM 966 
could occur simultaneously to distal muscle activation without any inhibition. This led us to characterize sHM as a specific 967 
response defined by the suppression of the hand-fingers movements. 3: Distribution of the cortical stimulation sites 968 
associated to the two Behavioural Outcomes mapped on the 3D MNI brain reconstruction of patient 7: Dysfunctional 969 
Hand Movement (blue) and Suppression of Hand Movement (pale-blue). 4: Schematic representation of the HMt 970 
execution.  971 

 972 

Fig. 4: A) Anatomical localisation of the rostral (black) and caudal (red) HF-DES-Rest stimulation sites in a single 973 
patient (5) shown on the intraoperative photograph of the area under the surgical flap (left panel). The black dot 974 
represents also the LF-DES-HMt stimulation site on the rostral sector. Diffusion tractography reconstruction (central 975 
panel) of connectivity of the precentral gyrus in this patient illustrates corticofugal tracts (green), precentral-postcentral 976 
tracts and intra-frontal tracts in red. These connections form a ‘poppy flower’ formation, described in Catani et al. 977 
(2012). B)  Diffusion tractography reconstruction of corticofugal (green), precentral/postcentral (orange) and 978 



precentral/frontal (yellow) tracts of each single subject plotted in the 3D native space. All the stimulation sites have a 979 
diameter of 5mm (Haglund et al. 1993). Red and black dots represent respectively caudal and rostral HF-DES-Rest 980 
sites. In patient 17 is shown the anatomical localisation of LF-DES-HMt site of stimulation resulted in a suppression of 981 
the hand movement (sHM).  982 
 983 
Supplementary 984 
 985 
Fig. 5: A) Example of a patient excluded from the study. The volume of the lesion (blue), computed on volumetric fluid-986 
attenuated inversion recovery (FLAIR) MRI scan, occupies the whole hand-knob region infiltrating/dislocating the 987 
corticofugal tract (green) and U-shaped cortico-cortical tracts (in orange the precentral/postcentral tracts). The premotor 988 
U-shaped tracts are not visible as the diffusion algorithm is unable to track within the tumour. B) Example of a patient 989 
included in the study (P_9). The lesion (blue), segmented on volumetric fluid-attenuated inversion recovery (FLAIR) 990 
MRI scan, is localized in the superior frontal gyrus not infiltrating/dislocating the region of interest and its long- and 991 
short-range projection tracts. The distance between the posterior border of the tumour and the precentral sulcus is > 10mm 992 
(Quiñones-Hinojosa et al. 2003; Fornia et al. 2016). 993 
 994 
Video 1: Example of dysfunctional hand movement (dHM) in P_7 consisted in a closure of the hand on the handle of the 995 
tool (see Fig. 3B-1 for the EMG pattern during the stimulation).  996 
 997 
Video 2: Example of dysfunctional hand movement (dHM) in P_6 consisted in an aperture of the hand. 998 
 999 
Video 3: Example of suppression of hand movement (sHM) in P_11. 1000 
 1001 
Video 3: Example of suppression of hand movement (sHM) in P_7 coupled with proximal (biceps and triceps) involuntary 1002 
recruitment (see Fig. 3B-2 for the EMG pattern during the stimulation). 1003 
 1004 
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 1006 

 1007 

 1008 

 1009 


