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Summary

Using functional magnetic resonance imaging (fMRI) we reliable landmark for identifying the precentral gyrus directly.
have evaluated the anatomical location of the motor hand/Ne therefore conclude that neural elements involved in motor
area. The segment of the precentral gyrus that most often hand function are located in a characteristic ‘precentral
contained motor hand function was a knob-like structureknob’ which is a reliable landmark for identifying the

that is shaped like an omega or epsilon in the axial plane precentral gyrus under normal and pathological conditions.
and like a hook in the sagittal plane. On the cortical surfacelt faces and forms the ‘middle knee’ of the central sulcus, is

of cadaver specimens this precentral knob corresponded located just at the cross point between the precentral sulcus
precisely to the characteristic ‘middle knee’ of the centraland the central sulcus, and is therefore also visible on the
sulcus that has been described by various anatomists in the  cortical surface.

last century. We were then able to show that this knob is a
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Abbreviations: AVM = arteriovenous malformation; EP+ echo planar imaging; FLASH-= fast low-angle shot; fMRI=
functional magnetic resonance imaging; MPRAGEmMagnetization prepared rapid acquisition gradient echo

Introduction

MRI allows the noninvasive study of the topography of the  sensorimotor strip (namely, the motor hand area) and of
cortical surface with a high degree of spatial resolution. Withthe adjacent cortex showed the maps to be almost identical,

the use of fast gradient-echo MRI sequences in subjects  thereby validating fMRI ¢Pate 1995; Yousryet al.,
performing specific tasks, local changes in blood oxygenatiod99%).

and cerebral perfusion can be visualized that correlate in Since the development of the concept of the ‘homunculus’
time with the onset and termination of the respective taskit has been known that the cortical representation of motor
With this MRI technique, functional (fMRI) brain maps have hand function is located in the superior part of the precentral
been obtained of the human visual (Kwoeg al, 1992; gyrus (Foerster, 1936; Penfield and Boldrey, 1937; Penfield

Connelly et al,, 1993; Frahmet al, 1993; Menonet al., and Rasmussen, 1950). The ‘homunculus’ is usually projected
1993; Ogaweet al, 1992; Turneret al, 1993) and motor onto the surface of an idealized precentral gyrus, where the
(Kwong et al., 1992; Connellyet al,, 1993; Constablet al., representation areas are described in relation to each other,

1993; Kim et al, 1993, b; Lai et al, 1993; Schackt al,  to the sylvian fissure, the median fissure and to the central
1993) cortices; these fMRI maps have been found to be  sulcus rather than in reference to the intrinsic form of the
compatible with the traditional teaching of functional pre- or postcentral gyrus. More recent studies using PET
representation. Comparison of the maps obtained through have shown that the sensory hand function is located in th
fMRI with those obtained during open brain surgery with central region at the superior genu of the central sulcus

full exposure and direct electrical stimulation of the (Rumetal.,, 1994). However, PET did not allow for more
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specific localization of this area, e.g. to the pre- or postcentral sequences and either a 3D FLASH sequence radio-
gyrus or to the anterior or to the posterior face of afrequency spoiled; flip angle 20°, TR/TE= 15/6 ms, field
specific gyrus. of view= 200 mm, matrix= 256x256, spatial resolution,

Since the introduction of fMRI to localize motor hand 0.8x0.8 mnt/pixel), or a MPRAGE sequence (TR/TE
functions, simple and complex paradigms have been used to 12/4.4 ms5@, TA = 13.38 min, AC (acquisition)=
detect areas responsible for motor hand control. Using fast, field of view = 250xX250 mm, matrix= 256X 256).
low-angle shot (FLASH) gradient-echo sequences (&ad,
1993; Racet al., 1995) as well as echo planar imaging (EPI)
(Puceet al., 1995), simple movements—repetitive openingfMRI
and closure of the hand (Youset al, 199%), squeezing a In 14 hemispheres of the healthy volunteers, a 2D FLASH
sponge (Pucet al, 1995), tapping of all fingers in unison sequence was used (Yatsly, 199%) with the following
except for the thumb (Raet al, 1993, 1995) or finger to parameters: radio-frequency spoiled, TR/FE46.73/30.00
thumb opposition (Jaclet al, 1994), activated only the  ms, field of view 200 mm, matrix= 128x256, spatial
contralateral primary motor cortex. In contrast, more complexesolution 0.&1.6 mn¥/pixel (EPI was not available in our
movements, sequential tapping of fingers in predetermined, institution at the time of the study; it would have had
fixed order (Racet al., 1993) or repetitive opposition of the some advantages such as higher temporal resolution, reduced
thumb and each of the remaining fingers (Kétnal., 1993), motion artefacts and multi-slice acquistion; but these were
could additionally activate the ipsilateral primary motor countered to a certain degree by the lower spatial resolution
cortex, the supplementary motor area, the premotor and the related to the lower matrix6sf &dd the higher field of
somatosensory cortex bilaterally when using the FLASHview; we were only recently able to acquire images using
(Kim et al, 1993; Raoet al, 1993) or EPI (Atlaset al, the same matrix as in the setting presented here). A flip angle
1996) technique. of 40° was used to allow visualization of flow effects and

When localizing a cortical structure or a lesion in the  susceptibility related changes in sulcal veins (e.g. the central
central region, it is essential to define the central sulcus osulcal vein (Yousnet al., 1996)) and in venules of activated
the precentral gyrus first. Several anatomical methods have  parenchymae{Jalck1994; Yousryet al, 199%) with
been developed to identify the central sulcus using CT opne investigation. The parenchymal areas representing motor
MRI (Kido et al., 1980; Ebelinget al., 1989; Steinmetet al., function of face (Jaclet al., 1994), hand (Jackt al., 1994;
1990; Rumeauet al, 1994; Naidichet al, 1995). But Puceet al, 1995; Yousryet al., 199%) and foot (Jaclet al.,
although the typical anatomy of the central region has been 1994) defined using the FLASHet(J#ck1994; Puce
defined, identification of central region structures can still beet al., 1995; Yousryet al., 199%) or EPI (Puceet al., 1995)
difficult in some cases as reflected by the high variability of  technique have previously been validated using the ‘gold
results obtained by different observers (Sobehl., 1993), standards’ of either intrasurgical electrical stimulation
which in turn indicates the importance of additional landmarks mapping of the motor cortex éPue 1995; Yousry
or new imaging methods to locate these structures moret al., 199%), or perioperative sensory and motor stimulation

reliably (Yousryet al., 199%). mapping using subdural grids (Jaek al, 1994; Puce
The study reported here had three objectives: (i) to localizet al., 1995).
and identify unique features on fMRI of the cortical area To examine the brain from the vertex to the corpus

where motor hand function is represented; (ii) to describecallosum, 9-13 sections were needed. Section orientation

the anatomical configuration of this area in detail in different ~ was axial and parallel to the bicommissural line. The specific
planes, including possible variations using magnetizationask was a simple self-paced repetitive opening and closing
prepared rapid angle gradient echo (MPRAGE) sequences; of the hand at ~2/s. Twenty-seven measurements (each lastil
(iii) to test the reliability of the new landmark for identifying 6 s) were obtained in each section: 11 before, six during,

the central region by having three readers evaluate MRI and 10 after, the motor task @rahm 993).

examinations independently, thus developing a new method

to identify the precentral gyrus directly. The study was

conducted in accordance with the Helsinki Declaration off MRI data analysis

1983. To detect areas of increased MR signal intensity that coincided

with the motor task, images obtained before and during the
task were summed for each section. The summed pre-task

. image was then subtracted from the summed task image for
SUbJe_CtS _and methods each section (Frahet al., 1993). In these subtraction images,
Localization of the motor hand area (step 1) the relationship between signal intensity in all bright areas
MRI and time (time course of the inactive—active—inactive cycle)

In 10 healthy volunteers and in one patient, imaging was  was determined by means of a software program that plotted
performed with a 1.5-T Magnetom (SP 63/Vision, Siemensthe signal intensity for each of the 27 images of one cycle
Erlangen, Germany). We used;-Tand T-weighted SE (Frahret al.,, 1993; Kimet al,, 1993; Yousryet al., 199%).
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Only parenchymal areas in which the signal intensity changes Images were reconstructed with a slice thickness of 1 mm

corresponded to the time of task onset and completion werand a gap of 2 mm. The anatomical region defined previously

further analysed (Yousrgt al, 199%), the significance of  as the motor hand area was assessed in all three anatomical

these changes was assessed by means of the Mann—Whitrgnes. To define the precise location of the motor hand area,

U test (Werner, 1984). we identified the central sulcus and the precentral gyrus using
the lateral axial (Kidoet al., 1980) and the lateral sagittal
(Naidich et al, 1995) methods, which were our ‘gold

Correlation of anatomical and functional MRI standards’ throughout this part of the study. Our analysis was
results simplified by the use of a (manufacturer supplied) software

The areas determined by fMRI to have a significant chang@rogram that cor_rela}ted the position of a certain point, marked
in signal intensity were superimposed on that subject<®n one plane, with its location on any other plane.
anatomical MRI, and only areas that projected onto the

parenchyma (Yousrgt al, 199%) and not onto the sulcus

(Yo_usry et al, 1996) were taken into conS|der_at|on. These etails of typical motor hand area anatomy and
activated areas were then superimposed on a single schematic

(idealized) central region for of all examined subjects. TheV"Jlrlatlons _ .
anatomical region where task-related activation of corticall '® Shape of the motor hand area in patients and healthy

structures was observed most frequently was measured afdPIeCts was analysed and measured in the axial and in the

described. We have designated this anatomical structurePdital plane (59 hemispheres). This area was analysed
simply as the ‘motor hand area’. similarly in slices of the anatomical specimens and in their

corresponding MRI (seven hemispheres). From these data,
we derived an anatomical definition of the motor hand area
Motion artefacts to gwd_e |deqt|f|c§t|on of the precentrall gyrus on aX|a! apd
. i oo n sagittal slices in the next step of this study, establishing
To detect motion artefacts (i) consecutive images from eacﬁ1 2 !
. X 7 : .the significance of the motor hand area as a cortical landmark.
section were examined in cine mode to detect possible motion
of the head, (ii) summed images were examined for blurred
margins and (iii) subtracted images were examined for the
presence of anatomical structures that would appear as @Jinical significance of the motor hand area as
result of incongruencies in the summed images (Yoesal., a cortical landmark (step 1)

199%). Foam padding and vacuum cushions were used t%\natomical features in patients

immobilize the head within the coil. We did not judge motion .
Anatomical features of the motor hand area were evaluated

artefacts to be severe enough in any subject to justi ) X X
exclusion of the data from analysis. y MPRAGE sequences obtained in 41 hemispheres affected
by a pathology in 29 patients.

Detailed anatomy of the typical motor hand

area and variations (step II) Comparison of various methods for locating the
Anatomical dissection precentral gyrus
Photographs and MRI (MPRAGE) were obtained of fourOne of us (T.A.Y.) used MPRAGE sequences to localize the
formalin-fixed brain specimens before dissection. Then, theyrecentral gyrus in 100 hemispheres of 50 subjects with three
arachnoid membrane covering the surface was carefullgifferent techniques. The techniques located the gyrus by:
removed to allow full exposure of the cortical surface. (i) identifying the typical shape of the motor hand area,
Subsequently, the surface of the central region was analysgil) identifying the typical course of the superior frontal
to describe the relationship between the motor hand area iulcus and the precentral sulcus (axial method; Keétial.,
the depth of the central sulcus and its projection onto the1980), or (iii) following the course of the anterior horizontal
surface. Next, seven brain hemispheres were dissected. Thrgad ascending branches of the sylvian fissure and the
hemispheres were dissected in the axial plane and four iprecentral sulcus (lateral sagittal method (Naidiehal.,
the sagittal plane. On the eighth hemisphere, the postcentrabgs)). The accuracy with which the gyrus could be
gyrus was removed, and the base of the posterior face of thgentified using each technique was rated using an arbitrarily
precentral gyrus was examined in detail. defined scoring system, in which ‘2’ refers to ‘identified
with certainty’, ‘1’ to ‘most probably identified’ and ‘0’
to ‘not identified’. The point-to-point correlation feature
MRI of the software program we used ensured that the structure
MPRAGE sequences were obtained in 38 subjects (21 identified as the precentral gyrus was the same in the
volunteers, 17 patients) and four anatomical brain specimensagittal and in the axial plane.
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Fig. 2 Schematic drawing showing the location of the motor hand
areas of activation as determined by fMRI in 14 hemispheres of
10 healthy volunteers. First, an exemplary axial drawing of an
idealized omega shaped motor hand area was performed.
Secondly, intraparenchymal areas of increased signal intensity
found in each of the 14 examined hemispheres were transferred to
a location corresponding to its original position (intrasulcal areas
were disregarded), each symbol representing motor hand area(s)
of one subject.

Fig. 1 An example of fMRI in a healthy volunteer showing an
intraparenchymal area of activation (red) in the pre- (knob) and
postcentral gyrus. Artefacts where the time courses of signal
intensity changes and of the motor task did not coincide were
excluded. results

Correlation of anatomical and functional MRI

These sites of signal intensity changes were located in the

precentral gyrus in 11 hemispheres, in eight of the
Interobserver variability in identifying the motor  hemispheres additionally in the postcentral gyrus, and in
hand area three exclusively in the postcental gyrus (Fig. 2). Cortical
Three readers with various degrees of experience in analysirgjtes on the precentral gyrus were consistently located on a
of brain MRI—a senior neuroradiologist (T.A.Y.), a senior broad based knob-like area of the posterior face=(12)
neurosurgeon (U.D.S.) and a neurosurgeon in her secor{ffigs 1 and 2). This knob had an inverted omega shape, was
year of residency (A.P.)—independently evaluated the resultdirected posterolaterally, and protruded into the central sulcus.
of 100 MRI examinations using the three-point scoringOne additional site of signal intensity change was found on
system just defined. At that time in the course of this studythe anterior face of the precentral gyrus in one right
neither neurosurgeon had any experience in identifying thiemisphere. Sites of signal intensity change located on the
motor hand area on MRI, a measure taken to assess the egzgstcentral gyrus were found directly opposite the knob on
with which the new method can be applied. When observerthe anterior face of the postcentral gyrus (Figs 1 and 2).
differed regarding the presence (scerel or 2) or absence
(score= 0) of the motor hand area, a consensus was reached
in a subsequent session, in which all three identificationcgge report

methods were used. A 68-year-old man (step | in Table 1) noticed a sudden loss
of fine motor control and numbness of the tips of the fingers
of his right hand. Neurological examination a few hours after

Resu!ts . this event revealed disturbed fine movements of the right
Localization of the motor hand area hand and a moderate palsy (motor strength, M 4/5) of
fMRI data analysis the muscles of the right hand. Sensory functions (algesia,

In all healthy volunteers (14 hemispheres) a localized, stereognosia, pallaesthesia) in this hand were intact, excep
significant P < 0.001,U test) task-related increase in signal for a slight disturbance of positional sensibility of the fingers.
intensity (1.5-9.5%) was found (Figs 1 and 2), that projected Motor strength of the right arm was only minimally affected
into the brain parenchyma in the central region,(M — 5/5). Neurological examination results in the contra-
contralateral to the task movement. lateral upper limb and in the lower limbs were normal, cranial
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Table 1A Summary of subjects and techniques used to study the motor hand area

Study Subjects (group*) Brainsi( Hemispheresn)  Brains studied with each technique) (
step

Functional MRI Anatomical MRI

2D FLASH 3D FLASH MPRAGE SE sequence
Healthy (1) 10 14 10 10 - 10
Patient (2) 1 1 - - 1 1
Il Specimens (3) 4 7 - - 4 -
Healthy (4) 21 42 - - 21 -
Patients (5) 17 17 - - 17 -
11 Patients (6) 50 100 - 3 - a7
Healthy (4) 21 42 - - 21 -
Patients (5) 17 17 - - 17 -
Patients (7) 29 41 - - 29 -

*Seedetails of groups of subjects in Table 1B.

Table 1B Details of groups of subjects referred to in Table 1A

Group Details

1) Healthy subjects (women:men 3:7; mean age 37.5 years; range 23-40 years, dominant:non-domsin&)

(2) Patient (man, 68 years) with an ischaemic infarction in the ‘precentral knob’ of the left hemisphere (case report)

(3) Specimens used for morphometric studies: cadavers without a history of endocranial pathology

4) Healthy subjects (women:men 8:13; mean age 25 years; range 19-36 years)

(5) Patients (women:mes 6:11; mean age 43.8 years; range 26-70 years): hemispheres not affected by a pathology

(6) Patients (women:mes 26:24; mean age 52.5 years; range 23-87 years) randomly selected from routine neuroradiological

examinations: only axialn(= 39); axial and sagittaln(= 10); only sagittal § = 1); T; (n = 21), T, (h = 26), 3D FLASH f = 3)
Patients had unilateral tumouns € 10; central regiom = 3; temporal loben = 2; frontal loben = 2; parietal loben = 1;
pituitary n = 1; ventriclen = 1), multiple sclerosisr( = 12), ischaemiar( = 12), aneurysmsn(= 2), Parkinsofs diseasen = 2),
atrophy ( = 4)

)] Patients (women:mes 10:19; mean age= 44.5 years; range 9-70 years): tumours< 23; central regiom = 9;
temporal loben = 3; parietal loben = 2; ventriclen = 9), ischaemiar{ = 2), cavernomar( = 1), multiple sclerosisn( = 1),
porencephalyr( = 1)

nerve function was undisturbed, and the results of clinicaDetailed anatomy of the typical motor hand
neuropsychologl_cal testing were normal. ~area and variations

On neurological examination two days later, fine Anatomical dissection
movements and motor strength of this patientight hand - . -
were still disturbed, but motor strength of the arm and sensor? uperficially a“?' startmg from the m|dI|ne,_ the course of t.he
function had returned to normal. Duplex sonography of thecentra}l suI(_:us in the eight cada_wer hem|§pheres exammed
cranial arteries gave normal results. Central motor conductiot¥@S Sinusoidal and curved three times: the first curve (superior
to the muscles of the arm and hand was assessed at this tiff§"U) Was anteriorly convex, the second (middle genu) was
with transcranial magneto-electrical stimulation of the head?©Steriorly convex, and the third (inferior genu) was again
and neck and was found to be normal, as was central senso@teriorly convex (Figs 4 and 5). After removal of the
conduction assessed with median nerve somatosensoRPSicentral gyrus in one hemisphere, the posterior face of
evoked potentials. the precentral gyrus could be analysed along its full extent

Two days after the event, CT showed no abnormality in(Fig. 4). The middle genu had a smooth sinusoidal shape
the brain, but MRI 4 days later showed a single distinctat the surface, but the curve became more pronounced
infarction (7 mm in diameter) that appeared hyperintense O,(,semicircular) in the depth of the sulcus. This was due to the
the T,- and proton-density-weighted sequences (Fig. 3) and@resence of two small, anteriorly directed fissures, absent at
hypointense on the ;fweighted image. The infarction was the surface and increasing in depth towards the base of the
located in the posterior face of the precentral gyrus, justentral sulcus (Figs 4 and 5). These fissures were responsible
posterior to the intersection of the superior frontal andfor the inverted omega shape of the precentral gyrus on
precentral sulci, precisely within an epsilon-shaped protrusiosections cut axially (Fig. 6) near its base, and for the hook
into the central sulcus: the precentral knob (Fig. 3). shape of the gyrus when cut in the sagittal plane (Fig. 6).
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directed structure of the precentral gyrus. It usually has an
inverted omega shape and sometimes a horizontal epsilon
shape with a mean diameter of 1.4 cm. On average it is
located about 23 mm from the midline, just posterior to the
junction of the superior frontal sulcus with the precentral
sulcus and 19 mm from the lateral surface (Table 2). In the
sagittal plane, this knob has the form of a posteriorly directed
hook with a mean depth and height of 17 and 19 mm,
respectively. It is located in the sagittal plane on the same
section on which the insula can be identified, perpendicular
to its posterior end.

Reliability of the precentral knob as a landmark

Anatomical features in patients

The dimensions of the knob in the sagittal and in the axial
plane are given in Table 2. All measurements but one were
within the ranges of the dimensions measured on unaffected
hemispheres. The exception was the excessive height of
the knob (D1) in one patient because of an arteriovenous
malformation (AVM) that was located within the knob
(Fig. 10).

Comparison of various methods to locate the
precentral gyrus

Fig. 3 T,-weighted image in a 68-year-old man with sudden onset! € precentral gyrus was most frequently identified with
of an isolated palsy of the right hand. An isolated infarction can certainty (score= 2) when the axial knob-detection method
be detected in the epsilon-shaped knob of the left precentral was used. The highest detection rates for the precentral gyrus
gyrus. in affected and unaffected hemispheres (scerel or 2)
resulted from the axial knob, lateral axial and the lateral
gﬁgittal methods; the lowest rates arose from the sagittal
knob (hook) detection method. Identification of the precentral
gyrus on unaffected hemispheres was more reliable when the
MRI axial knob-detection or the lateral axial methods (mean
The knob-like structure was detected in all 59 hemispherescore= 1.9) were compared with the sagittal knob-detection
examined in the axial plane. It was of an inverted omegghook) method (mean score= 1.7) (Table 4), and the
shape in 53 hemispheres (90%) and of a horizontal epsilodifferences were statistically significant.

shape in six hemispheres (10%) (Figs 8 and 9). As found in

specimens, the knob was always seated in the depth of the

central sulcus at the apex of its posteriorly directed convexitynterrater variability in identifying the precentral
(also designated the ‘middle genu’ (Figs 5, 6 and 8). Thgngp

location of the knob was usually immediately posterior 10, tha consensus discussion, the three readers agreed that, in
the intersection of' the superior frontal with the prece.ntralthe axial plane, the precentral knob (Table 4A) was present in
sulcus. In the sagittal plane, Fhe structure correspo.ndm.g.t 94 of 198 hemispheres (97.9%, Table 4) and was not present
the knob was hook-shaped (Figs 8 and 9) and was identifie four hemispheres. This structure was identified with a high

'r? 54 hﬁ mlsp'r;eresld(gzofot)) (Tgbli.f.?’)d Ibn the remfamlntg f'\./e%egree of certainty by all three readers (scerel.8-2.0).
EMISpheres It coula ot be identilied because ol anatomicqy q 1o recognize the knob in the axial plane was due to the

e e e e S e o 6527 f  Space-occpyin lesion e hmisheresand
specimens ’ porencephaly in the fourth. In unaffected hemispheres, the

‘ sensitivity of the method was 97-100 %, with an accuracy
of 97-100 %; in affected hemispheres, the sensitivity was
Definition 98-100 % with an accuracy of 98—100 % (Table 4A).
From the results just described we defined the motor hand area According to the consensus discussion, the precentral hook

in the axial plane as a knob-like, broad based, posterolaterally ~ (Table 4B) was present in 113 of 122 hemispheres (92.6%

The various distances measured on the anatomical dissecti
and the corresponding MRI are given in Table 2 (Fig. 7).
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Fig. 4 Brain specimens after removal of the postcentral gyrus: the anteriorly directed superior genu (S), the posteriorly directed middle
genu (M) and the anteriorly directed inferior genu (I) of the central sulé)sThe slope of the curve of the middle genu has a sinus

shape at the surface of the central sulcus. Two anteriorly directed fissures (arrows) are responsible for the semicircular or inverted omegze
shape of this genu that becomes more pronounced towards the base of the Bllcus (
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321 sensitivity of this method was 86—100 % with an accuracy

R NN T / 7 of 88-100 %; in affected hemispheres, the sensitivity was
ol - ] / 97-100 % with an accuracy of 86—-100 % (Table 4B).

Discussion
In this study, we could show that primary motor hand function
a Y 1 is most frequently represented on the cortex in a specific
segment of the precentral gyrus. Furthermore, this motor
/ A I R 7777 7/ A hand area has a characteristic shape: it is knob-like, most
i often having the form of an inverted omega (90%) or of a
horizontal epsilon (10%) when examined in the axial plane,
and it appears as a posteriorly directed hook (92%) when
2 viewed in the sagittal plane. This finding was confirmed by
the fact that in one patient a circumscribed ischaemic
------------ infarction in this knob was associated with selective motor
palsy of the contralateral hand but not of of the arm, face or
leg, and there was no sensory disturbance. This structure is
so characteristic that it can easily and reliably be used to

c y/ 3 identify the precentral gyrus directly in healthy subjects
/// and patients.
A V/

Anatomical location of the motor hand area

Fig. 5 Schematic drawing showing the change in shape of the In a previous study using PET and MRI, Rumeeu al.
middle genu of the left central sulcus from the surface (a) to the (1994) showed that ‘the superior genu of the central sulcus
base (c) and from lateral (1) to medial (3). The smooth Si”USOidalcorresponds to hand function in the sensorimotor cortex..

curve at the surface becomes omega- or epsilon-shaped towards oty P
the base of the central sulcus. In the axial plane (a—c), on the They demonstrated a ‘strict coincidence between the zone of

cortical surface, the posteriorly convex, middle genu of the centraincreased blood flow’ and ‘the typical sigmoidal shape of
sulcus is composed of an apex, a medial and lateral smooth slopé&he upper flexure of the central sulcus’ in response to sensory
In the depth of the central sulcus the apex remains unchanged, (vibratory) stimulation of the contralateral palm of the hand
forming the knob. When the slopes change direction, bending (Rumeauet al, 1994). In the images shown in their report,

inwards to form a semi-circle, then turning out again in a sharp . o
angle, they give this knob its characteristic inverted omega shapethey refer to an area that includes the knob we describe in

(90.8% of hemispheres). The change of the slopes’ curves from this report. _ _ .

the surface to the base of the central sulcus is due to two In this study we used fMRI, which provides superior
anteriorly directed fissures, absent on the surface, reaching their spatial resolution, and a motor stimulation model; we were
fa”ht‘?St deptﬁ atththe |bafft of the sulfusi.wr}ere thety, short ‘;rom therefore able to differentiate not only between activation of
meeting each ofner, lead to an Insulization or protrusion ol a 4, o precentral and the postcentral gyrus, but also between

part of the precentral gyrus. Occasionally, a third fissure with a L . . -
similar course between the latter two causes an additional activation of the posterior or anterior face of these gyri. The

segmentation of the knob, changing its appearance from an accuracy of our model was confirmed by our findings in one
inverted omega to a horizontal epsilon (9.2% of hemispheres). In case in which an infarction of this area caused an isolated
the sagittal plane (1-3), when cut precisely within the lateral  pha|sy of that patient's contralateral hand. This corresponds

fissure, this area has the form of a hook. It is the medially

directed curved course of the lateral fissure that separates the to the classical lesion model.
posterior part of the precentral gyrus (e.g. knob) from its anterior ~AS documented previously by us (Yousyal, 199%) and

part inferiorly, whereas they remain connected superiorly. The  others (Kahret al, 1996), we have detected areas of motor
free appearance of the tip of the hook is a result of the decreasinand activation notonly inthe precentral gyrus, butadditionally
;’r?éurf]‘;% I?fcg]neokr?l0bbteO\izgﬁjtﬁi(ter(]jeifbt?]seet\?vf()t?izssulilecsu?dﬁiv aﬂ:gi”'tv or exclusively in the anterior face of the postcentral gyrus.
described courseyand when the section passes through the Iatera-lrhree |nterpretat|9ns of this observation should b_e taken into
fissure (1). account. First, mismatch between the anatomical and the
functional images could allocate the activation from the central
sulcus to the anterior face of the postcentral gyrus, e.g. from
and was not detected in nine hemispheres. The certainty dfie central sulcalveinsdrainingthe activated hand area (Yousry
identification rated by the 3 readers was lower than for theet al., 1996). On the other hand, using fMRI (FLASH as well
axial method (score= 1.3-1.9). A space-occupying lesion as EPI) it has been shown that activation can also be located to
and porencephaly prevented recognition of the hook in two  the walls of the central sulcuse{Rlic&995). This is in
out of nine hemispheres. In unaffected hemispheres, thaccordance with the observation of others (Alligbal., 1989)
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Fig. 6 Brain specimens showing the precentral knob, which can look like an inverted ogga & horizontal epsilong) when cut
axially, or like a posteriorly directed hook when cut sagittalB).(
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Table 2A Morphometry of the precentral knob (axial vie@, €) in healthy subjects, in unaffected and affected
hemispheres of patients, and in anatomical specimens

D1 (height in cm) D2 (base in cm) D3 (to midline in cm) D4 (to lateral surface in cm)

Unaff Aff  Specimens Unaff Aff  Specimens Unaff Aff  Specimens Unaff Aff  Specimens

MRI  Anat MRI  Anat MRI Anat MRI  Anat
n 59 39 3 3 59 39 3 3 59 39 3 3 59 39 3 3
Mean 0.8 0.9 0.8 0.7 1.4 1.4 1.6 15 2.3 2.5 2.2 2.2 1.9 2.0 1.8 1.8
SD 0.2 0.3 0.3 0.2 0.4 0.4 0.5 0.4 0.4 0.3 0.6 0.4 0.4 0.5 0.4 0.4
Min 0.4 0.5 0.4 0.5 0.8 0.7 1.1 1.1 0.9 1.8 1.7 1.8 0.9 0.6 1.5 1.5
Max 1.3 2.3 1.0 0.9 2.4 2.3 2.0 1.8 3.1 3.0 2.8 2.6 2.9 2.7 2.3 2.2

Unaff = unaffected hemispheres: both hemispheres of healthy subjects and non-affected hemispheres ofspaf@ntfl (5) in Table
1B]; Aff = affected hemispheres of patienseg(7) in Table 1B]. MRI evaluation of hemispheres of dissected specinset3) in
Table 1B]; Anat= anatomical evaluation of hemispheres of dissected specirser§3)) in Table 1B];n = number of knobs measured:
in the total of 107 hemispheres, the knob was not identified in two affected hemispheres (axial Péeaféy. 7 for locations of
dimensions D1-D4.

Table 2B Morphometry of the precentral knob (hook, sagittal view) in healthy subjects, unaffected and affected
hemispheres of patients, and in anatomical specimens

D5 (neck in cm) D6 (base in cm) D7 (height in cm)
Unaff Aff Specimens Unaff Aff Specimens Unaff Aff Specimens
MRI Anat MRI Anat MRI Anat

n 54 39 4 4 54 39 4 4 54 39 4 4
Mean 1.0 11 1.0 11 1.7 1.9 1.9 2.0 1.9 1.9 2.0 2.2
SD 0.2 0.3 0.1 0.1 0.4 0.5 0.2 0.1 0.2 0.2 0.2 0.1
Min 0.6 0.3 0.9 1.0 0.9 0.5 1.6 1.9 14 11 1.8 2.1
Max 1.7 18 1.0 1.2 2.8 2.9 2.1 2.1 2.4 2.4 2.2 2.3

In the total of 107 hemispheres, the knob was not identified in two affected and five non-affected hemispheres (sagitt8epkige).
for locations of dimensions D5-D7.

il

Fig. 7 Technique for measuring the knob in the axia) plane (L = lateral, M = medial) and in the
sagittal planeB). The numbers on the arrows indicate dimensions given in Table 2.

that sensorimotor functionis not only represented in the crowns (Uereedbp1992y; Nii et al., 1996) in response to sensory

of the gyri visible at the cortical surface, but also in the wallsor motor paradigms. This is in line with cytoarchitectonic

of the central sulcus. Secondly, Foerster (1936), Penfield and evidence that pyramidal cells can be found in the pre- as wel
Boldrey (1937) and Penfield and Rasmussen (1950) were ab#es in the postcentral gyrus (Brodmann, 1909). The postcentral

to elicit motor responses by stimulating the postcentral gyrus  gyrus thus contributes to the formation of the pyramidal tract
electrically. This overlap of sensory and motor function in theand may therefore be additionally activated by the efferent part
central area (Uematset al, 1992) was documented later  of the motor task. Thirdly, sensory (proprioceptive as well as
using fMRI (Puceet al, 1995; Yousryet al., 199%; Kahn  exteroceptive) afferents can be activated by positional changes

et al, 1996) or using subdural grid stimulation or recording of the hand and fingers during performance of the motor task,
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Diag Radiology Gr

Fig. 8 An MPRAGE sequence in a volunteer. Axiall) the precentral knob is omega-shaped in the left and epsilon-shaped in the right
hemisphere. The knobs are posterior to the intersection of the superior frontal sulcus with the precentral sulcus. &3dit@lly (
posteriorly directed hook is identified at the level of the posterior part of the insula.

Fig. 9 Schematic drawing of the precentral knob (shaded area) in the axial glarand in the sagittal
plane B8). The knob is a protrusion of the precentral gyrus (3) into the central sulcus (c). It is located
posterior to the intersection of the superior frontal sulcus (a) that divides the superior (1) from the
middle (2) frontal gyrus, and the precentral sulcus (b). In the sagittal plane, at the level of the posterior
part of the insula (5), the knob has the shape of a posteriorly directed hook facing the postcentral
gyrus (4).
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Table 3 Evaluation of methods to define the precentral gyrus

Score Knob axial Q, €) Lateral axial Knob sagittal (hook) Lateral sagittal
Unaffected Affected Unaffected Affected Unaffected Affected Unaffected Affected

n(score 0) 0 2 0 2 5 2 1 0

n(score 1) 3 0 4 4 5 1 6 4

n(score 2) 56 39 55 35 49 38 52 37

Total N = Zn)* 59 41 59 41 59 41 59 41

Mean scoré 1.9 1.9 1.9 1.8 1.7 1.9 1.9 1.9

Detection rate (%) 100 95 100 95 92 95 98 100

P value;t test P < 0.0058 n.s. P=< 0.028 n.s. n.s. n.s. n.s. n.s.

Scores: 0= structure not present; # structure most probably present;=2 structure presentN = number of hemispheres evaluated
with MPRAGE sequence: of the total 100 hemispheres, 59 were unaffected by a pathssefd) [and (5) in Table 1B] and 41 were
affected by a pathologyspe(7) in Table 1B]."Mean score= [2xn(score 2)-n(scorel)]N. *Detection rate is the percentage of
hemispheres where the knob was either ‘present’ (score 2) or ‘most probably present’ (s&gigrificant difference from the knob
sagittal method; n.s= no statistically significant differences from findings obtained with any of the other techniques.

and they may also contribute to postcentral gyrus activation  with our data. However, the MRI and anatomical sections
(Goldberg, 1985). presented in our study reveal that the part of the precentral
Interestingly, these areas of postcentral activation, whether ~ gyrus opposite to the middle genu of the central sulcus,
motor or sensory, are located just opposite to the precentralhere Penfield and Boldreys’ (1937) figures show a
knob, the common location of the motor hand area. This  concentration of finger and upper limb motor sites,
close vicinity of cortical representation of motor and probablycorresponds exactly to the precentral knob, where we found
also sensory hand function which we found using fMRI is motor hand (metacarpophalangeal and finger) function to be
in line with Penfield and Boldrey’s (1937) description of represented using fMRI.
partially overlapping ‘homunculi’ of cortical sensory and
motor representation. These findings were later confirmed
when the cortical topography of hand motor representation
(assessed using direct cortical stimulation) was compareBetailed anatomy of the motor hand area
with the topographical distribution of somatosensory evokedn a study concerning the anatomical localization of tumours,
potentials (recorded with surface and depth electrodes frorffalamonet al. (1991) describe the ‘presence of a typical
the surface of the sensorimotor cortex) following electricalhook corresponding to the hand area projection’ with ‘a true
nerve stimulation at the wrist (Jaspetral., 1960; Stohr and and clearly insulization of that area’ (Salamenal., 1991).
Goldring, 1969; Broughtoet al., 1981; Allisonet al., 1989)  Talairach and Tournoux (1993) also describe this structure
or following mechanical tapping of the skin of the fingers when viewed in the sagittal plane as being ‘bayonet-shaped’,
and hand (Woolsegt al.,, 1979). ‘step-like’ or a ‘zigzag'. From these descriptions, these
Finally, it was interesting to compare the location of theauthors are unguestionably referring to what we term the
motor hand area as determined by fMRI with the stimulationprecentral knob, which appears hook-like when viewed in
results of Penfield and Boldrey (1937) who pooled thethe sagittal plane. Only recently, this knob was also described
results of 126 operations obtained with intrasurgical corticabs a ‘knuckle’ (Naidich and Brightbill, 1995) and as a-
stimulation. Penfield and Boldrey (1937) defined ‘handshaped structure’ (Pucet al, 1995) when viewed in the
movement’ as a movement in the metacarpo-phalangealxial plane.
joints only, they looked at single or grouped finger movements Classically, the central sulcus is divided into genua, a
separately, and they displayed the stimulation results foterm first used by Broca (cited by Testut, 1911). Whereas
hand movement only in combination with the results forBroca as well as Dejerine (1895) define two genua (superior
arm and shoulder movement. In this way they found tha@nd inferior, both anteriorly convex), Testut (1911) describes
‘the responsive points extend 5.5 cm along the length of théhree (superior, middle and inferior genu, the middle being
fissure of Rolando’, with a ‘curious subgrouping of responsegosteriorly convex, in contrast to the other two that are
1-2 cm in front of the central fissure’. In variance to anteriorly convex). Cunningham (1892) as well as @hal.
their study (Penfield and Boldrey, 1937), our paradigm wa$1990) define two genua, but they describe the superior one
‘opening and closure of the hand’ that included a combinatioras being posteriorly convex, probably consisting of both
of metacarpophalangeal and finger movement and explicitlyhe superior and middle genu of Testut (1911), disregarding
excluded more proximal movements of the upper limb. Forthe first because of its smallness. Talairach and Tournoux
such differences of the movement paradigms, the data fL993) refer to the shape of the central sulcus as a ‘lengthened
Penfield and Boldrey (1937) cannot be directly compared italic S’, without using the term genua. In other reports the



Fig. 10 An MPRAGE sequence of a patient with a precentrally
located AVM. In the axial planeA) the precentral knob is widely
enlarged by the AVM, yet it can still be recognized and identified.
In the sagittal planeR), the AVM projects onto the tip of the

hook, depressing it anteriorly and inferiorly.
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precentral gyrus is divided into an upper, middle and lower
third (Eberstaller, 1890).

All of these descriptions are qualitative providing no
anatomical or morphometric criteria for defining limits or
boundaries of these divisions. In contrast, the precentral knob
we described in this report is a specifically defined segment
of the precentral gyrus. The knob projects to the middle genu
of the central sulcus (the base of its apex) (Figs 4 and 5).
This knob could be regarded either as an ‘insulization’
(Salamonet al, 1991) or as a protrusion of the precentral
gyrus towards the central sulcus. Itis created by two anteriorly
directed fissures that, as they deepen toward the base of the
knob, give it its characteristic inverted omega shape (90%
of hemispheres). Occasionally a third fissure courses between
these two fissures, changing the knob’s appearance from that
of an inverted omega to a horizontal epsilon (10% of
hemispheres). When changing the observation plane from
the axial to the sagittal plane, the appearance of the knob
changes to the shape of a posteriorly directed hook.

In five of the 59 hemispheres without a space-occupying
lesion in our study (Table 1, step Il), the knob could not be
identified on images obtained in the sagittal plane even with
optimal imaging techniques (MPRAGE). In these cases,
variations in the course of one of the fissures were primarily
responsible for altering appearance of the knob. This in turn
resulted in a lower detection rate in the sagittal plane (92%)
compared with the axial plane (100%) (Table 4).

It was occasionally difficult to identify the motor hand
area by its hook appearance on sagittal sections of conven-
tional slice thickness (5 mm), because the sections were too
thick to allow good resolution of this small structure. This
difficulty was reflected in the lower detection rate with
which the hook was identified (79-88%) on the conventional
images as compared with MPRAGE sequences in this study
(92-95%).

The motor hand area during surgery

As outlined in Figs 4 and 5, the configuration of the middle
genu of the central sulcus is less characteristic at the cortical
surface than it is at deeper levels where it appears as the
precentral knob. An additional problem in locating this genu
early during surgery is that the arachnoid membrane and
bridging veins obscure this structure. However, the precentral
knob can be identified intraoperatively with ease as the
structure opposite to the intersection of the superior frontal
with the precentral sulcus. This enables the neurosurgeon
to locate the motor hand area simply by inspecting the
cortical surface.

A new method to locate the precentral gyrus
Several methods have become established to identify the
precentral gyrus using various landmarks. These are
superficial cortical, identifying (i) the superior frontal and
precentral sulcus (Kidet al., 1980), (ii) the anterior ascending
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Table 4A Reliability of knob detection by three observers (readers T.A.Y., U.D.S., A.P.) using the axial knob fettjod (

Score Reader A Reader B Reader C Consensus of all readers

Unaff Aff Unaff Aff Unaff Aff Unaff Aff

MPR Other MPR Other MPR Other MPR Other MPR Other MPR Other MPR Other MPR Other

n(score 0) 0 0 2 2 2 1 2 3 1 0 2 2 0 0 2 2
n(score 1) 3 0 0 2 5 1 1 2 4 0 0 3 - - - -
n(score 2) 56 40 39 54 52 38 38 53 54 40 39 53 5 40 39 56
Total N = Zn) 59 40 41 58 59 40 41 58 59 40 41 58 59 40 41 58
Mean score 19 20 19 1.9 1.8 1.9 19 1.9 1.9 2.0 19 19 - - - -
Detection rate (%) - - - - - - - - - - - - 100 100 95 97
Correct positive rf) 59 40 39 56 57 39 39 55 58 40 38 56 - - - -
Correct negativen) 0 0 2 2 0O O 2 2 0 0 2 2 - - - -
False positive rf) 0 0 0 0 0O O 0O O 0 0 1 0o - - - -
False negativen) 0 0 0 0 2 1 0 1 1 0 0 0o - - - -
Accuracy (%) 100 100 100 100 97 98 100 98 98 100 98 100 - - - -
Sensitivity (%) 100 100 100 100 97 98 100 98 98 100 100 100 - - - -

Scores: 0= structure not present; + structure most probably present;=2 structure present. Consenssasconsensus of all readers was
obtained with the use of all methods to define the central sulcus (all case00 hemispheres) and with the aid of a software program
(MPRAGE, n = 100 hemispheres, Table 1). In this consensus discussion, it was only stated whether a knob was ‘present’ or ‘not
present’. This discussion took place after each of the readers had made his individual and written statement.udatécted: both
hemispheres of healthy subjects and non-affected hemispheres of patients were tested, either with Ms&RMBEAd (5) in Table

1B] or with other techniquessge(6) in Table 1B]. Aff = affected: hemispheres of patients, tested either with MPRASBE([) in

Table 1B] or with other techniquesde(6) in Table 1B]. Detection rate= percentage of hemispheres where the knob was either
‘present’ (score= 2) or ‘most probably present’ (score 1). Correct positive= correct identification of knobs by an individual reader
according to the consensus of all readers. Correct negatigerrect ‘failure to identify the knob’ by an individual reader according to
the consensus of all readers. False positiverronous identification of a structure as the knob by an individual reader according to the
consensus. False negativefailure to detect the knob by an individual reader according to the consensus. Aceuraamber of

correct positive and correct negative identifications divided by the total number of hemispheres examined. Sengitivitlyer of

correct positive identifications divided by the sum of correct positive and false negative identifications.

Table 4B Reliability of knob detection by three observers (readers T.A.Y., U.D.S., A.P.) using the sagittal knob method
(hook)

Score Reader A Reader B Reader C Consensus of all readers

Unaff Aff Unaff Aff Unaff Aff Unaff Aff

MPR Other MPR Other MPR Other MPR Other MPR Other MPR Other MPR Other MPR Other

n(score 0) 5 1 2 1 7 1 2 3 5 2 2 1 5 1 2 3
n(score 1) 5 2 1 5 6 2 0 4 5 2 0 4 - - - -
n(score 2) 49 5 38 8 46 5 39 7 49 4 39 9 54 7 39 11
Total (N = Zn) 59 8 41 14 59 8 41 14 59 8 41 14 59 8 41 14
Mean score 1.7 15 19 15 17 1.5 19 13 17 13 1.9 16 - - - —

39 11 52

Detection rate (%) — - -
39 11 53 6

Correct positive i) 54 7 6 38 1 - - - -
Correct negativen) 5 1 2 1 5 1 2 3 5 1 2 1 - - - -

False positiverf) 0 0 0 2 0 1 0 0 0O O 0 2 - - - -

False negativen) 0 0 0 0 2 0 0 0 1 1 1 0o - - - -
Accuracy (%) 100 100 100 86 97 88 100 100 98 88 98 86 — - - -
Sensitivity (%) 100 100 100 100 96 100 100 100 98 86 97 100 - - - -

For explanationseefootnotes of Table 4A.

and horizontal rami of the sylvian fissure (Ebelieg al., et al,, 1990) and intermethod or interrater discordances make

1989; Naidichet al., 1995) and (iii) the ramus marginalis of these methods of identifying the precentral gyrus unreliable
the cingulate sulcus (Naidich and Brightbill, 1996), or deep in 33-50% of cases (®bbal, 1993). More stable
cerebral as the anterior and posterior commissure (Talairadandmarks could be of value in increasing the accuracy with
and Tournoux, 1988). It has been demonstrated that  which the precentral gyrus is identified.

interindividual variability of these landmarks (Steinmetz The precentral knob we describe is just such a landmark.
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In the axial plane it was present in 100% of unaffected (to T.AY.), thendhuaer Medizinische Wochenschrift (to
hemispheres (Table 4A) and in 96% of hemispheres affected.A.Y.) and the Swiss National Science Foundation (Grant
by a wide spectrum of pathologies (Table 1). In the sagittal No. 32-9001.86, to U.D.S.).

plane, the knob could be recognized as a typical hook in

91% of affected and unaffected hemispheres (Table 4B).

The precentral knob is therefore a stable and eyecatchinlgeferences

landmark, which is also reflected in its early, and mostly ;s T McCarthy G, Wood CC, Darcey TM, Spencer DD

uncommented, description in atlase's of the brain (Dejerineyjjiamson PD. Human cortical potentials evoked by stimulation
1895; Salamoret al, 1990; Duvernois, 1991; Kretschmann of the median nerve. Il. Cytoarchitectonic areas generating short-

and Weinrich, 1991; Truwit and Lempert, 1994; Damasio,latency activity. J Neurophysiol 1989; 62: 694—710.

1919_5()3' superior frontal sulcus. on the other hand. has beeAtIas SW, Howard RS, Maldjian J, Alsop D, Detre JA, Listerud J,
uperi ulcus, ’ L al. Functional magnetic resonance imaging of regional brain

i ¢ ic’ i i 0, . . . . . . .-
found to follow its “classic’ continuous course in only 40% activity in patients with intracerebral gliomas: findings and

of right.and 32% of !eft hemispheres, and the expecteqmpiications for clinical management. Neurosurgery 1996; 38:
connection between this sulcus and the precentral sulcus wasg-_3s.

lacking in 8% of the ”ght hemispheres studied (C]E_ncal., Brodmann K. Vergleichende Lokalisationslehre der Grosshirnrinde.
1990). The use of this sulcus as a landmark is further . .~
. Leipzig: J.A. Barth, 1909.
complicated by the presence of a doubled precentral sulcus
(4% of cases) or a connection between the precentral an@roughton R, Rasmussen T, Branch C. Scalp and direct cortical
the central sulcus (12% of right hemispheres and 28% of |effecordings of somatosensory evoked potentials in man (circa 1967).
hemispheres) (Onet al, 1990). We assume that these CanJ Psychol 1981; 35: 136-58.
variations are the main reason for the report of large interrateConnelly A, Jackson GD, Frackowiak RS, Belliveau JW, Vargha-
variability in identifying these landmarks (Solmtlal,, 1993). Khadem F, Gadian DG. Functional mapping of activated human
In contrast to these results using other methods to locaterimary cortex with a clinical MR imaging system. Radiology 1993;
the precentral gyrus, our method, using the precentral knoid:88: 125-30.
provides consistent results as shown by high interratetonstable RT, McCarthy G, Allison T, Anderson AW, Gore JC.
agreement, even when assessed by comparativelunctional brain imaging at 1.5 T using conventional gradient echo
unexperienced readers (Table 4A and B). MR imaging technigues. Magn Reson Imaging 1993; 11: 451-9.

Cunningham D. Contribution to the surface anatomy of the cerebral
hemispheres. Dublin: Hodges, Figgis and Co., 1892.

Suggested procedure to identify the precentral Damasio H. Human brain anatomy in computerized images. New
gyrus York: Oxford University Press, 1995.

We suggest that, in the axial plane, for its simplicity, the Dejerine J. Anatomie des centres nerveux. Paris: Rueff et Cie, 1895.
precentral knob should be identified first. The result shouldy,yernoy HM. The human brain. Wien: Springer, 1991.
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Ebeling U, Steinmetz H, Huang YX, Kahn T. Topography and
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. - . . ~Am J Roentgenol 1989; 153: 1051-6.

cingulate sulcus that reaches the midline cortical surface just

behind the central sulcus. In the sagittal plane, because &ferstaller O. Ein Beitrag zur Anatomie der Obifla des

its slight superiority, we would prefer to begin with the Grosshims. Wien: Urban and Schwarzenberg, 1890.

lateral sagittal method (Naidia#t al,, 1995), and incorporate Foerster O. The motor cortex in man in the light of Hughlings

the identification of the hook as one additional step in thatjackson’s doctrines. Brain 1936; 59: 135-59.

system to help confirm the results. It is obvious that N0 ahm J, Merboldt KD, Hanicke W. Functional MRI of human

method exists that could replacg the detailed knowledge Olgrain activation at high spatial resolution. Magn Reson Med 1993;
the complex anatomy of the cortical surface, but we hope tgg. 139_44.

have described a method that will ease the identification ]
process. Goldberg G. Supplementory motor area strucure and function.

Review and hypotheses. Behav Brain Sci 1985; 8: 567—615.
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