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A Connectomic Atlas of the Human
Cerebrum—Chapter 3: The Motor, Premotor, and

Sensory Cortices

In this supplement, we build on work previously published under the Human Connectome
Project. Specifically, we show a comprehensive anatomic atlas of the human cerebrum
demonstrating all 180 distinct regions comprising the cerebral cortex. The location,
functional connectivity, and structural connectivity of these regions are outlined, and
where possible a discussion is included of the functional significance of these areas. In part
3, we specifically address regions relevant to the sensorimotor cortices.
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his chapter describes the subdivisions of

Brodmann areas 1 through 6 which most

people will recognize as the primary senso-
rimotor network and premotor areas.! Though
preservation of the motor cortex has always been
a goal of neurosurgeons operating in this part of
the cerebrum, it is becoming increasingly clear
that effective motor control requires more than
just maintaining the connection between the
motor strip and the spinal cord. Rather, it likely
requires the maintenance of connections between
the primary motor area, the sensory areas, the
premotor areas, the basal ganglia, and parts of
the parietal lobe. Thus, we consider many of
these areas together in this section as we begin
to discuss the hypothetical shape of the motor
network.

PRIMARY MOTOR CORTEX

The anatomic location of the primary motor
cortex (area 4) is shown in Figure 1. This region
has consistent white matter connections with the
pyramidal tracts, the contralateral hemisphere,
and parietal lobe.

ABBREVIATIONS: FAT, frontal aslant tract; HCP,
Human Connectome Project; PEF, premotor eye
field; SFL, superior frontal language; SMA, supple-
mentary motor area

Area 4
Where Is It?

Area 4 is found in the precentral gyrus. It is
predominantly located on the posterior half of
the gyrus, making up the anterior bank of the
central sulcus. It widens medially to fill a larger
proportion of the paracentral lobule, which is the
leg motor region. The somatotopic organization
of this area is well known; however, it is worth
noting that there is an area dedicated to the eye
which is adjacent to the frontal eye fields.

What Are Its Borders?

Area 4 borders area 3a along its posterior
convexity border. Its inferior end contains
area 43. At its superior end, on the medial
surface (ie, the paracentral lobule), it borders
area 5m posteriorly, area 44dd inferiorly,and
area 6mp anteriorly. Its long anterior border
contacts several areas, including (from superior
to inferior) area 6d, FEFE area 55b, premotor eye
field (PEF), and area 6v, most of which contact
it on the anterior half of the precentral gyrus.

What Is Its Functional Connectivity?

Area 4 demonstrates functional connectivity
to areas 1, 2, 3a, and 3b in the sensory strip, areas
SCEE 55b, 6d, 6v, and 6mp in the premotor
regions, areas 24dd, 24dv, 5m, and 5L in the
middle cingulate regions, areas 43, OP1, OP2-
3, OP4, IG, and FOP2 in the superior insula
opercular regions, areas A4, A5, Rl, PBelt, LBelt,
TA2, and STV in the lower opercula and Hesch!’

VOLUME 00 | NUMBEROO | 2018 | S75

810¢ 4990100 L0 uo wod'jlewb@saaniybns ‘ssadoy JaquialN SN A9 029201 6/9GzAdo/suo/Se01L 01 /I0p/ioBIISqe-9[0Ie-90UBAPE/SUO/WOD dNoolwapede//:sdiy woly papeojumoq


mailto:sughruevs@gmail.com

BAKER ET AL

FIGURE 1. Anatomical location of primary motor cortex parcellations shown on the right hemisphere of a cadaver brain. A, Medial view of paracentral
lobule areas. B, Dorsolateral view with dilated central sulcus to show extension of parcellations into the sulcus.

s gyrus regions, areas VIP, IPS1, LIPv, and 7PC in the parietal
lobe, areas V2, V3, and V4 in the medial occipital lobe, areas V6,
V6a, V3a, and V7 in the dorsal visual stream areas, area FFC of
the ventral visual stream, and areas PH, TPOJ1, FST, V4t, MT,
and LO3 of the lateral occipital lobe (Figure 2).

What Are Its White Matter Connections?

Area 4 is structurally connected to pyramidal tracts, the
contralateral hemisphere, and the parietal lobule. Connections
to pyramidal tracts descend through the posterior limb of
the internal capsule and cerebral peduncle to the brainstem.
Contralateral connections course through the body of the corpus
callosum to parcellations 4, 6ma, and 6mp. Parietal projections
are portions of the SLF and connect to PFm. Local short associ-
ation fibers are connected with 3a, 3b, 2, 1, and 6v (Figure 3).

What Is Known About Its Function?

Area 4 is known to produce fine motor movements of the distal
forearm and fingers.”> Additionally, it functions in giving a muscle
its tone and producing forceful muscle contractions.? It is also
thought to play a role in visual learning of motor-based skills in
the early stages of life.’

PRIMARY SENSORY AREAS

It is easy to think of these areas as simple strips which
parallel each other along the postcentral gyrus from the Sylvian
fissure to the midline. This is, however, not correct, as they do
not perfectly overlap, and most interestingly, do not enter the
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paracentral lobule region at all. The anatomic location of the
parcellations comprised of the primary sensory cortex is shown in
Figure 4. These parcellations include 3a, 3b, 1, and 2. This region
has consistent white matter connections with the pyramidal
tracts, thalamocortical projections, parietal lobe, and contralateral
hemisphere. The combined tractography of the parcellations is
shown in Figure 5.

Area 3a
Where Is It?

Area 3a is found in the depth of the central sulcus. It follows
this sulcus up to the midline but does not fold onto the medial
face of the hemisphere.

What Are Its Borders?

Area 3a borders area 2 along its long anterior border and area
3b along its posterior border. Inferiorly, it borders area 23 and
superiorly it borders area 5m. It has a small area of posterior
contact with area 2 near the Sylvian fissure.

What Is Its Functional Connectivity?

Area 3a demonstrates functional connectivity areas 1, 2, 4, 3b
in the motor and sensory strips, areas SCEE 55b, 6d, 6v, and
6mp in the premotor regions, areas 24dd, 24dv, 5m, and 5L in
the middle cingulate regions, areas 43, OP1, OP2-3, OP4, IG,
and FOP2 in the superior insula opercular regions, areas Pol2,
52, A4, A5, RI, Al, MBelt, PBelt, LBelt, TA2, and STV in the
lower opercula and Heschl’s gyrus regions, areas PFem, 7AL, and

7PC in the parietal lobe, areas V2, V3, and V4 in the medial
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

parcellation of interest.

FIGURE 2. Functional connectivity of area 4 demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal
views. C, Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the

occipital lobe, areas V6, V6a, V3a, and V7 in the dorsal visual
stream areas, area FFC of the ventral visual stream, and areas PH,
TPOJ1, EST, V4t, MST, MT, and LO3 of the lateral occipital lobe
(Figure 0).

What Are Its White Matter Connections?

Area 3a is structurally connected to the pyramidal tracts,
thalamocortical projections, contralateral hemisphere, and the
parietal lobe. Connections to pyramidal tracts descend through
the posterior limb of the internal capsule and cerebral peduncle

OPERATIVE NEURO

to the brainstem. Thalamocortical tracts run medial to pyramidal
projections to enter the thalamus. Contralateral connections
course through the body of the corpus callosum to parcellations
3b and 4. Parietal projections are portions of the SLF and connect
to PFm. Local short association fibers are connected with 4, 3b,
2, 1, and 6v (Figure 7).

What Is Known About Its Function?

Area 3a, along with area 2, is known to receive sensory infor-
mation from deep body tissues.*> This area is also involved in
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FIGURE 3. Structural connectivity of area 4 in the left hemisphere, shown on TI-weighted MR images. Sagittal views of A, lateral and
B, medial planes. C, Coronal view showing projections to the contralateral hemisphere. Green: white matter tracts of area 4 demonstrating
connections with the pyramidal tracts, contralateral hemisphere, and the parietal lobule. Pink arrows designate the parcellation of interest.

the burning, chronic pain sensations that originate from deep
somatic tissue.® This suggests area 3a has relevance in many of
the chronic pain ailments observed in the clinical sc:tting.6 Area
3a is also involved in proprioception.®”

Area 3b
Where s It?

Area 3b is makes up the entire anterior bank of the postcentral
gyrus. It does not reach the Sylvian fissure or fold onto the medial
hemispheric face.

§78 | VOLUMEOO | NUMBEROO | 2018

What Are Its Borders?

Area 3b borders area 3a along its anterior convexity border, and
area 2 along its long posterior convexity border. Its inferior end
ends superior to the Sylvian fissure and areas 3a and 2 contact each
other inferior to this, forming area 3b’s inferior border. Supero-
medially, it contacts areas 5m and 5. It also makes a small border
with area 2 posterosuperiorly.

What Is Its Functional Connectivity?

Area 3b demonstrates functional connectivity to areas 1, 2, and
3a in the sensory strip, area 4 in the motor strip, areas SCEF, 6d,
and 6v in the premotor regions, areas 24dd, 24dv, 5m, and 5L
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FIGURE 4. Anatomical location of primary sensory area parcellations shown on the right hemisphere of a cadaver brain. A, Oblique view with dilated
postcentral sulcus. B, Dorsolateral view with dilated central sulcus. C, Lateral view without dilation of the central sulcus.

in the middle cingulate regions, areas 43, OP1, OP2-3, OP4,
IG, PFcm, and FOP2 in the superior insula opercular regions,
areas A4, AS, RI, 52, A1, MBelt, LBelt, PBelt, TA2, and STV
in the lower opercula and Heschl’s gyrus regions, areas 7AL and
7PC in the parietal lobe, areas V2, V3, and V4 in the medial
occipital lobe, areas V6, V6a, V3a, and V7 in the dorsal visual
stream areas, area FFC of the ventral visual stream, and areas

OPERATIVE NEUROSURGERY

TPOJ1, EST, V4t, MST, MT, and LO3 of the lateral occipital lobe
(Figure 8).

What Are Its White Matter Connections?

Area 3b is structurally connected to the pyramidal tracts,
thalamocortical projections, contralateral hemisphere, and
the parietal lobe. Connections to pyramidal tracts descend
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correspond to areas 3a (green), 3b (light blue), 1 (purple), and 2 (orange).

FIGURE 5. Combined structural connectivity of the primary sensory parcellations in the left hemisphere, shown on T'1-weighted MR images. Sagittal
views of A, medial and D, lateral planes. Coronal views of B, caudal and C, rostral planes showing projections to the contralateral hemisphere. Tracts

through the posterior limb of the internal capsule and
cerebral peduncle to the brainstem. Thalamocortical tracts
run medial to pyramidal projections to enter the thalamus.
Contralateral connections course through the body of the
corpus callosum to parcellations 3a, 3b, and 4. Parietal projec-
tions are portions of the SLF and connect with IP1 and IP2.
Local short association fibers are connected with 1, 2, 3a, and

4 (Figure 9).
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What Is Known About Its Function?

Area 3b is involved in the sensation of tactile stimuli. Specifi-
cally, this area represents the initial region of activation in tactile
stimulation, followed by the activation of area 1.* Area 3b also
functions in the localization of sensation on the skin and distin-
guishing the features of that sensation.® For example, activation
of area 3b offers finger-specific information with respect to a
tactile stimulus as opposed to areas 1 and 2 which cover a larger,
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 6. Functional connectivity of 3a demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

more generalized receptive field.® Additionally, area 3b receives
exclusive activation in the reception of nociceptive stimuli.®

Area1l
Where Is It?

Area 1 is found on the visible surface of the postcentral gyrus. It
forms the largest bulk of the postcentral operculum. It continues
up to the midline, but does not fold onto the medial face.

OPERATIVE NEURO

What Are Its Borders?

Area 1 borders area 3b along its anterior convexity border, and
area 2 along its posterior border. Its inferior end borders OP4 and
PFop. Its superior end is surrounded by areas 3b and 2.

What Is Its Functional Connectivity?

Area 1 demonstrates functional connectivity to areas 2 and 3a
in the sensory strip, area 4 in the motor strip, areas SCEE, 6mp,
6d, and 6v in the premotor regions, areas 24dd, 24dv, 5m, and
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FIGURE 7. Structural connectivity of 3a in the left hemisphere, shown on TI-weighted MR images. A, Coronal view showing projections to the
contralateral hemisphere. Sagittal view of B, medial and C, lateral planes. Green: white matter tracts of 3a demonstrating connections with the pyramidal
tracts, thalamocortical projections, contralateral hemisphere, and the parietal lobe. Pink arrows designate the parcellation of interest.

5L in the middle cingulate regions, areas 43, OP1, OP2-3, OP4,
IG, PFem, and FOP2 in the superior insula opercular regions,
areas A4, A5, RI, 52, MBelt, LBelt, PBelt, TA2, and STV in the
lower opercula and Heschl’s gyrus regions, areas LIPv, VIP, IPS1,
7AL, and 7PC in the parietal lobe, areas V2, V3, and V4 in the
medial occipital lobe, areas V6, V6a, and V7 in the dorsal visual
stream areas, area FFC of the ventral visual stream, and areas PH,
TPOJ1, FST, V4t, MST, MT, and LO3 of the lateral occipital
lobe (Figure 10).
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What Are Its White Matter Connections?

Area 1 is structurally connected to the pyramidal tracts, thala-
mocortical projections, and the parietal lobe. Connections to
pyramidal tracts descend through the posterior limb of the
internal capsule and cerebral peduncle to the brainstem. Thalam-
ocortical tracts run medial to pyramidal projections to enter the
thalamus. Parietal projections are portions of the SLF and connect
to PFm. Local short association fibers are connected with 1, 2,
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 8. Functional connectivity of 3b demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

3a, 3b, 4, and 6 (Figure 11). White matter tracts of area 1 in the
right hemisphere have less consistent projections to surrounding
parcellations.

What Is Known About Its Function?

Area 1, along with area 3b, is involved in processing tactile
stimuli. Specifically, area 1 represents the secondary point of
activation following the reception of a tactile sensation activating

OPERATIVE NEURO

area 3b.4 Area 1 also functions along with area 2 in receiving infor-
i lated to bilateral tactile stimulati f the hands.®
mation related to bilateral tactile stimulation of the hands.

Area 2
Where Is It?

Area 2 is makes up most of the anterior bank of the postcentral
sulcus. It neither folds onto the midline nor reaches the Sylvian
fissure.
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FIGURE 9. Structural connectivity of 3b in the left hemisphere, shown on T1-weighted MR images. A, Coronal view showing projections into the
contralateral hemisphere. Sagittal views of B, medial and C, lateral planes. Light blue: white matter tracts of 3b demonstrating connections with the
pyramidal tracts, thalamocortical projections, contralateral hemisphere, and the parietal lobe. Pink arrows designate the parcellation of interest.

What Are Its Borders?

Area 2 borders area 1 as its main anterior border. It makes a
small anterior contact with area 3b superiorly. Inferiorly, it has a
small border with PFop. Its superior border is mainly made up of
area 5. It borders area 7AL posterosuperiorly. Its long posterior
border contacts (from superior to inferior): area 7PC, AID, and
PFt.
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What Is Its Functional Connectivity?

Area 2 demonstrates functional connectivity to areas 1, 3a, and
3b in the sensory strip, area 4 in the motor strip, areas SCEF,
FEE, 6a, 6mp, 6d, and 6v in the premotor regions, areas 24dd,
24dv p32prime, 5mv, 5m, and 5L in the middle cingulate regions,
areas 43, OP1, OP2-3, OP4, IG, PFcm, FOP1, and FOP2 in
the superior insula opercular regions, areas Poll, Pol2, A4, A5,
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 10. Functional connectivity of 1 demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

RI, 52, Al, MBelt, LBelt, PBelt, TA2, and STV in the lower
opercula and Heschl’s gyrus regions, areas AIP, VIP, LIPy, PFop,
PFt, IPS1, 7AL, and 7PC in the parietal lobe, areas V2 and V3
in the medial occipital lobe, areas V6 in the dorsal visual stream
areas, area FFC of the ventral visual stream, and areas PH TPOJ 1,
TPO]J2, FST, V4t, MST, MT, and LO3 of the lateral occipital lobe
(Figure 12).

OPERATIVE NEURO

What Are Its White Matter Connections?

Area 2 is structurally connected to the pyramidal tracts, thala-
mocortical projections, contralateral hemisphere, and the parietal
lobe. Connections to pyramidal tracts descend through the
posterior limb of the internal capsule and cerebral peduncle to
the brainstem. Thalamocortical tracts run medial to pyramidal
projections to enter the thalamus. Contralateral connections
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parietal lobe. Pink arrows designate the parcellation of interest.

FIGURE 1. Structural connectivity of 1 in the left hemisphere, shown on T1-weighted MR images. Sagittal views of A, lateral and B, medial
planes. C, Coronal view. Purple: white matter tracts of 1 demonstrating connections with the pyramidal tracts, thalamocortical projections, and the

course through the body of the corpus callosum to parcellation
7am. Parietal projections are portions of the SLF and connect to
PFm, IP1, and IP2. Local short association fibers are connected

with 6r, 7Pc, AIP, 1, 3a, 3b, and 4 (Figure 13).

What Is Known About Its Function?

Area 2 is known to be involved in the processing of deep tissue
sensations. > Additionally, area 2 is activated in bilateral tactile
stimulation of the hands.®

$86 | VOLUMEOO | NUMBEROO | 2018

PARACENTRAL LOBULE AREAS

It is commonly thought that the paracentral lobule is a
combined motor and sensory area, but while the anterior portion
of this region contains the leg motor section of area 4, the
posterior portion contains subunits of area 5 as opposed to parts
of the primary sensory cortex.” The anatomic location of the
parcellations that comprise the paracentral lobule area is shown
in Figure 14. These parcellations include 5l, 5m, and 5mv.
This region has consistent white matter connections with the
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

of interest.

FIGURE12. Functional connectivity of 2 demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views.
C, Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation

contralateral hemisphere. There are also connections with the
pyramidal tracts and cingulate cortex but these white matter tracts
are specific to individual parcellations. The combined tractog-
raphy of the parcellations is shown in Figure 15.

Area 5l
Where Is It?

Area 51 (5 lateral) is located on posterior superior most portion
of the postcentral gyrus. It is located at the angle where the gyrus
folds onto the interhemispheric surface.

OPERATIVE NEURO

What Are Its Borders?

Area 5] borders area 2 inferiorly, and area 3b anteroinferiorly. It
borders area 7AM posteriorly and area 7AL posteroinferiorly. Area
5mv is its inferior neighbor and area 5m is its anterior neighbor.

What Is Its Functional Connectivity?

Area 5] demonstrates functional connectivity to areas 1, 2, 3a,
and 3b in the sensory strip, area 4 in the motor strip, areas 6mp
and 6d in the premotor regions, areas 5Sm and 5mv in the middle
cingulate regions, areas OP1 in the superior insula opercular
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BAKER ET AL

FIGURE 13. Structural connectivity of 2 in the left hemisphere, shown on T1-weighted MR images. A, Coronal view showing projections to the
contralateral hemisphere. Sagittal view of B, lateral and C, medial planes. Orange: white matter tracts of 2 demonstrating connections with the pyramidal
tracts, thalamocortical projections, contralateral hemisphere, and the parietal lobe. Pink arrows designate the parcellation of interest.

regions, area A4 in the lower opercula and Heschl’s gyrus regions,

and areas 7AL and 7PC in the parietal lobe (Figure 16).

What Are Its White Matter Connections?

Area 51 is structurally connected to pyramidal tracts and
the contralateral hemisphere. Connections to pyramidal tracts
descend through the posterior limb of the internal capsule and
cerebral peduncle to the brainstem. Contralateral connections

$88 | VOLUMEOO | NUMBEROO | 2018

course through the body of the corpus callosum to parcellations
5m, 5], and 5mv. Local short association fibers connect with 5m
and 5mv (Figure 17).

What Is Known About Its Function?

Area 5! functions in goal-oriented hand movement, specifi-
cally movement that is not based on visual cues.!® Recent studies
suggest that area 51, along with area 5m, is also activated in tasks
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20 24dd e Sy
£ bmp e 5],

FIGURE 14. Anatomical location of paracentral lobule area parcellations shown on the right hemisphere of a cadaver brain. (left) Medial view of the
paracentral lobule area. (right) Dorsolateral view of the paracentral lobule area.

that require complex coordination between the right and left

hand.!!

Area 5m
Where s It?

Area 5m (5 medial) is located in the posterior superior portion
of the medial face of the paracentral lobule.

What Are Its Borders?

Area 5m borders area 4 anteriorly and area 51 posteriorly. It also
has a small anterior border with area 24dd. Its inferior border is
area Smv. It borders areas 3a and 3b on its lateral/superior surface.

What Is Its Functional Connectivity?

Area 5m demonstrates functional connectivity to areas 1, 2, 3a,
and 3b in the sensory strip, area 4 in the motor strip, areas 6mp
and 6d in the premotor regions, area 5L in the middle cingulate
regions, and area A4 in the lower opercula and Heschl’s gyrus
regions (Figure 18).

What Are Its White Matter Connections?

Area 5m is structurally connected to the contralateral
hemisphere. Contralateral connections course through the body
of the corpus callosum to parcellations 4 and 51. No local short
association fibers can be visualized (Figure 19).

What Is Known About Its Function?

Area 5m integrates somatosensory and visuomotor infor-
mation. It participates in activities such as reaching or pointing,

OPERATIVE NEUROSURGERY

especially when these movements are based on somatosensory
information, as opposed to visual stimuli.'” Recent studies also
suggest that area 5m, along with area 5, is activated when
performing tasks that require complex coordination between the

right and left hand.!!

Area 5mv
Wheres It?

Area 5mv (5 medial-ventral) is located on the posterior inferior
paracentral lobule, and makes up the anterior bank of the
ascending ramus of the cingulate sulcus.

What Are Its Borders?

Area 5mv borders areas 5m and 51 superiorly and area 23c
inferiorly across the cingulate sulcus ascending ramus. Its anterior
border is with area 24dd. Area 7am and PCV make up its posterior
border.

What Is Its Functional Connectivity?

Area 5mv demonstrates functional connectivity to area 2 in
the sensory strip, areas SCEF, FEE 6r, 6a, 6mp, and 6ma in
the premotor regions, areas 24dd, 24dv a24prime, p24prime,
p32prime, 23c, and 5L in the middle and posterior cingulate
regions, areas 9-46d and 46 in the dorsolateral frontal lobe, areas
43, OP4, PFecm, FOP1, FOP3, and FOP4 in the superior insula
opercular regions, areas 52, Poll, Pol2, and MI in the lower
opercula and Heschl’s gyrus regions, areas AIP, MIP, LIPv, LIPd,
IPO, PGp, PFop, PE PFt, 7AL, and 7PC in the lateral parietal
lobe, areas 7am, PCV, and DVT in the medial parietal lobe, areas
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Sm (green), and Smv (purple).

FIGURE15. Combined structural connectivity of the paracentral lobule area parcellations in the left hemisphere, shown on T'1-weighted MR images. A,
Sagittal view. Coronal views of B, rostral and C, caudal planes showing projections to the contralateral hemisphere. Tracts correspond to areas 5L (red),

V1, V2, and V3 in the medial occipital lobe, areas V6 and V6a
in the dorsal visual stream areas, and areas PHT, PH, TPO]J2,
TPO]J3, FST, and LO3 of the lateral occipital lobe (Figure 20).

What Are Its White Matter Connections?

Area 5mv is structurally connected to the contralateral
hemisphere and cingulate cortex. Contralateral connections
course through the body of the corpus callosum to parcella-
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tions 5mv, 4, 51, and 5m. Fibers to the cingulate cortex project
anteriorly from 5mv to end at 24sv, p24r. No local short associ-
ation fibers can be visualized (Figure 21).

What Is Known About Its Function?

Activation of area 5mv leads to somatosensation and motor
response.'’ Additionally, some have found a positive correlation
between activation of area 5mv and increased accuracy when a
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE16. Functional connectivity of 5L demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

subject is imitating an upper body movement following obser-
vation of the task.'?

SUPPLEMENTARY MOTOR REGION AREAS

The supplementary motor area (SMA) is located on the
medial bank of the posterior superior frontal gyrus and serves
as a critical relay center for the imitation and production of
ordered movement, eg in speech.!® Four parcellations make

OPERATIVE NEURO

up the SMA. We discuss 3 of them here: 6ma, 6mp, and
superior frontal language (SFL). For convenience, SCEF, the
fourth part of the supplementary motor region, is discussed with
the cingulate areas in the following chapter on the medial frontal
lobe.

The anatomic location of the parcellations that comprise the
supplementary motor region is shown in Figure 22. These parcel-
lations include 6ma, 6mp, and SFL. This region has consistent
white matter connections with the pyramidal tracts, frontal aslant
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FIGURE 17. Structural connectivity of 5L in the left hemisphere, shown on T'1-weighted MR images. A, Sagittal view. Coronal views of B, caudal and
C, rostral planes showing projections into the contralateral hemisphere. Red: white matter tracts of 5L demonstrating connections with the pyramidal tracts
and the contralateral hemisphere. Pink arrows designate the parcellation of interest.

tract (FAT), and contralateral hemisphere. The combined tractog-
raphy of the parcellations is shown in Figure 23.

Area 6ma
Where s It?

Area 6ma (6 medial anterior) makes up the lateral posterior
portion of the superior frontal gyrus. It mainly straddles the inter-
hemispheric angle.
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What Are Its Borders?

Area 6ma borders area 6mp posteriorly, SCEF and SFL
inferiorly/medially, and area 6a laterally. Its anterior neighbor is
s6-8.

What Is Its Functional Connectivity?

Area 6ma demonstrates functional connectivity to areas SCEE,
PEE FEFE 61, 6a, 6v, and 6mp in the premotor regions, areas
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE18. Functional connectivity of 5m demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

a24prime, p24 prime, p24prime, a32prime, p32prime, 23c, and
5mv in the middle and posterior cingulate regions, areas IFSa, 9-
46d a9-46v, p9-46v, and 46 in the dorsolateral frontal lobe, areas
Pol1, Pol2, AVI, MI, 43, PFcm, FOP1, FOP3, FOP4, and FOP5
in the insula opercular regions, areas IP2, IP0, AIP, MIP, LIPd,
PGp, PFop, PE PFt, 7AL, 7PL, and 7PC in the lateral parietal
lobe, and areas 7am, 7pm, PCV, and DVT in the medial parietal
lobe (Figure 24).

OPERATIVE NEURO

What Are Its White Matter Connections?

Area 6ma is structurally connected to the pyramidal tracts,
the FAT, and contralateral hemisphere. Connections to pyramidal
tracts descend through the posterior limb of the internal capsule
and cerebral peduncle to the brainstem. The FAT connects
6ma with the inferior frontal gyrus terminating at parcella-
tions 44, FOP4, and AAIC. Contralateral connections course
through the body of the corpus callosum to 6ma. Local
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designate the parcellation of interest.

FIGURE 19. Structural connectivity of 5Sm in the left hemisphere, shown on TI-weighted MR images. A, Sagittal view. B, Coronal views showing

projections to the contralateral hemisphere. Green: white matter tracts of 5m demonstrating connections with the contralateral hemisphere. Pink arrows

short association fibers connect 6mp, SFL, 6a, i6-8, and s6-8
(Figure 25).

What Is Known About Its Function?

Area 6ma was subdivided from adjacent parcellations due to
differences in myelin thickness and functional activity.” Specifi-
cally, 6ma shows more activation compared to areas 6mp, SFL,
or s6-8 when individuals are given a visual instruction cue. Area
6ma also showed greater deactivation compared to area SFL when
individuals are told a story. Area 6ma also showed less functional
activity compared to area s6-8 when individuals had to match
objects based on given verbal categories.’

Area 6mp
WhereIs It?

Area 6mp (6 medial posterior) makes up the area where the
SEG joins with the precentral gyrus. It makes up the medial
bank of the SFG at this junction, as well as spilling onto the
superior surface of the posterior most SFG and the anterosu-
perior portion of the precentral gyrus. It also makes up the most
posterior superior portion of the superior bank of the superior
frontal sulcus.

What Are Its Borders?

Area 6mp borders area 4 posteriorly, area 6d laterally, area 6a
anterolaterally, areas 6ma and SCEF anteriorly, and area 24dd
inferiorly on the medial surface.
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What Is Its Functional Connectivity?

Area 6mp demonstrates functional connectivity to areas 1, 2,
3a, and 3b in the sensory strip, area 4 in the motor strip, areas
SCEE 6a, 6ma, and 6d in the premotor regions, areas 24dd, 24dyv,
p32prime, 5mv, and 5L in the middle cingulate regions, areas
43, OP1, OP4, PFcm, FOP1, and FOP2 in the superior insula
opercular regions, areas A4, RI, and PBelt in the lower opercula
and Heschl’s gyrus regions, areas PFop, PFt, IPS1, 7AL, and 7PC
in the parietal lobe areas, and area FST in the lateral occipital lobe
(Figure 206).

What Are Its White Matter Connections?

Area 6mp is structurally connected to the pyramidal tracts
and contralateral hemisphere. Connections to pyramidal tracts
descend through the posterior limb of the internal capsule and
cerebral peduncle to the brainstem. Contralateral connections
course through the body of the corpus callosum to 6ma, 6mp,
and FEE Local short association fibers connect with 24dd, 6a,
and 6d (Figure 27).

What Is Known About Its Function?

Area 6mp was subdivided from adjacent parcellations due to
differences in myelin thickness and functional activity.” Specifi-
cally, area 6mp shows less activation compared to 6ma when an
individual was given a visual instruction cue and when moving
their feet. Compared to 6d, 6mp shows greater deactivation when
listening to a story or solving a math problem. Lastly, compared
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 20. Functional connectivity of 5mv demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

to area 6a, area 6mp shows less activation in social interaction What Are Its Borders?
settings. Area SFL borders SCEF inferiorly. Its anterior inferior neighbor

is area 8BM and its anterior superior neighbor is area 8BL. Areas
6ma and s6-8 are its lateral neighbors.

Area SFL
Where Is It? What Is Its Functional Connectivity?

Area SFL is located on the posterior medial SFG straddling over Area SFL demonstrates functional connectivity to areas 8BL,
the interhemispheric cleft. 8AV, 9a, 9p, and 9m in dorsolateral frontal lobe, areas 8BM, d32,
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and the cingulate cortex. Pink arrows designate the parcellation of interest.

FIGURE 21. Structural connectivity of 5Smv in the left hemisphere, shown on T'1-weighted MR images. A, Sagittal view. B, Axial and C, coronal views
showing projections to the contralateral hemisphere. Purple: white matter tracts of Smv demonstrating connections with the contralateral hemisphere

44, 45, 471, and 47s in the inferior frontal lobe, area 55b in the
premotor areas, areas STSda, STSdp, STSva, STSvp, TEla, and
TGd in the temporal lobe, area PGi in the lateral parietal lobe,
and areas 31pv and 31pv in the medial parietal lobe (Figure 28).

What Are Its White Matter Connections?

Area SFL is structurally connected to pyramidal tracts, the FAT,
and contralateral hemisphere. Connections to pyramidal tracts
descend through the posterior limb of the internal capsule and
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cerebral peduncle to the brainstem. The FAT connects SFL with
the inferior frontal gyrus, terminating at parcellations 44, IFSp,
and MI. Contralateral connections course through the body of
the corpus callosum to SCEF and 8BL. Local short association
fibers connect with SCEF, 8BL, SFL, and 6ma (Figure 29).

What Is Known About Its Function?

Area SFL was subdivided from adjacent parcellations due to
differences in myelin thickness and functional activity.” Area SFL
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supplementary motor area.

FIGURE 22. Anatomical location of the supplementary motor area parcellations shown on the right hemisphere of a cadaver brain. A, Dorsolateral view
of the supplementary motor area parcellations. B, Dorsolateral view of the primary motor cortex and corresp

ding parcellations. C, Medial view of the

is known to be hemispherically asymmetric. Specifically, the left
hemisphere shows more activity when listening to stories and
when a participant is matching objects based on a verbal cue.
Compared to area 8BL, area SFL shows more activation when
listening to a story, matching objects based on verbal cues and
in social interaction settings. Compared to area s6-8, area SFL
shows more activation in the left hemisphere when individuals
listen to a story. In the right hemisphere, area SFL is activated in

OPERATIVE NEUROSURGERY

social interaction settings and is deactivated during object feature
comparison tasks.”

PREMOTOR AREAS

The premotor areas are largely subdivisions of Brodmann’s area
6. They are predominantly located on the anterior precentral
gyrus and in portions of the precentral sulcus. The frontal and
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(orange).

FIGURE 23. Combined structural connectivity of the supplementary motor area in the left hemisphere, shown on T'1-weighted MR images. A, Sagittal
view, B, coronal, and C, axial views showing projections to the contralateral hemisphere. Tracts correspond. to areas 6ma (white), 6m (pink), and SFL

PEFs are included here. The anatomic location of the parcel-
lations comprised by the premotor area is shown in Figure 30.
These parcellations include 6a, 6d, FEE, 55b, PEF, 6v, and 6r.
This region has consistent white matter connections with the
superior longitudinal fasciculus and contralateral hemisphere.
Parcellations 6a and 6d also have consistent connections with the
pyramidal tracts. The combined tractography of the parcellations
is shown in Figure 31.
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Area 6a
Where Is It?

Area 6a (6 anterior) makes up the posterior superior most
bank of the superior frontal sulcus and the adjacent portions
of the superior frontal gyrus, principally forming this bank
just as the sulcus forms the right angle with the precentral
sulcus.
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

interest.

FIGURE 24. Functional connectivity of 6ma demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views.
C, Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of

What Are Its Borders?

Area 6a borders areas 6d and 6mp posteriorly, and area 6ma
medially. Its anterior border is made by s6-8, area 8AD, and i6-8.
FEF is its inferior neighbor.

What Is Its Functional Connectivity?

Area 6a demonstrates functional connectivity to area 2 in the
sensory strip, areas SCEFE, PEF, FEE, 6ma, 6mp, 6d, and 6v in the
premotor regions, areas a24prime, p32prime, 5mv, and 23c in

OPERATIVE NEURO

the middle cingulate regions, areas IFSa, 1F]Ja, i6-8, 46, p9-46v,
and 9-46d in the lateral frontal lobe, areas OP4, PFcm, FOP4,
and FOP2 in the superior insula opercular regions, areas Pol1 and
Pol2 in the lower opercula and Heschl’s gyrus regions, areas TE2p,
PHA3, and PHT in the temporal lobe, areas AIP, MIR, VIP, LIPd,
LIPv, PFop, PE, PFt, PGp IP2,1P1, IPO, IPS1, 7AL,7PL, and 7PC
in the lateral parietal lobe, areas 7pm, 7am, DVT, and PCV in
the medial parietal lobe, area V2 in the medial occipital lobe, and
areas PH, TPOJ2, TPOJ3, and FST of the lateral occipital lobe
(Figure 32).
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FIGURE 25. Structural connectivity of 6ma in the left hemisphere, shown on T1-weighted MR images. Sagittal views of A, medial and B, lateral planes.
C, Coronal view showing projections to the contralateral hemisphere. White: white matter tracts of 6ma demonstrating connections with the pyramidal
tracts, the frontal aslant tract (FAT), and the contralateral hemisphere. Pink arrows designate the parcellation of interest.

What Are Its White Matter Connections?

Area 6a is structurally connected to the pyramidal tracts and the
parietal lobe. Connections to pyramidal tracts descend through
the posterior limb of the internal capsule and cerebral peduncle
to the brainstem. Parietal projections are portions of the SLF and
connect with 3a, 3b, 7PC, and 7AL. Local short association fibers
connect with FEF, i6-8, 55b, 8Av, 46, and 6r (Figure 33).
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What Is Known About Its Function?

Areas 6a and 6d are newly described subdivisions of the
premotor cortex. While the precise function of these areas is
unknown, the functions of the premotor cortex are well charac-
terized in the literature. First, the premotor cortex is functionally
divided into ventral and dorsal aspects. The dorsal premotor
cortex is involved in associating informational cues with a
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

parcellation of interest.

FIGURE 26. Functional connectivity of Gmp demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal
views. C, Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the

particular body movement. These cues could be learned and
arbitrary in nature or they can be based on other forms of
somatosensation, such as visual or auditory sensation.”? The
ventral premotor area is involved in hand movement manip-
ulation of objects, eg when grasping or lifting. The ventral
premotor area is also involved in more complex cortical functions
such as when individuals learn actions or movements while
observing others performing a task.” Overall, the premotor
cortex has significant function in the preparation of voluntary

movements. 14

OPERATIVE NEURO

Regarding area 6a more specifically, this region was distin-
guished from adjacent areas of the cortex based on differences in
myelin thickness and functional activity.” Compared to area s6-
8, area 6a shows greater activation when solving math problems,
in social interaction settings, and when performing object feature
comparison tasks. Compared to area i6-8, area 6a shows greater
activation in social interaction settings and relative deactivation in
emotion identification and object feature comparison. Compared
to area FEF, area 6a shows less activation in both gambling and
object feature comparison.’”
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FIGURE 27. Structural connectivity of 6mp in the left hemisphere, shown
on Tl-weighted MR images. Coronal view A, showing projections into
the contralateral hemisphere, and sagittal view B. Pink: white matter
tracts of 6mp demonstrating connections with the pyramidal tracts and the
contralateral hemisphere. Pink arrows designate the parcellation of interest.

Area 6d
Where s It?

Area 6d (6 dorsal) is located on the anterosuperior portion of
the precentral gyrus, just inferior to its junction with the SFG. It
makes up the posterior bank of the adjacent precentral sulcus.
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What Are Its Borders?

Area 6d borders area 6mp superiorly and FEF inferiorly. Area 4
is its posterior border and area 6a forms its anterior border across
the precentral sulcus.

What Is Its Functional Connectivity?

Area 6d demonstrates functional connectivity to areas 1, 2, 3a,
and 3b in the sensory strip, area 4 in the motor strip, areas 6a,
6mp, and 6v in the premotor regions, areas 5L and 24dd in the
middle cingulate regions, areas FOP2, OP4, OP1, A4, and PBelt
in the insula opercula regions, areas 7PC, 7AL, and PFt in the
parietal lobe, and area FST in the lateral occipital lobe (Figure 34).

What Are Its White Matter Connections?

Area 6d is structurally connected to the pyramidal tracts
and contralateral hemisphere. Connections to pyramidal tracts
descend through the posterior limb of the internal capsule and
cerebral peduncle to the brainstem. Contralateral connections
course through the body of the corpus callosum to end at 6mp,
FEE and 55b. Local short association fibers connect with 4, 3a,
3b, 6a, FEF, i6-8, 8Av, 3a, 3b, 6ma, and 6d (Figure 35).

What Is Known About Its Function?

Area 6d was distinguished from adjacent areas of the cortex
based on differences in myelin thickness and functional connec-
tivity.” Area 6d shows less activation compared to area FEF during
gambling tasks, in social interaction settings, and during object
feature comparison. Compared to area Ga, area 6d shows less
activation in solving math problems and in social interaction
settings.9

Area FEF
Where Is It?

Area FEF is located on the anterior half of the precental gyrus,
approximately half way down its length along the convexity, just
inferior to the junction point of the precental and superior frontal
sulci. It also forms the adjacent floor of the precentral sulci and
straddles slightly onto the posterior edge of the middle frontal

gyrus.

What Are Its Borders?

Area FEF borders areas 6a and 6d superiorly and area 55b
inferiorly. Area 4 is its posterior border and area i6-8 forms its
anterior border on the middle frontal gyrus.

What Is Its Functional Connectivity?

Area FEF demonstrates functional connectivity to area 2 in
the sensory strip, areas SCEE, PEE, 61, and 6v in the premotor
regions, areas a24prime, p32prime, 5myv, and 23c¢ in the middle
cingulate regions, areas 1FSa, IFJa, 46, and 9-46d in the lateral
frontal lobe, areas 43, OP4, PFcm, FOP1, FOP3, FOP4, and
FOPS5 in the superior insula opercular regions, areas STV, LBelt,
PBelt, A4, M1, 52, R], Pol1, and Pol2 in the lower opercula and
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 28. Functional connectivity of SFL demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

Heschl’s gyrus regions, areas TE2p and PHT in the temporal
lobe, areas AIP, MIP, VIR LIPd, LIPv, PFop, PE PFt, PGp,
IPO, IPS1, 7AL,7PL, and 7PC in the lateral parietal lobe,
areas 7am, DVT, and PCV in the medial parietal lobe, areas
V1, V2, V3, and V4 in the medial occipital lobe, areas V3a,
V3b, V6, V6a, and V7 of the dorsal visual stream, areas V8
PIT, FFC, VVC, VMV1, VMV2, and VMV3 of the ventral
visual stream, and areas V3cd, LO1, LO2, LO3, PH, TPOJ1,

OPERATIVE NEURO

TPOJ2, TPOJ3, V4t, MST, and FST of the lateral occipital lobe
(Figure 30).

What Are Its White Matter Connections?

Area FEF is structurally connected to the contralateral
hemisphere and superior longitudinal fasciculus. Contralateral
connections course through the body of the corpus callosum to i6-
8 and SFL. Connections with the superior longitudinal fasciculus

VOLUME 00 | NUMBEROO | 2018 | S103

810Z 1890100 |0 Uo woo'jlewb@sAaeniybns ‘sse00y Jaquisiy SN Ag 029201 G5/952Ado/sUo/E601 0L /I0p/10BISE-8]0I1IB-00UBAPE/SUO/WO02 dNO"olWapeoe//:sd)jy Wol) papeojumo(



BAKER ET AL

FIGURE 29. Structural connectivity of SFL in the left hemisphere, shown on T1-weighted MR images. Coronal views of A, caudal and B, rostral
planes showing projections ro the contralateral hemisphere. C, Sagittal view of SFL. Orange: white matter tracts of SEL demonstrating connections
with the pyramidal tracts, the frontal aslant tract, and contralateral hemisphere. Pink arrows designate the parcellation of interest.

connect FEF to the intraparietal sulcus and the inferior parietal
lobe terminating at IP1, IP2, and PGs. Local short association
fibers connect with 6d, 55b, i6-8, 8Av, 6a, and PEF (Figure 37).

What Is Known About Its Function?

Area FEF is known to be involved in rapid eye movements
between fixed points, also known as intentional saccadic
movements. Area FEF has also been implicated in smooth
eye movements that allow the eyes to follow a moving target,
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also known as smooth pursuit eye movements. Together, these
movements help the FEF to create a salience map for visual
attention.> 12

Area 55b
Where Is It?

Area 55b is located on the anterior half of the precental gyrus,
approximately half way down its length along the convexity, just
inferior to FEE. It also forms the adjacent floor of the precentral
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

precentral sulcus.

FIGURE 30. Anatomical location of premotor area parcellations shown on the right hemisphere of a cadaver brain. A, Oblique view with dilated
precentral sulcus to show extension of the parcellations into the sulcus. B, Dorsolateral view with dilated precentral sulcus. C, Superior view with dilated

sulci and straddles slightly onto the posterior edge of the middle
frontal gyrus.

What Are Its Borders?

Area 55b borders area FEF superiorly and PEF and area 6v
inferiorly. Area 4 is its posterior border and areas 8AV and 8C
form its anterior border across the precentral sulcus.

OPERATIVE NEUROSURGERY

What Is Its Functional Connectivity?

Area 55b demonstrates functional connectivity to area 4 in the
motor strip, areas SCEF and SFL in the premotor areas, areas
IFSp, IFJa, 8AV, 44, 45, and 47L in the lateral frontal lobe, areas
STSda and STSdp in the temporal lobe, areas PSL and STV in
the posterior opercular cortices, and area TPOJ1 in the lateral

occipital lobe (Figure 38).
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6a, 6d, FEE 55b, PEE 6v, and 6r.

FIGURE 31. Combined structural connectivity of the premotor area parcellations in the left hemisphere, shown on T1-weighted MR images. Sagittal
views of A, lateral and B, medial planes. C, Axial and D, coronal views showing projections to the contralateral hemisphere. Tracts correspond to areas

What Are Its White Matter Connections?

Area 55b is structurally connected to the contralateral
hemisphere and the superior longitudinal fasciculus.
Contralateral connections course through the body of the corpus
callosum to 6ma, 6a, and 6mp. Connections with the superior
longitudinal fasciculus connect 55b to parcellations PHT and
PFm, and this tract terminates eventually in the temporal lobe at
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TGd. Local short association fibers connect with 8Av, 8C, IF]p,
3a, 3b, and PEF (Figure 39).

What Is Known About Its Function?

Area 55b is a relatively uncharacterized region. In 1956, one
of the only studies to characterize this region concluded that the
area played a role in language processing.”
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

of interest.

FIGURE32. Functional connectivity of 6a demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views.
C, Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation

Area PEF
Where Is It?

Area PEF is a small area located in the floor of the precentral
sulcus at the junction of the precentral and inferior frontal sulci.
Lt spills slightly onto the adjacent precentral gyrus and unlike FEF
and area 55b, it is mostly vertically oriented.

What Are Its Borders?

Area PEF borders area 55b superiorly and area 6r inferiorly.
Area 6v is its posterior border and areas 8C and IFJp form its

OPERATIVE NEURO

anterior border on the MFG and in the inferior frontal sulcus,
respectively.

What Is Its Functional Connectivity?

Area PEF demonstrates functional connectivity to areas SCEE
FEF, 6ma, 61, 6a, and 6v in the premotor regions, areas a24 prime,
p32prime, and 23c in the middle cingulate regions, areas IFSa,
IF]p, and 9-46d in the lateral frontal lobe areas 43, PFcm, FOP4,
and FOPS5 in the superior insula opercular regions, areas MI and
Pol2 in the lower opercula and Heschl’s gyrus regions, areas TE2p
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BAKER ET AL

FIGURE 33. Structural connectivity of 6a in the left hemisphere, shown on TI-weighted MR images. Sagittal views of A, lateral and C, medial
planes. B, Coronal view showing projections to the contralateral hemisphere. Orange: white matter tracts of 6a demonstrating connections with the
pyramidal tracts and the parietal lobe. Pink arrows designate the parcellation of interest.

and PHT in the temporal lobe, areas AIP, MIP, LIPd, LIPv, PFop,
PFt, PGp, IP0, 7PL, and 7PC in the lateral parietal lobe, area 7am
in the medial parietal lobe, and areas PH and FST of the lateral
occipital lobe (Figure 40).

What Are Its White Matter Connections?

Area PEF is structurally connected to the superior longitu-
dinal fasciculus. PEF does have connections to the contralateral
hemisphere but this is inconsistent across individuals. Connec-
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tions with the superior longitudinal fasciculus connect 55b to
inferior parietal lobe parcellations PHT, TPO]J2, FST, and PFm.
Local short association fibers connect with 6r, 8C, and IFJp
(Figure 41).

What Is Known About Its Function?

Area PEF is known to be involved in reflexive eye movements,
8,2 Y
also called reflexive saccades.!”>18:21
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

parcellation of interest.

FIGURE 34. Functional connectivity of 6d demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal
views. C, Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the

Area 6v
Where s It?

Area 6v (6 ventral) makes up the anteroinferior one-third of
the precentral gyrus. It only minimally forms the posterior bank
of the precentral sulcus, which is primarily formed by area 6r.

What Are Its Borders?

Area Gv borders area 55b superiorly and area 43 inferiorly. Area
4 is its posterior border and areas 6r and PEF form its anterior

border.

OPERATIVE NEURO

What Is Its Functional Connectivity?

Area 6v is connected to areas 1, 2, 3a, and 3b in the sensory
strip, area 4 in the motor strip areas SCEE, FEF PEF, 6ma, 6mp,
61, 6d, and 6v in the premotor regions, areas 24dd and p32prime
in the middle cingulate regions, areas 43, OP4, OP2-3, OP1,
PFcm, FOP1 FOP2, FOP3, and FOP4 in the superior insula
opercular regions, areas A4, PBelt, R, and Pol2 in the lower
opercula and Heschl’s gyrus regions, areas AIP, MIB, VID, LIPyv,
PFop, PFt, 7AL, and 7PC, in the lateral parietal lobe, areas V3a,
V3b, V6, V6a, and V7 of the dorsal visual stream, areas FFC of
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hemisphere. Pink arrows designate the parcellation of interest.

FIGURE 35. Structural connectivity of 6d in the left hemisphere, shown on T1-weighted MR images. A, Axial and B, coronal views showing projections
to the contralateral hemisphere. C, Sagittal view. Blue: white matter tracts of 6d demonstrating connections with the pyramidal tracts and the contralateral

the ventral visual stream, and areas PH, TPO]J2, MST, and EST
of the lateral occipital lobe (Figure 42).

What Are Its White Matter Connections?

Area G6v is structurally connected to the contralateral
hemisphere and the superior longitudinal fasciculus.
Contralateral connections course through the body of the
corpus callosum to FEE Connections with the superior longitu-
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dinal fasciculus connect 6v to inferior parietal lobe parcellations
PHT, FST, PH, and PE. Local short association fibers connect
with 4, 6r, PEE, 43, 3a, and 3b (Figure 43).

What Is Known About Its Function?

Area 6v comprises what is classically known as the premotor
cortex. It has many different functions. The ventral premotor area
is known to be active in the control of hand movements that occur
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 36. Functional connectivity of FEF demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

while manipulating objects (eg grasping and lifting objects), and
the dorsal premotor area is involved in performing specific motor
tasks based on visual cues.?

Area 6r
Where Is It?

Area 6r (6 rostral) is the inferior portion of the precentral
sulcus, including its floor and both banks. The latter point implies
that some of area 6r lies on both the anterior inferior portion

OPERATIVE NEURO

of the precentral gyrus and the posterior portion of the pars
opercularis of the inferior frontal gyrus. The inferior extent of the
precentral sulcus forms a shovel shaped cup near the opercular
edge and this cup is area 6r.

What Are Its Borders?

Area 6r borders area 44 anteriorly and area 43 posteriorly. Area
6v forms a posterosuperior border with it. PEF is its main superior
neighbor, while IF]p and IFJa form an anterior superior border.
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BAKER ET AL

FIGURE 37. Structural connectivity of FEF in the left hemisphere, shown on T1-weighted MR images. A, Coronal view showing projections to the
contralateral hemisphere. Sagittal views of B, lateral and C, medial planes. Purple: white matter tracts of FEF demonstrating connections with the
contralateral hemisphere and superior longitudinal fasciculus. Pink arrows designate the parcellation of interest.

FOP1 and FOP4 form its inferior border on its undersurface
opercular surface.

What Is Its Functional Connectivity?

Area 6r demonstrates functional connectivity to areas SCEE
FEF PEE 6ma, 6a, and 6v in the premotor regions, areas 23c,
5mv, a24prime, p24prime, and p32prime in the middle cingulate
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regions, areas 46, p9-46v, 9-46d, IFSa, IF]a, IF]p, and p47r in the
lateral frontal lobe, areas 43, OP4, PFcm, FOP2 FOP3, FOP4,
and FOP5 in the superior insula opercular regions, areas AV,
MI, Poll, and Pol2 in the lower opercula and Heschl’s gyrus
regions, areas TE2p and PHT in the temporal lobe, areas AID,
MIP, LIPd, LIPv, PFop, PE, PFt, IP0, 7PL, 7AL, and 7PC, in the
lateral parietal lobe, and areas PH and FST of the lateral occipital
lobe (Figure 44).
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

parcellation of interest.

FIGURE 38. Functional connectivity of 55b demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal
views. C, Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the

What Are Its White Matter Connections?

Area 6r is structurally connected to the superior longitudinal
fasciculus and FAT. FAT connects 6r with the superior frontal
gyrus at parcellation SFL. Connections with the superior longi-
tudinal fasciculus connect 6r to posterior temporal parcellations
TE1la and TE2a. Local short association fibers connect with 6v,

44, IF]a, IF]p, 8C, and IFSa (Figure 45).

What Is Known About Its Function?

Area 6r has not been extensively studied. The literature
indicates that this area is functionally related to Broca’s area in

OPERATIVE NEURO

umans, which is a well-known cortical area essential to language
h hich is a well -k tical tial to languag
processing.”>>3

DISCUSSION

Brodmann described the sensorimotor region as essentially 6
areas.! For some time, we have found this scheme to be unsatis-
factory as a framework for describing how motor function occurs,
as it reduces the system to essentially 6 parallel strips of cortex
comprising the motor and sensory strips, the SMA, the premotor
areas, the frontal eye fields, and the cingulate motor areas. The
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FIGURE 39. Structural connectivity of 556 in the left hemisphere, shown on T1-weighted MR images. A, Axial view showing projections to
the contralateral hemisphere. Sagittal views of B, medial and C, lateral planes. White: white matter tracts of 55b demonstrating connections
with the contralateral hemisphere and the superior longitudinal fasciculus. Pink arrows designate the parcellation of interest.

Human Connectome Project (HCP) data suggest that the motor
cortex is far more complex than this, as it is unlikely that M1
can work without something driving it. Furthermore, these data
suggest that the premotor brain has other functions. Most impor-
tantly, we think these new data give us a framework to begin
to discuss motor mapping in a way beyond merely avoiding the
primary motor cortex.

The SMA

The commonly published subdivisions of the SMA, which
divide the SMA into the pre-SMA and SMA proper,24 do not
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provide much help toward understanding the organization or
exact role of different parts of this region. The HCP division
into 3 parts, 6ma, 6mp, and SFL, provides a better anatomic
definition of the area and makes functional definition of its
subparts possible.

Our group has specifically found that white matter fibers
leave the SMA in 3 main bundles, which are spatially segre-
gated.”> The medial paths connect to the homologous SMA
region in the contralateral hemisphere. The middle paths join
the descending fiber system which connect to the basal ganglia
and the corticospinal tract. The lateral paths form a large part of
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 40. Functional connectivity of PEF demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

the FAT which joins these areas to the inferior frontal gyrus and
insula.

It is rare in the cortex that an area can be subdivided relatively
neatly; however, all 3 SMA regions seem to have relatively
describable connectivity patterns based on their functional and
structural maps:

1. SFL is part of the language network and connects to language
areas via the FAT.

OPERATIVE NEURO

2. 6mp is part of the sensorimotor network and connects to this
network, the basal ganglia, and the corticospinal tract.

3. 6ma contributes to the FAT and the corticospinal tract. It
demonstrates functional connectivity to several parts of the
fronto-parietal network and the insula.

The SMA syndrome, which consists of mutism and
hemiplegia,” has a firm anatomic explanation in these findings.
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FIGURE 41. Structural connectivity of PEF in the left hemisphere, shown on T'1-weighted MR images. Sagittal views of A, lateral and B, medial planes.
Blue: white matter tracts of PEF demonstrating connections with the superior longitudinal fasciculus. Pink arrows designate the parcellation of interest.

Area 5

Area 5 is a modest area largely tucked into the superoposterior
sensory regions. The literature suggests that this area plays a role
in coordinating bilateral motor tasks.!! The connectivity patterns
of area 5 subregions are entirely consistent with this idea, as the
connections of 5m and 5] are mainly local with connections to
their homolog in the contralateral hemisphere.

It is also notable that area 5Smv, like area 23c on the other side
of the cingulate sulcus, is one of the most highly functionally
connected areas of the cortex, despite having only modest white
matter pathways. The significance of this is unclear to us.

The Sensorimotor Network

The anatomy of the corticospinal tract and the ascending thala-
mocortical sensory fibers is well known, and our tractography did
not uncover any new findings with respect to these fibers.20-28
What is worth noting is the degree of bilateral connectivity
between primary motor areas via the corpus callosum, which we
did not appreciate previously. It is also notable that these cortices
are densely interconnected via U-fibers, and also highly connected
to their neighboring premotor and parietal cortices. In addition,
parts of area 3 subregions sit in the depths of the central sulcus.
We note these observations to highlight the idea that transsulcal
trajectories in these areas are not necessarily better simply because
they enter less brain, as they could have the unintended conse-
quence of disconnecting 2 areas which need to talk to each other
for normal functioning, thereby causing more damage than a
longer trajectory. This topic needs to be studied more intensely
relative to the exact anatomy.
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The most stunning finding we observed while studying the
connectivity of these areas was the nature of the functional
connectivity of the primary sensorimotor cortices. The primary
sensory and motor areas all demonstrated evidence of functional
connectivity to regions corresponding to the early auditory and
visual areas with no real evidence of direct structural connections
between these areas and the sensorimotor regions. The signifi-
cance of this is unclear, but this was a notable finding in our data
and given that it was seen in all 4 areas, it seems unlikely, at least
to us, that this represents artifact or noise.

The Premotor Areas

Close examination of Brodmann’s original maps demonstrates
that a substantial portion of area 6 takes up the anterior half
of the precentral gyrus, in addition to overlapping the adjacent
precentral sulcus and neighboring gyri.! Without parcellating and
reducing this area to something more manageable, studying and
explaining the connectional anatomy of area 6 would be difficult.
Several observations follow from our analysis.

Areas 6a, 6d, 6r, and 6v

These areas are not contiguous as a significant area of cortex
separates areas 6d from 6v along the superior-to-inferior axis of
the precentral gyrus. Areas 6d and 6v are both part of the senso-
rimotor network based on their underlying functional connec-
tivity, which is not surprising given that they are both located in
the precentral gyrus. Meanwhile, areas 6a and 6r are not directly
functionally in sync with the primary sensorimotor network.
What is interesting is that while 6d largely contributes to the
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 42. Functional connectivity of 6v demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

corticospinal tract, 6r and 6v primarily have long range connec-
tions via the SLF/arcuate system. Area 6a is a hybrid between
these 2 extremes connecting to the parietal regions via the medial
portions of the SLF and contributing to the corticospinal tract.

Dorsal and Ventral Premotor Areas: A 2-Stream System of Motor
Planning

The dorsal and ventral premotor areas have been described
previously.” The dorsal premotor area is thought to be involved

OPERATIVE NEURO

in the use of visual guidance for hand movement, and the ventral
premotor area is thought to be involved in manipulating or
grasping objects.’

Areas 6a and 6d seem the most likely candidates for the dorsal
premotor areas, given their location and their substantial contri-
butions to the corticospinal tract. In contrast, areas 6r and 6v
seem more like ventral premotor areas. What may be initally
confusing about this distinction is the fact that areas 6r and 6v are
largely connected to semantic network areas (6r) and higher visual
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FIGURE43. Structural connectivity of 6v in the left hemisphere, shown on T1-weighted MR images. A, Axial view showing projections to the contralateral
hemisphere. Sagittal views of B, medial and C, lateral planes. Green: white matter tracts of V2 demonstrating connections with the contralateral hemisphere
and the superior longitudinal fasciculus. Pink arrows designate the parcellation of interest.

processing areas (6v). At first glance, this might make someone
consider that these areas better fit the role of visual control of
hand movements than an area like 6a which mostly connects
to the anterior parietal lobe. Some explanation is needed. The
posterior parietal cortex contains a variety of representations of 3-
dimensional space which represents the binding of somatosensory,
proprioceptive, visual, and auditory inputs.”’ Injury to this area
in some people causes the syndrome of optic ataxia, or difficulty
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guiding the hand using visual cues.’*® Given the connections of
area 6a in the medial portions of the SLF to parietal regions 7PC
and 7AL, we hypothesize that area 6a is more likely to represent
the dorsal premotor area with these connections serving as a site
of injury leading to the syndrome of optic ataxia.

Conversely, apraxia represents the difficulty of using or manip-
ulating tools or performing sequenced tasks. While it comes in
numerous forms, the canonical form, ideomotor apraxia, has
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CONNECTIONAL ANATOMY OF THE SENSORIMOTOR CORTEX

FIGURE 44. Functional connectivity of 6r demonstrated on an inflated left hemisphere. A, Lateral and medial views. B, Rostral and caudal views. C,
Dorsal and ventral views. Parcellations with the strongest functional connectivity are shown in yellow. Pink arrows designate the parcellation of interest.

been localized to the same areas which govern language, usually
co-occurring with forms of aphasia.’!"?? Studies have localized
lesions causing apraxia to the posterior temporal lobe, the inferior
parietal lobule, and the posterior inferior frontal gyrus,®!-** which
strongly suggests that the underlying apraxia network is contained
within the SLF/arcuate areas of the parasylvian cortices. Given
that 6r and 6d are part of this network, it seems plausible that
they represent the ventral premotor area. The information carried
could involve semantic information for tools and visual infor-
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mation about the mechanical properties of different structures
and tools. In addition, it could provide information about the
shapes and characteristics of objects provided by higher visual
processing areas like FST. The fact that these 2 areas link between
regions 44, 45, and the primary motor cortex deserves closer
attention.

Finally, it should be noted that these systems, dorsal and ventral
premotor, are largely separate from each other. While areas 6a and
6r share some local connections and some degree of functional
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aslant tract. Pink arrows designate the parcellation of interest.

FIGURE 45. Structural connectivity of 6r in the left hemisphere, shown on T1-weighted MR images. A, Coronal view. Sagittal views of B,
medial and C, lateral planes. White: white matter tracts of 6r demonstrating connections with the superior longitudinal fasciculus and the frontal

connectivity, there is no evidence that 6d and 6v talk to each other
in a meaningful way. In addition, the inputs these areas receive
from the sensory system are quite different, with the dorsal system
largely receiving input from the superior parietal lobule/medial
SLF system, and the ventral system receiving input from the
posterior temporal/inferior parietal lobule/arcuate system. This
suggests the possibility of 2 distinct streams of sensorimotor
transfer in the premotor cortex. As a result, at least one of the
functions of the FAT seems to be to provide access for the
ventral system to the SMA areas (presumably, the dorsal system
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can talk to the SMA areas directly as they are adjacent to one
another).

FEF, PEF, and Area 55b

The anatomy of these 3 areas, which separate the dorsal and
ventral premotor systems, was found to be among the most
variable in the human neocortex by the HCP authors.” Notably,
area 55b can often be shifted relative to the hand motor portions
of area 4, or alternately areas FEF and PEF can encroach on the
location of 55b by invading this area from above and below to join
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in the middle and split 55b in half.” The connectional anatomy
of these small areas is similarly complex as they differ from each
other significantly.

Area FEF seems to be part of the dorsal attention network.>*
While it has functional connectivity to a wide number of brain
regions, its principle long-range connections are to the inferior
bank of the intraparietal sulcus and inferior parietal lobule. In
some models, FEF plays a role as a salience map,'” which keep
track of the previous areas of saccade when scanning a visual scene
so that the most salient feature is not repeated as the target of
saccades.

Area PEE true to its name as the premotor eye field, seems
to have a similar pattern of connection as the ventral premotor
areas. Its most notable long range connections are to the lateral
occipital regions and late stage visual processing areas such as FST
and PHT, and multimodal areas such as TPO]J2 and PFm.

Area 55b is likely a language area with functional and structural
connections to semantic areas such as PHT and to the superior
temporal sulcus areas also involved in language processing.” The
fact that a new part of the language network was found wedged
between 2 eye fields which occasionally interrupt, it demonstrates
the power of the connectomic method for classifying anatomy.
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