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Background

Somatotopy is considered the hallmark of the primary motor cortex (M1). While this is fundamentally true for the major body parts (head, upper and lower extremities), evidence supporting the existence of within-limb somatotopy is scarce.

Method

We report on a young man who was followed for recurrent ischemic strokes with selective finger weakness in whom serial motor cortex mapping procedures were performed.

Result

Following the first stroke, which largely spared the motor cortex, motor mapping displayed overlap of the motor representations of the hand muscles. The second focal stroke, affecting the lateral part of the hand knob, resulted in selective loss of the first dorsal interosseous muscle motor evoked potentials while sparing those of the adductor digiti minimi muscle. This observation is in apparent contradiction with the first mapping results that suggested complete overlap of motor representations.

Discussion

Our mapping results provide evidence for the existence of very precise within-limb somatotopy and confirm the proposed homuncular order, whereby lateral fingers are represented laterally and the medial fingers medially. The discrepancy between the initial and subsequent mapping results is discussed in light of functional organization of the primary motor cortex.

Introduction

Since the pioneering studies of Penfield and his well-known description of the homunculus in the 50s, somatotopy has been considered the hallmark of the primary motor cortex (M1). While this is fundamentally true for the major body parts (head, upper and lower extremities), the presence of fine somatotopy within these three major regions has been difficult to demonstrate.

Indeed, subsequent studies have challenged the existence of fine somatotopy within M1 by demonstrating significant overlap of intra-limb cortical representations [START_REF] Hluštík | Somatotopy in human primary motor and somatosensory hand representations revisited[END_REF][START_REF] Huntley | Relationship of intrinsic connections to forelimb movement representations in monkey motor cortex: a correlative anatomic and physiological study[END_REF][START_REF] Indovina | On somatotopic representation centers for finger movements in human primary motor cortex and supplementary motor area[END_REF][START_REF] Nudo | Neurophysiological correlates of hand preference in primary motor cortex of adult squirrel monkeys[END_REF]. More recent neuroimaging studies however suggest that despite overlap, somatotopic gradients are maintained within M1 [START_REF] Beisteiner | Finger somatotopy in human motor cortex[END_REF][START_REF] Devanne | The comparable size and overlapping nature of upper limb distal and proximal muscle representations in the human motor cortex[END_REF][START_REF] Hluštík | Somatotopy in human primary motor and somatosensory hand representations revisited[END_REF][START_REF] Kapreli | Lower limb sensorimotor network: issues of somatotopy and overlap[END_REF][START_REF] Plow | Within-limb somatotopy in primary motor cortex-revealed using fMRI[END_REF]. Opinion on this topic remains divided: some researchers refute the existence of precise within-limb somatotopy [START_REF] Indovina | On somatotopic representation centers for finger movements in human primary motor cortex and supplementary motor area[END_REF][START_REF] Poliakov | Limited functional grouping of neurons in the motor cortex hand area during individuated finger movements: a cluster analysis[END_REF][START_REF] Rao | Somatotopic mapping of the human primary motor cortex with functional magnetic resonance imaging[END_REF][START_REF] Sanes | Shared neural substrates controlling hand movements in human motor cortex[END_REF][START_REF] Sanes | Orderly somatotopy in primary motor cortex: does it exist?[END_REF], whereas others argue that limb segments maintain discrete somatotopically organized centers despite a significant amount of overlap [START_REF] Beisteiner | Finger somatotopy in human motor cortex[END_REF][START_REF] Devanne | The comparable size and overlapping nature of upper limb distal and proximal muscle representations in the human motor cortex[END_REF][START_REF] Hluštík | Somatotopy in human primary motor and somatosensory hand representations revisited[END_REF][START_REF] Kapreli | Lower limb sensorimotor network: issues of somatotopy and overlap[END_REF][START_REF] Plow | Within-limb somatotopy in primary motor cortex-revealed using fMRI[END_REF]. The latter opinion has been supported by several reports on stroke patients with selective muscle weakness [START_REF] Kim | Predominant involvement of a particular group of fingers due to small, cortical infarction[END_REF][START_REF] Lee | Isolated weakness of the fingers in cortical infarction[END_REF][START_REF] Phan | Pseudoulnar palsy from a small infarct of the precentral knob[END_REF][START_REF] Schieber | Somatotopic gradients in the distributed organization of the human primary motor cortex hand area: evidence from small infarcts[END_REF][START_REF] Weiss | Specific patterns of intrinsic connections between representation zones in the rat motor cortex[END_REF]. Here, we report on a patient with recurrent strokes in whom serial cortical mappings of the upper limb muscles representation were performed. The clinical and mapping findings are discussed in light of functional organization of M1.

Case report

A 29-year-old previously healthy man presented to our department for left upper extremity weakness of acute onset. Neurological examination on admission showed mild left facial paresis, mild weakness of the left upper extremity (Medical Research Council (MRC) grade 4/5) with hypoesthesia, sensory extinction, astereognosis and agraphesthesia. MRI revealed an acute right middle cerebral artery ischemic stroke (figure 1) and magnetic resonance angiography of the cervical vessels showed right internal carotid artery dissection with subocclusive stenosis. Echocardiography was normal. The patient was started on aspirin.

The patient was enrolled into a larger study designed to assess post-stroke motor plasticity.

Motor cortex mapping was performed in the context of this study and took place 16 days following the stroke using a commercially available TMS-dedicated navigation system (Eximia NBS, Nexstim, Helsinki, Finland) with integrated EMG [START_REF] Ahdab | Reappraisal of the anatomical landmarks of motor and premotor cortical regions for image-guided brain navigation in TMS practice[END_REF]. At the time of inclusion, the patient had markedly improved but still had some weakness in the left hand. Neurological examination disclosed 5 -/5 weakness of the deltoids, biceps and triceps muscles and 4 + /5 for the wrist extensors, first dorsal interosseous (FDI), abductor digiti minimi (ADM), and abductor policis brevis (APB). MEPs were recorded from the left first dorsal interosseous (FDI), adductor digiti minimi (ADM) muscles, extensor carpi radialis, deltoid, palate, and tibialis anterior muscles.

Mapping was undertaken at 54% of the maximum stimulator output, corresponding to 120% of the healthy hemisphere ADM resting motor threshold (rMT). Mapping results are shown in figure 2. Well-individualized, albeit low amplitude MEPs were recorded from all recorded muscles including the FDI and ADM. A follow-up mapping study performed one month later (not shown) showed a significant increase in the amplitude of the all MEPs, which became comparable to that of the healthy hemisphere. In both mapping studies, the cortical representation of FDI and ADM completely overlapped with no apparent somatotopic organization.

Two months later, while the patient had completely recovered from his first stroke, he presented recurrent weakness of the left upper extremity sparing the ipsilateral face and lower extremity. MRI revealed a small right cortical stroke restricted to the lateral genu of the "hand knob" (figure 1). His exam revealed MRC grade 0/5 weakness of the left FDI muscle that contrasted with milder MRC grade 3/5 weakness of the ADM, APB, and the remaining upper extremity muscles. The healthy hemisphere ADM rMT was unchanged and mapping was repeated at the same intensity of 54% of the maximum stimulator output. Mapping results confirmed the clinical findings in that no reproducible MEP could be recorded from the left FDI muscle but well individualized (albeit low amplitude) responses could be recorded from the left ADM. Mapping was repeated at increasing stimulation intensities (up to the maximum stimulator output) but no FDI MEP could be recorded.

Interestingly, this differential involvement of hand muscle strength persisted at six-month follow-up. Despite significant improvement of the hand motor function, the ADM/APB tested at 4+/5 whereas the FDI was significantly weaker, around 3/5. Mapping data were in line with the clinical findings (figure 2).

Discussion

Following the first stroke, which spared the hand knob, cortical mapping demonstrated significant overlap of the hand motor representations. This apparent absence of a well ordered within-limb somatotopy was unsurprising and was consistent with previous observations [START_REF] Hluštík | Somatotopy in human primary motor and somatosensory hand representations revisited[END_REF][START_REF] Huntley | Relationship of intrinsic connections to forelimb movement representations in monkey motor cortex: a correlative anatomic and physiological study[END_REF][START_REF] Indovina | On somatotopic representation centers for finger movements in human primary motor cortex and supplementary motor area[END_REF][START_REF] Nudo | Neurophysiological correlates of hand preference in primary motor cortex of adult squirrel monkeys[END_REF][START_REF] Poliakov | Limited functional grouping of neurons in the motor cortex hand area during individuated finger movements: a cluster analysis[END_REF][START_REF] Rao | Somatotopic mapping of the human primary motor cortex with functional magnetic resonance imaging[END_REF][START_REF] Sanes | Shared neural substrates controlling hand movements in human motor cortex[END_REF]. To explain this finding, three anatomical features of M1 have been suggested to constrain the degree to which M1 output can be organized in a strict somatotopic manner. First, cortical zones within M1 are intimately interconnected through dense horizontal fibers [START_REF] Huntley | Relationship of intrinsic connections to forelimb movement representations in monkey motor cortex: a correlative anatomic and physiological study[END_REF].

Second, outputs from large territories of M1 converge on the spinal motor neuron pool of any given muscle through the so-called convergent fibers [START_REF] Donoghue | Organization of the forelimb area in squirrel monkey motor cortex: representation of digit, wrist, and elbow muscles[END_REF][START_REF] Strick | Multiple representation in the primate motor cortex[END_REF]. Last, projections from single cortical areas ultimately branch at the spinal level to synapse with the motoneuron pool of several different muscles [START_REF] Mckiernan | Corticomotoneuronal postspike effects in shoulder, elbow, wrist, digit, and intrinsic hand muscles during a reach and prehension task[END_REF][START_REF] Shinoda | Divergent projection of individual corticospinal axons to motoneurons of multiple muscles in the monkey[END_REF].

The second stroke partially damaged the motor knob and our patient was left with profound hand weakness. The anatomical features of M1 seem to have offered no protection against this spatially restricted lesion. During cortical mapping, activation of horizontal fibers and divergent projections is inevitable, no matter how focal the stimulation is. However, no MEPs were recorded in the affected FDI muscle, while MEPs were still present in the ADM muscle. This observation suggests the functional predominance of a highly specific "core motor cortical representation" for each individual muscle, which, when damaged, cannot be compensated for by horizontal interconnections or divergent projections. These "core motor cortical representations" have a very precise position within M1, are somatotopically organized and interconnected by horizontal fibers [START_REF] Capaday | Intracortical connections between motor cortical zones controlling antagonistic muscles in the cat: a combined anatomical and physiological study[END_REF][START_REF] Kwan | Spatial Organization of Precentrd Cortex in Awake Primates. II. Motor Outputs[END_REF][START_REF] Weiss | Specific patterns of intrinsic connections between representation zones in the rat motor cortex[END_REF]. As for the remaining convergent and divergent fibers, they would have a more modulatory effect, whether facilitatory or inhibitory, influencing the ease of activation of a given muscle when adjacent agonist (or antagonist) muscle groups are activated. This framework is purely speculative and awaits confirmation by future studies.

Clinical observations of patients with focal motor strokes have significantly contributed to our understanding of the functional organization of the motor cortex, and of the presumptive order in which the limb segments are represented. It has been proposed that the medial fingers and proximal joints are better represented in the medial aspect of the "hand knob" whereas the lateral fingers are better represented laterally [START_REF] Brochier | The effects of muscimol inactivation of small regions of motor and somatosensory cortex on independent finger movements and force control in the precision grip[END_REF][START_REF] Kim | Predominant involvement of a particular group of fingers due to small, cortical infarction[END_REF][START_REF] Kwan | Spatial Organization of Precentrd Cortex in Awake Primates. II. Motor Outputs[END_REF][START_REF] Phan | Pseudoulnar palsy from a small infarct of the precentral knob[END_REF][START_REF] Schieber | Somatotopic gradients in the distributed organization of the human primary motor cortex hand area: evidence from small infarcts[END_REF][START_REF] Terao | Discrete cortical infarction with prominent impairment of thumb flexion[END_REF]. Although this somatotopic order is now widely accepted, it has never been proven using cortical stimulation techniques.

Our mapping results support the proposed order by demonstrating that a stroke affecting the lateral part of the "hand knob" selectively abolished FDI MEPs (MEPs obtained from lateral fingers) while sparing ADM MEPs (MEPs obtained from medial fingers).

To sum up, our case supports the concept that M1 provides spatially organized point-to-point control of different body parts by different pieces of the motor cortex. The presence of dense connections between these spatially organized regions underlies the fact that stimulation of wide cortical regions can activate any given muscle and consequently, the territory controlling one body part apparently overlaps with that of another body part. 
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 2 Figure 2. Mapping of the left first dorsal interosseous (FDI) and adductor digiti minimi
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