
Identification of the primary motor area (M1) using
computerized tomography (CT) or magnetic resonance imaging
(MRI) is critical to delineate the effect of various diseases (e.g.,
brain tumors, infarction, multiple sclerosis) as well as for the
preoperative planning for patients undergoing resection of brain
tumors. The utility of non-invasive identification of M1 using
functional MRI (fMRI) has been demonstrated by comparing the
location of M1 detected by fMRI with that by invasive and direct
methods, such as intraoperative cortical mapping1-3. Recent
studies suggest that the precentral knob is an anatomic landmark
of the M14-13. However, the location of precentral knob has never
been compared with M1 as detected by invasive and direct
methods, namely cortical mapping during awake surgery. Thus,

ABSTRACT: Purpose: Cortical mapping during awake surgery assesses intraoperative neurological
change in response to electrical stimulation to provide direct information regarding the anatomical
localization of the primary motor area (M1). The goal of the present study was to analyze the reliability
of the identification of the precentral knob in the axial image of magnetic resonance imaging or
functional MRI (fMRI) for the detection of M1. Materials and Methods: Among patients with brain
tumors within or near M1 in whom awake surgery was employed fromApril 2004 through March 2007,
14 cases were analyzed in which either the M1 or premotor area (PMA) was successfully detected by
mapping during awake surgery. Results: The precentral knob was localized to the PMA in 4 cases and
to M1 in 10 cases. By contrast, the gyrus activated by hand clenching in fMRI on the affected side at
least partially corresponded to M1 in all cases, while those on the unaffected side corresponded to M1
in 12 of 12 cases. Conclusion: These results indicate that the precentral knob corresponds to PMA as
well as to M1, whereas the gyrus activated in fMRI corresponds to M1 on the affected and unaffected
side.

RÉSUMÉ: Le noeud précentral correspond au cortex moteur et prémoteur primaire. Objectif : La cartographie
corticale pendant la chirurgie sous anesthésie locale évalue les changements neurologiques en cours d’intervention
en réponse à une stimulation électrique afin de fournir des informations directes sur la localisation anatomique de la
zone motrice primaire (M1). Le but de cette étude était d’analyser la fiabilité de l’identification du noeud précentral
sur l’image axiale obtenue par imagerie par résonance magnétique (IRM) ou IRM fonctionnelle (IRMf) pour la
détection de M1. Matériels et méthodes : Quatorze patients atteints de tumeurs cérébrales dans ou au voisinage de
M1 chez qui soit M1 ou l’aire prémotrice (APM) a été détectée avec succès par la cartographie pendant la chirurgie
sous anesthésie locale, entre avril 2004 et mars 2007. Résultats : Le noeud précentral a été localisé à l’APM chez
4 cas et à M1 chez 10 cas. Par contre, le gyrus activé par le serrement du poing à l’IRMf du côté atteint correspondait
au moins partiellement à M1 chez tous les cas, alors que du côté non atteint c’était M1 chez 12 cas sur 12.
Conclusion : Ces résultats indiquent que le noeud précentral correspond à l’APM ainsi qu’à M1, alors que le gyrus
activé par l’IRMf correspond à M1 du côté atteint et du côté non atteint.
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ORIGINALARTICLE

the goal of the present study was to compare the accuracy of
precentral knob, as localized by fMRI, as an anatomic landmark
for of M1.
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PATIENTS AND METHODS
Patients
Among the patients with brain tumors in M1 in whom awake

surgery was employed fromApril 2004 through March 2007, the
M1 or premotor area (PMA) was successfully detected by
mapping during awake surgery in 14 out of 32 patients for brain
tumors within or near M1. An fMRI was performed
preoperatively to localize M114. Clinical characteristics of 14
patients (five women, nine men; age range, 47-67 years)
undergoing awake surgery are summarized in the Table.
Pathology of brain tumors was as follows: 11 metastatic tumors
and 3 gliomas. The location of brain tumors was as follows: five
tumors within M1, four tumors within premotor area, two tumors
at primary sensory area (S1) to M1, one tumor at M1 to S1, and
one tumor at M1 to PMA. S1 to M1 indicates that the brain tumor

was located mainly in S1, which compressed M1. Similarly, M1
to S1 indicates that the brain tumor was located mainly in M1,
which compressed S1. M1 to PMA indicates that the brain tumor
was located mainly in M1, which compressed PMA.

Functional MRI and image analysis
All studies were performed on a 1.5T General Electric Signa

Horizon Lx imager. The fMRI and image analysis was
performed as described previously15. Briefly, the fMRI
acquisition sequence consisted of a gradient echo-EPI TE/TR =
82.5 /3000ms, 128 x 128 matrix, with a 24 cm x 24 cm field of
view and a block design of 30-second intervals. The
reconstructed voxel size was 1.88 x 1.88 x 2.3 mm3. Five-
millimeter thickness slices were obtained with 70 repetitions.
The patient was asked to perform repetitive closing of the hand
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No: No=patient number, Sex: M=Male, F=Female, Patho: Patho=Pathology of tumor, Meta=Metastasis, Map: Location of primary motor area (M1)
or premotor area (PMA) was decided by mapping during awake surgery, Location of tumor: R=Right, L=Left, S1=primary sensory area, S1-M1=the
tumor was located mainly at S1, which compressed M1, M1-S1=the tumor was located mainly at M1, which compressed S1, M1-PMA=the tumor
was located mainly at M1, which compressed PMA, M1/affected (Knob vs. Map): M1 on the affected side was decided either using precentral knob,
namely an inverted omega or horizontal epsilon in axial view of MRI (=Anatomy) or by mapping during awake surgery (=Map). Since mapping is
the most reliable method to detect M1, the location of M1 corresponding to the precentral knob was rated as agree (=A) or disagree (=D) with that
mapped during awake surgery on the affected side. One gyrus= the precentral knob was located at the precentral sulcus, and thus that anatomical
landmark was one gyrus rostral to the M1 (i.e., the PMA). ND= the precentral knob was not detected due to the compression by tumor, M1/affected
(fMRI vs. Map): M1 localized by fMRI was rated as agree (=A) with that by mapping during awake surgery. Partially A= location of M1 localized
by fMRI partially agreed (=Partially A) with that by mapping during awake surgery, Symmetry of M1 (affected/Map vs. unaffected/fMRI): M1
mapped during awake surgery on the affected side was symmetrical (=Symmetrical) to that by fMRI on the unaffected side. NP=fMRI on the unaf-
fected side was not performed, M1/unaffected (fMRI vs. Knob): M1 localized by fMRI was rated as agree (=A), partially agree (=Partially A) or dis-
agree (=D) with localization by the precentral knob, namely an inverted omega or horizontal epsilon in axial view of MRI on the unaffected side.
One gyrus= the precentral knob was located at the precentral sulcus, and thus the precentral knob was one gyrus rostral to M1 (i.e., the PMA).
NP=fMRI on the unaffected side was not performed.

No Sex Age Patho

Location of 

tumor Map

M1/affected 

(Knob vs. 

Map)

M1/affected 

(fMRI vs.

Map)

Symmetry of M1 

(affected/Map vs.

unaffected/fMRI)

M1/unaffected 

(Knob vs.

fMRI)

1 M 57 Meta R.PMA M1 D(one gyrus) A Symmetrical D(one gyrus)

2 M 49 Meta L.PMA M1 D(one gyrus) Partially A Symmetrical Partially A

3 M 51 Meta R.PMA PMA D(one gyrus) A Symmetrical D(one gyrus)

4 F 67 Meta R.M1 PMA ND A Symmetrical D(one gyrus)

5 M 64 Meta L.M1 M1 A A Symmetrical A

6 M 47 Meta R.PMA M1,PMA A A Symmetrical A

7 F 49 Meta L.S1-M1 M1 A A Symmetrical A

8 M 61 Meta R.M1-PMA PMA A A Symmetrical A

9 M 48 Meta L.S1 M1 A A Symmetrical A

10 M 66 Glioma R.M1 M1 A A Symmetrical A

11 F 64 Meta L.M1 M1 A A NP NP

12 F 57 Meta L.M1 M1 A A NP NP

13 F 52 Glioma L.S1-M1 M1 ND A Symmetrical A

14 M 64 Glioma L.M1-S1 M1 ND A Symmetrical A

Table: Patient characteristics and M1 localization by mapping, fMRI, and precentral knob
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to a fist (hand clenching), alternating back and forward swing of
arm around the shoulder (shoulder swing), alternating back and
forward swing of forearm around the elbow (elbow swing),
alternating knee flexion and extension (knee flexion) and
alternating foot flexion and extension (foot flexion) at
approximately seven days before surgery. The fMRI acquisition
time was approximately 3.5 min. Anatomic images were
acquired using a 3D-FSPGR sequence with TE 2.4 ms, TR 26.0
ms, flip angle 30°, bandwidth 31.25 kHz, image matrix 256 x
256, and slice thickness 2.3 mm. After reconstruction, the EPI
images were aligned to correct for head motion and were co-
registered with anatomic images. The EPI images were
smoothed using isotropic Gaussian kernels of 4 mm and
statistically analyzed using the SPM program16. The significance
of the activations (p value) was less than 0.05.

Awake tumor resection and detection of the location of M1 or
PMA by mapping
Mapping and awake tumor resection was performed as

described previously17. Briefly, patients were positioned in the
supine position and given rigid head fixation (Sugita headrest;
Mizuho Medical Co., Tokyo, Japan) after administration of a
local anesthetic agent (1% xylocaine and 0.75% anapain) at the
pin sites and regional field block sites. Under general anesthesia
with propofol by laryngeal mask airway, the skin was infiltrated
with the same local anesthetic agent and incised, and
neuronavigated craniotomy and incision of the dura was
performed.
After the removal of the laryngeal airway, oxygen was

administered via a mask, and cortical mapping was performed by
stimulating the cortex with the modified Ojemann stimulator18.
To avoid inducing intraoperative seizure, a low-stimulus setting
(3-5 mA, 60-Hz biphasic square wave pulse of 1 msec/phase for
4 seconds duration) was used. Of note, we did not use after
discharge potentials to identify stimulus spread from the
intended site of stimulation. When the patient underwent
transient deterioration of motor strength by electrical
stimulation, the gyrus which included that lesion was regarded as
the M118. In addition, when the patient showed involuntary
movement of flexion with rigidity, the gyrus which included that
lesion was regarded as the PMA. All patients were continuously
observed by the neurosurgeon, and movements of tongue swing,
eye closing, hand clenching, elbow flexion, knee flexion, and
foot flexion were noted and reported to the operator.
Corticotomy was performed, avoiding the sites that were

activated by fMRI or that induced paresis by cortical mapping in
M1. The tumor was removed in the usual fashion. Continuous
adequate task judging from the preoperative fMRI, and
intraoperative cortical mapping was performed during the
removal of tumor near the eloquent motor area responsible for
the movement of hand, arm, leg, eye and speech. Removal of
tumor was assisted by a neuronavigation system, which showed
the location of the area activated in fMRI17. Gross total resection
was attempted in all cases. If mild weakness occurred at any
point during the resection, the operation was interrupted, and
motor function was assessed over the next five minutes. If the
motor function did not recover, the operation was terminated,
unless the tumor was large enough to endanger the life of patient.

After closure of the dura, the bone flap was replaced, and the
skin was closed in the usual manner.

Correlation between M1 and precentral knob
The location of the precentral knob (i.e. the inverted omega or

horizontal epsilon shape in the axial image of MRI) was
evaluated as a anatomic landmark for M1 that was mapped on
the affected side. Four neurosurgeons reviewed the axial view of
MRI independently to determine the location of the precentral
knob, which was concordant in all 14 cases. In addition, to
evaluate the reliability of fMRI for the detection of M1 on the
affected side, the location of M1 was compared using fMRI and
mapping.
Since the area activated by fMRI on the affected side may be

altered by functional reorganization in patients with brain
tumors, localization of M1 on the unaffected side using fMRI
during patient hand clenching was also determined to reliably
show the location of M114,19, as localization of the M1 is
typically symmetrical in the cerebral hemispheres20. The
reliability of M1 localization was then compared between
localization of the precentral knob in the axial view of MRI and
fMRI on the unaffected side.

RESULTS
Relationship between precentral knob and M1 by mapping
during awake surgery
In 3 of 14 cases, the PMA, rather than the M1, was detected

by mapping, possibly due to the low sensitivity of mapping
around the tumor21. However, the gyrus caudal to PMA (i.e.
namely M1) on the affected side was symmetrical with the M1
on fMRI performed on the unaffected side14. In 3 of 11 cases, the
M1 corresponding to the precentral knob (black arrow head in
Figure 1 and Figure 2A) was one gyrus rostral to the M1 mapped
during awake surgery (black arrow in Figure 1 and 2A) on the
affected side (Table). In eight cases, M1 the corresponding to the
precentral knob (black arrow head in Figure 3) was consistent
with the M1 mapped during awake surgery (black arrow in
Figure 3) on the affected side. However, in four cases, the
precentral knob was not detected due to compression by brain
tumors (Table).

Relationship between M1 localized by fMRI and M1 mapped
during awake surgery
In 13 of 14 cases, the gyrus activated in fMRI was consistent

with M1 mapped during awake surgery (black arrow in Figure 1
to 3) (Table). In Case 2, two gyri were activated by fMRI with
hand clenching on the affected side (Figure 1, Panel B2), and the
rostral gyrus was consistent with the M1 mapped during awake
surgery (black arrow in Figure 1B). In all 12 cases in which
fMRI with hand clenching was performed on the unaffected side,
the activated gyrus on the unaffected side (red arrow in Figure
1A, 2, 3) was symmetrical to the M1 mapped during awake
surgery (black arrow in Figure 1 to 3) (Table). These results
indicate that the gyrus activated by hand clenching in fMRI on
the affected side at least partially corresponded to M1 in all
cases, while those on the unaffected side corresponded to M1 in
all cases
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Figure 1: Panel A: Case 1, A 57-year-old male with a metastatic brain tumor located in the right-sided cortex at two gyri rostral to M1. Axial fMRI
images constructed during hand clenching (left hand clenching-orange, right hand clenching-blue) are shown (Panel A2, 3). Black arrows indicate M1
mapped during awake surgery on the affected side. Red arrows indicate M1 localized by fMRI on the unaffected side. M1 on both sides were symmetrical.
Arrow heads (black=affected side, red=unaffected side) indicate the anatomical landmark of the precentral knob, namely an inverted omega or
horizontal epsilon. The gyrus with the precentral knob was located one gyrus rostral to M1 (i.e. the PMA). Panel B: Case 2, A 49-year-old male with a
metastatic brain tumor located in the left-sided cortex at gyrus rostral to M1 (i.e., the PMA). Axial fMRI images constructed during right (Panel B2-
orange) and left (Panel B3-orange) hand clenching are shown. Black arrows indicate M1 mapped during awake surgery on the affected side. Red arrows
indicate M1 on the unaffected side activated by fMRI and symmetrical to M1 of the affected side. Arrow heads (black=affected side, red=unaffected
side) indicate the precentral knob, namely an inverted omega. The gyrus with the precentral knob was located one gyrus rostral to M1 (i.e. the PMA).
Of note, right hand clenching activated the M1 and PMA of both hemispheres.

Figure 2: Panel A: Case 3, A 51-year-old male with a metastatic brain tumor located in the right-sided cortex one gyrus rostral to M1 (i.e. the PMA).
Axial fMRI images constructed during hand clenching (left hand clenching-orange, right hand clenching-blue) are shown (Panel A2, 3). Black arrows
indicate M1 mapped during awake surgery on the affected side. Red arrows indicate M1 localized by fMRI on the unaffected side. M1 on both sides
were symmetrical. Arrow heads (black=affected side, red=unaffected side) indicate the precentral knob, namely inverted omega. The gyrus with the
anatomical landmark was located one gyrus rostral to M1 (i.e. the PMA). Panel B: Case 4, A 67-year-old female with a metastatic brain tumor located
in the right-sided cortex of M1. Axial fMRI images constructed during hand clenching (left hand clenching-orange, right hand clenching-blue) are shown
(Panel A2, 3). Black arrows indicate M1 mapped during awake surgery on the affected side. Red arrows indicate M1 localized by fMRI on the unaffected
side. M1 on both sides were symmetrical. Red arrow heads indicate the precentral knob, namely the inverted omega, on the unaffected side. The gyrus
with the precentral knob was located one gyrus rostral to M1 (i.e. the PMA).
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Relationship between M1 corresponding to the precentral knob
and M1 determined by fMRI on the unaffected side
In Cases 1, 3 and 4, the gyrus localized by determination of

the precentral knob (red arrow head in Figure 1A, 2) was one
gyrus rostral to the gyrus activated by fMRI (red arrow in Figure
1A, 2) (Table). In Case 2, the gyrus localized by determination of
the precentral knob (red arrow head in Figure 1B) was also one
gyrus rostral to the gyrus activated by fMRI, which was
symmetrical to the M1 of affected side (red arrow in Figure 1B)
(Table). In Cases 5 to 10, 13 and 14, the gyrus localized
determination of the precentral knob (red arrow head in Figure 3)
was consistent with the gyrus activated by fMRI (red arrow in
Figure 3) (Table). These results indicate that in Cases 1 to 4, the
gyrus localized by determination of the precentral knob was the
PMA (e.g. one gyrus rostral to M1), whereas in cases 5 to 14,
the gyrus localized by determination of the precentral knob was
the M1.

DISCUSSION
The present study using cortical mapping during awake

surgery and fMRI to demonstrate that the precentral knob was
located at the PMA in 4 of 14 cases. Since brain mapping carries
the risk of induction of epilepsy and post-epileptic paresis, which

can complicate the use of continuous task monitoring during
awake surgery, a relatively low setting (3-5 mA) was used in the
present study for bipolar stimulation, although we could have
increased the stimulation setting to 8-12 mA15,21. Thus, brain
mapping actually localized the M1 in only 14 of 32 cases during
awake surgery for brain tumors within or near M1. In these 14
cases, the gyrus detected by brain mapping accurately indicated
the location of M118,22. This is confirmed by demonstration of
motor compromise during awake surgery for resection of tumors
located in M1 but not during removal of tumors in PMA or S1.
Further, localization of M1 by fMRI was consistent with that
obtained using mapping during awake surgery (Table). Of note,
since tumor perturbation of local anatomy and physiology
impact the anatomic localization, fMRI or intraoperative
stimulation setting, we utilized localization of M1 on the
unaffected side using fMRI during patient hand clenching in
order to reliably show the location of M1 on the affected side14,19.
Based on this determination of M1, we found that electrical
stimulation arrested hand clenching on M1, while it elicited
involuntary movement of flexion of arm with rigidity on PMA in
all 14 cases (Table). Due to this accurate localization of M1,
patient outcome did not reflect the results that the precentral
knob was located at the PMA in four cases.
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Figure 3: Panel A: Case 8, A 61-year-old male with a metastatic brain tumor located in the right-sided cortex at M1 and PMA. Axial fMRI images
constructed during hand clenching (left hand clenching-orange, right hand clenching-blue) are shown (Panel A2). Black arrows indicate M1 mapped
during awake surgery on the affected side. Red arrows indicate M1 localized by fMRI on the unaffected side. M1 on both sides were symmetrical. Arrow
heads (black=affected side, red=unaffected side) indicate the precentral knob, namely the inverted omega. The gyrus with the precentral knob was
consistent with M1 mapped during awake surgery on the affected side and with M1 localized by fMRI on the unaffected side. Panel B: Case 9, A 48-
year-old male with a metastatic brain tumor located in the left-sided cortex at S1. Axial fMRI images constructed during hand clenching (left hand
clenching-orange, right hand clenching-blue) are shown (Panel B2). Black arrows indicate M1 mapped during awake surgery on the affected side. Red
arrows indicate M1 localized by fMRI on the unaffected side. M1 on both sides were symmetrical. Arrow heads (black=affected side, red=unaffected
side) indicate the precentral knob, namely the inverted omega. The gyrus with the precentral knob is consistent with M1 mapped during awake surgery
on the affected side and with M1 localized by fMRI on the unaffected side.
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The present study demonstrated that the precentral knob
could be used to identify the M1 (ten cases) and PMA (four
cases). Yousry et al reported detection of motor hand activation
in the precentral gyrus and in the anterior face of the postcentral
gyrus3,4, possibly due to the mismatch between the anatomical
and functional images, existence of pyramidal cells in
postcentral gyrus, or activation of sensory afferents by positional
changes of hands or fingers. However, since the precentral knob
may indicate either the M1or the PMA, the gyrus, which was
activated by fMRI in their study and one gyrus caudal to
precentral knob, might be actually M1. The reliability of fMRI is
supported by the fact that M1 on both the affected and unaffected
side corresponded to M1 by mapping during awake surgery.
Therefore, the use of the precentral knob as an anatomic
landmark for M1 may not be of utility in patients undergoing
surgical resection of tumor within or near M1.
The rate of accurate localization of M1 on the affected side

was high with fMRI (e.g. 13 of 14 cases). However, in Case 2,
the M1 and PMA were both activated by hand clenching on the
affected side. A previous study used quantitative histological and
imaging techniques in specimens from autopsy cases to
demonstrate that localization of the M1 in the cerebral
hemisphere was symmetrical20, which is consistent with
observations from the present study that M1 localization on the
affected and unaffected side by fMRI was symmetrical in 12 of
12 cases. These data enable valid comparisons between M1
localized by the precentral knob and M1 localized on the
unaffected side by fMRI. In Cases 1, 3 and 4, the gyrus of pre-
central knob was one gyrus rostral to M1 (i.e. the PMA) on the
unaffected side. The results indicate that the gyrus of the
precentral knob corresponded to the PMA in Cases 1 to 4 and to
M1 in Cases 5 to 14.
A fMRI has been used in the clinical setting to localize

M123,24. The present study demonstrated that fMRI with hand
clenching of the unaffected side localized M1 in 12 of 12 cases,
based on the principle of symmetry of M1 on the affected and
unaffected side. However, in one patient (Case 2), the gyrus
activated by fMRI corresponded to the M1 and PMA in both
hemispheres, possibly due to the reorganization of motor area in
the context of malignancy. This suggests that the gyrus activated
by fMRI did not represent M1 alone in some cases (Figure 1B).
Therefore, the most reliable non-invasive method of preoperative
M1 localization may be via the identification of M1 on the
unaffected side by hand clenching in fMRI. It is to be noted that
since most of this series represented metastases, these results
might not apply as well in glioma patients in which tissue
architecture is remodeled and modified, and thus fMRI might not
be reliable.
In conclusion, this study indicates that the precentral knob

corresponds to PMA as well as to M1, whereas the gyrus
activated in fMRI corresponds to M1 on the affected and
unaffected side.
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