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Human Cortical Control of Hand
Movements: Parietofrontal Networks
for Reaching, Grasping, and Pointing

Flavia Filimon'

Abstract

In primates, control of the limb depends on many cortical areas. Whereas specialized parietofrontal circuits have
been proposed for different movements in macaques, functional neuroimaging in humans has revealed widespread,
overlapping activations for hand and eye movements and for movements such as reaching and grasping. This review
examines the involvement of frontal and parietal areas in hand and arm movements in humans as revealed with
functional neuroimaging. The degree of functional specialization, possible homologies with macaque cortical regions,
and differences between frontal and posterior parietal areas are discussed, as well as a possible organization of hand
movements with respect to different spatial reference frames. The available evidence supports a cortical organization

along gradients of sensory (visual to somatosensory) and effector (eye to hand) preferences.
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Research in both humans and macaques has shown that
multiple cortical areas beyond the primary motor cortex
(M1) are involved in controlling and guiding movement,
including the premotor cortex in the frontal lobe (Picard
and Strick 2001; Chouinard and Paus 2006) as well as the
posterior parietal cortex (PPC; Fogassi and Luppino 2005;
Culham and others 2006). Even simple movements, such as
flexing and extending the fingers with eyes closed, acti-
vate substantial swaths of frontal and posterior parietal
areas in addition to primary sensorimotor areas (Fink and
others 1997; Filimon 2008).

This review focuses on the involvement of human pari-
etofrontal cortical networks in hand and arm movements
such as reaching, pointing, and grasping, with an empha-
sis on human functional neuroimaging studies. Several
questions shall be considered: 1) What are the functional
roles of these different cortical areas in the control of
hand movements? In particular, how specialized are these
cortical regions for particular kinds of hand movements,
for instance, reaching as opposed to grasping, or for par-
ticular effectors, for example, hand versus eye, in the
human? 2) Are hand movements and their targets repre-
sented relative to particular spatial reference frames, and
are these reflected in the cortical organization of these
brain areas, as revealed with functional magnetic reso-
nance imaging (fMRI)? 3) How do premotor and poste-
rior parietal areas differ in the control of hand movements?

We will begin with a brief overview of the parietofrontal
cortical organization underlying hand and eye movements
in the macaque.

Parietofrontal Networks Involved
in Movement in Macaques

The PPC, located posterior to the postcentral gyrus (pri-
mary somatosensory cortex [SI]) and anterior to the occip-
ital cortex, is strongly interconnected with motor areas in
the frontal lobe (Matelli and Luppino 2001). It is now
well accepted that different regions in the PPC (Fig. 1)
have various sensorimotor functions: different neurons
respond to different types of sensory input (visual,
somatosensory, auditory) as well as during the execution
and planning of specific actions (Andersen and Buneo
2002). Similarly, premotor areas, located in front of M1,
also participate in specific movements and respond to
similar sensory inputs as the parietal areas with which
they are connected (Matelli and Luppino 2001).
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Figure |. Macaque and human cortical surface anatomy indicating frontal and posterior parietal areas involved in hand and eye
movements. Inflated cortical surface of a (A) macaque and (B) human left hemisphere, viewed from lateral, medial, and dorsal
aspects. Sulci are indicated in red and gyri in green. Functional areas in the frontal lobes in both the macaque and human are
based on information in Picard and Strick (2001). Parietal functional areas in macaque are based on information in Galletti and
others (2003), Ferraina and others (1997), and Culham and Kanwisher (2001). As the human homologs of macaque functional
posterior parietal areas remain to be established, only anatomical landmarks and divisions are indicated in the human parietal
lobe. CS, central sulcus; arc., arcuate sulcus; IPS, intraparietal sulcus; Lu, lunate sulcus; STS, superior temporal sulcus; SF, Sylvian
fissure; calc., calcarine sulcus; POS, parieto-occipital sulcus; cing. sulc., cingulate sulcus; PMd, dorsal premotor; PMy, ventral
premotor; FEF, frontal eye fields; AlP, anterior intraparietal; LIP, lateral intraparietal; MIP, medial intraparietal; SFS, superior
frontal sulcus; IFS, inferior frontal sulcus; preCS, precentral sulcus; postCS, postcentral sulcus; PCu, precuneus.

A dominant view is that different subregions of the
macaque PPC and their frontal counterparts are special-
ized for certain sensorimotor transformations (Andersen
and Buneo 2002). In the intraparietal sulcus (IPS) (Matelli
and Luppino 2001), for example, neurons located in the
caudal part of the medial bank (medial intraparietal area
[MIP]) are predominantly involved in arm movement plan-
ning and execution. MIP predominantly projects to dorsal
premotor cortex (PMd) area F2. MIP neurons addition-
ally respond to visual or to both visual and somatosensory
stimuli. The anterior intraparietal sulcus (area AIP) con-
tains bimodal visual and tactile neurons that are involved

in different types of hand prehension (grasping). AIP
projects to area F5 in the ventral premotor cortex (PMv),
which has similar sensorimotor properties. The lateral
intraparietal area (LIP), in contrast, projects to the frontal
eye fields (FEF) and is involved in eye movements.
Area V6A, located on the anterior bank of the parieto-
occipital sulcus (POS) and on the medial surface of the
parietal lobe (the precuneus), also contains neurons res-
ponsive during arm movements. Like MIP, V6A also
projects predominantly to area F2 in PMd (Matelli and
others 1998). Areas MIP and part of V6A are sometimes
referred to as the parietal reach region (PRR) (Andersen
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and Buneo 2002). In most studies, PRR has mainly
referred to MIP, although in some studies, single-cell
recordings may have extended into neighboring V6A
(Andersen and Cui 2009). The apparent functional speci-
ficity of these parietofrontal circuits has led to the view
that in the macaque, the MIP/V6A-F2 circuit is special-
ized for reaching, the LIP-FEF circuit is specialized for
saccades, and the AIP-FS5 circuit is specialized for grasp-
ing (Sakata and Taira 1994; Matelli and Luppino 2001;
Andersen and Buneo 2002).

However, it remains unclear how functionally specific
and segregated different PPC areas and parietofrontal cir-
cuits really are. Reach-related responses have been des-
cribed in posterior parietal areas outside PRR, such as
areas 7a, 7m, PEc (caudal part of superior parictal arca
PE), and 5 (Sakata and Taira 1994; Ferraina and others
1997; Kalaska and others 1983; Breveglieri and others
2006; Graziano 2001) (Fig. 1). Similarly, area VOA, tra-
ditionally thought to be part of the reaching circuit, also
contains grasp-selective neurons (Fattori and others 2010;
Galletti and others 2003). Finally, both LIP and PRR are
not entirely effector specific: LIP neurons respond during
the planning of both reaches and saccades, and PRR neu-
rons likewise respond during eye movements; the func-
tional specialization of these areas is thus relative, not
absolute (Andersen and Cui 2009). The definition of PRR
itself is not entirely clear: in some studies, PRR included
MIP, V6A, as well as area 7a (Andersen and Buneo 2002).

Despite the large number of areas containing reach-
responsive neurons, there are cytoarchitectonic and func-
tional differences between these areas. For instance, V6A
contains neurons responding during both reaching in the
dark and reaching in light, with a greater modulation when
the arm is seen (Bosco and others 2009). Several V6A cells
have visual properties relevant for grasping, such as ori-
entation and size, and for reaching, such as the direction
of movement (Galletti and others 2003). Area V6A neu-
rons are modulated by eye position during the execution
of reaching movements and by the relative position of the
target with respect to the fixation point (Marzocchi and
others 2008). In contrast, area PEc, located more anterior in
the superior part of the precuneus (Fig. 1), has a large pro-
portion of neurons that respond to passive somatosensory
stimulation and joint rotation (Breveglieri and others 2006).
These neurons also participate in reaching but may predom-
inantly rely on proprioceptive information from the arm.

Thus, multiple areas participate in multiple types of
movements in the macaque, but the particular blend of
sensory properties within these PPC areas may vary grad-
ually from area to area. Thus, the relevant question for
humans may not be whether a single homologous reach
area can be found, for example, but whether there are
homologous areas displaying similar mixtures of sen-
sory and motor properties as in the macaque.

Functional Specificity of Human
Parietofrontal Areas?

In the quest for human homologs of macaque cortical areas
involved in movement, it has been tempting for research-
ers to isolate single activations out of a network of activa-
tions and to, for example, label them as the human PRR
or the frontal reach region (FRR). For instance, based on
greater activation during planned (delayed) pointing than
planned saccades, one fMRI study identified a medial
parietal area just anterior to the POS, in the precuneus
(Fig. 1), as the putative human equivalent of PRR (Con-
nolly and others 2003). Similar activation differences
between delayed pointing versus delayed saccades have
been used to identify an FRR in PMd (Tosoni and others
2008).

However, pointing is a much smaller movement than
reaching, which typically involves the transport of the
forearm (Culham and others 2006). If both pointing and
reaching activate these posterior parietal and frontal areas,
logically, these areas cannot be reach specific, if reaching
is defined as involving arm transport, not just wrist rota-
tions or finger movements. Moreover, as is discussed
below, a majority of recent human fMRI studies on both
pointing and reaching find extensive cortical activations
rather than isolated hand movement—specific areas.

Reaching versus Saccades

In humans, visually guided reaching movements produce
large swaths of activations spanning multiple posterior
parietal and frontal areas (Filimon and others 2009, 2007;
Beurze and others 2009; Blangero and others 2009; Levy
and others 2007; Clavagnier and others 2007; Culham and
Valyear 2006; Culham and others 2006, 2003; Prado and
others 2005; Kertzman and others 1997). Note that visu-
ally guided reaching could refer either to reaching toward
a visual target or to reaching under visual guidance with
the hand and arm in sight. The large extent of activations
could thus be due not just to the movement itself but also
to visual feedback from the hand or to input from the
visual target. Several studies have attempted to isolate the
influence of each of these sensory inputs.

In one fMRI study, visible and nonvisible reaching
movements were compared with saccades to identify
reach-selective areas as well as areas that are modulated
by visual feedback from the hand (Filimon and others
2009). Multiple areas showed greater activation to either
kind of reaching compared to saccades (Fig. 2). In addi-
tion, although activations to reaching were stronger than to
saccades, saccade activations overlapped with and were
part of the network activated by reaching.

Specifically, in the PPC, the IPS, the superior parietal
gyrus and precuneus (Brodmann area 7 [BA7]), and the
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Figure 2. Human fMRI activations to visual (visible) reaches, nonvisual (nonvisible) reaches, and saccades, versus fixation. Reaches
were carried out with the right hand in 8 right-handed subjects. Contrasts between visual and nonvisual reaches and saccades are
shown at the bottom. Both reaches and saccades yield extended overlapping cortical activations, with stronger reach activations
in the frontoparietal cortex. L, left; R, right. Abbreviations of sulci are as in Figure |. Adapted from Filimon and others (2009)
with permission.
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Figure 3. Conjunction analyses of fMRI activations for visible reaches (VR), nonvisible reaches (NVR), and saccades (SAC). (A)
Gradient in visual to somatomotor function (blue to green). Yellow: areas activated significantly by all 3 conditions, but more
strongly by visible and nonvisible reaches than saccades, and equally by both kinds of reaches. Green: areas activated significantly
by both reaches, but not by saccades. Blue: areas activated significantly more strongly by visible reaches than nonvisible reaches.
(B) Overlap between visible and nonvisible reaches and saccades at different significance levels. All 3 conditions overlap in the
premotor and posterior parietal cortex. Modified from Filimon and others (2009) with permission.

supramarginal gyrus in the inferior parietal lobule (IPL) middle part of the superior precuneus are also activated by
participate in both visible and nonvisible reaches (Fig. 2). saccades, although more weakly than by either kind of
Of these, the medial IPS, superior parietal gyrus, and  reach (Fig. 3). Within caudal IPS and at the superior
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aspect of the POS (posterior precuneus), only visible
reaches show greater activation than saccades. Thus,
within the PPC, a clear visual to somatomotor gradient can
be found from posterior to anterior areas (Fig. 3A). The
fact that medial IPS and the precuneus show greater, yet
overlapping, reach than saccade activity suggests reach
dominance, rather than exclusive reach selectivity, in these
areas. In addition, multiple reach-selective regions, rather
than a single region, were found in anterior PPC areas: the
anterior IPS, the IPL, and the most anterior parts of the
superior parietal gyrus and precuneus all responded to both
types of reaches but not to saccades. These areas likely
receive proprioceptive input from the hand or arm.

Similarly, in the frontal lobe, both types of reaching
activate PMd, (including the superior frontal sulcus and
gyrus), the FEF, the supplementary and cingulate motor
cortices on the medial aspect of the frontal lobe, and a
smaller region in PMv. Saccades overlap with both kinds
of reaching in the FEF, PMy, the rostral part of PMd, and
the presupplementary motor area (pre-SMA), with reach
activations dominating in all but PMv.

All of these parietofrontal activations are bilateral,
although stronger in the left hemisphere contralateral to
the reaching right hand (in right-handed subjects). Pri-
mary motor (M1) and somatosensory (S1) activations in
the central sulcus are entirely lateralized to the contralat-
eral (left) hemisphere.

Thus, there appears to be a gradient from posterior to
anterior in the PPC, with greater visual dominance for sac-
cades or visual reaching in the occipital lobe and posterior
parts of the PPC, to mixed saccade and reaching responses
in the medial IPS and superior parietal lobule (SPL), and
finally to reach-only responses in the anterior IPS and
anterior SPL (Fig. 3). In the premotor cortex, an anterior
to posterior gradient can be seen, with mixed saccade and
reach responses in more rostral parts of PMd and reach-
or hand-only responses in caudal parts of PMd. This pat-
tern of overlapping networks argues against separate
reach and saccade modules and suggests a visual-to-
somatomotor or eye-to-hand preference continuum.

A similar distributed overlapping parietofrontal net-
work for hand and eye movements has been found for
planned reaches and saccades (Beurze and others 2009,
2007), planned pointing and saccades (Hagler and others
2007; Connolly and others 2007; Medendorp and others
2005, 2003; Astafiev and others 2003), antisaccades and
antipointing (Connolly and others 2000), for pointing or
reaching and saccade topography (Hagler and others 2007;
Levy and others 2007), as well as actual, nondelayed
reaching (Culham and others 2003, 2006). Despite the
overlap, the majority of these studies do, however, report
stronger activations for hand movement planning and
execution than for saccades, especially in areas located

anterior and superior in the PPC, extending medially into
the precuneus, and in PMd. These studies confirm that
the frontoparietal network for pointing includes the sac-
cade network (Connolly and others 2000; Astafiev and
others 2003). Unlike in the macaque, in humans, both
FEF and the IPS are more active during planned or exe-
cuted hand movements than during saccades, although
there is evidence that in the macaque, FEF is also involved
in reaching (Astafiev and others 2003). One exception
can be found in Simon and others (2002), who report a
large superior parietal cluster activated by saccades but
not pointing. Note that studies on planned movements
suggest that these distributed activations are not just due
to sensory feedback but also due to motor preparation.

In some studies, pointing does not activate the precu-
neus more strongly than saccades (Hagler and others 2007).
This could be due to the smaller movement of the hand
during pointing (often just the index finger) compared to
movement of the arm during reaching. Pointing generally
also yields weaker and more restricted activations than
reaching with the arm. In a study comparing arm move-
ments with finger flexion and extension movements, with
closed eyes, arm movements activated areas more medi-
ally in the superior parietal cortex (Filimon 2008). This
suggests that pointing may not always be sufficient to
activate reach-related areas. Also, compared to preparation
of button presses, the PPC is more strongly activated by
planned saccades (Macaluso and others 2007).

Other fMRI studies also support the idea of a visual-
to-somatomotor gradient for hand movements in the PPC
(Stark and Zohary 2008). The superior parieto-occipital
cortex (SPOC) shows a preference for near viewing of
visual targets and responds most strongly to visual objects
within reach (Quinlan and Culham 2007; Gallivan and
others 2009; Culham and others 2008). In contrast, an
area located more anterior in the precuneus is modulated
by postural changes of the arm during reaching with closed
eyes to targets on the body, such as to the opposite thumb
(Pellijeff and others 2006).

Although the network of reach-related cortical areas
appears to be rather large, especially in the PPC, this
does not preclude additional functional differentiation
within the reach network. For instance, peripheral
and central reaching involve overlapping but slightly dif-
ferent parietofrontal networks (Prado and others 2005;
Clavagnier and others 2007). Reaching in the periphery
activates the parieto-occipital junction (POJ) in addition
to medial IPS and PMd. In contrast, reaching in central
vision activates medial IPS and caudal PMd, but not the
POJ. Because the vast majority of fMRI studies have pre-
sented reach targets peripherally, it is not clear how the
peripheral/central reach organization proposed by Prado
and others (2005) relates to the posterior-to-anterior
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visual-to-somatomotor organization described above (Fil-
imon and others 2009). The important point, however, is
that multiple reach systems appear to exist rather than
single reach and saccade modules. Stronger pointing-
related compared to saccade-related activations are even
found outside posterior parietal and frontal areas: a lateral
occipital area, the extrastriate body area, responds more to
hand than eye movements with or without visual feedback
(Astafiev and others 2004).

It is possible, however, that the apparent discrepancy
between human fMRI and macaque neurophysiology
regarding the degree of effector specificity is due to dif-
ferences in technique. An MEG study found direction-
selective synchronization in the 70- to 90-Hz gamma band
for pointing in a medial parietal area and direction-
selective synchronization in the 50- to 60-Hz gamma
band for saccades in a more central and posterior part of
the PPC (Van Der Werf and others 2010). While spatial
localization in MEG depends on source reconstruction
and may be difficult to compare directly with fMRI local-
ization, this result does indicate the need to combine mul-
tiple techniques to resolve the issue of effector specificity.

Do these functional activations identify homologs of
macaque reach-related regions? The pattern of activation
at the superior POS is consistent with the visual and motor
properties of macaque V6A, which also shows modula-
tion by visual input from the reaching hand and is sensi-
tive to the retinal location of the target (Fattori and others
2001; Marzocchi and others 2008). Anterior areas in the
superior precuneus are not modulated by sight of the
hand (Filimon and others 2009), suggesting a propriocep-
tive input consistent with area PEc (Breveglieri and oth-
ers 2006), although the precuneus region is coactivated
with the medial IPS (Fig. 3). The medial IPS area is
broadly consistent with macaque MIP. The large hand-
selective anterior IPS and IPL responses (Fig. 3), on the
other hand, are consistent with previously reported acti-
vations for grasping and hence with macaque arcas AIP
(Culham and others 2003) and 7a. It is possible that this
activation is due to somatosensory stimulation from the
hand during the transporting of the arm and hand toward
a target, even if no grasping occurs.

In the premotor cortex, the anterior dorsal premotor
activation to both reaches and saccades (Fig. 3) is con-
sistent with macaque pre-PMd, which receives eye
movement signals from parietal areas. The caudal PMd
activations to hand movements only are consistent with
macaque PMd (Picard and Strick 2001).

Target versus Effector Information

Several fMRI studies have attempted to disentangle corti-
cal activations due to (remembered or present) visual targets

and movement-related signals (Beurze and others 2009,
2007; Blangero and others 2009; Fernandez-Ruiz and
others 2007; Medendorp and others 2005; Connolly and
others 2003, 2000). The general pattern that emerges is
again one of a gradient of decreasing importance of the
spatial location of the target (left or right visual field) and
of increasing importance of the effector (left or right
hand, as opposed to the eye) from posterior to anterior in
the PPC and from rostral to caudal in the premotor cortex
(Fig. 4). In other words, spatial and effector selectivity
varies gradually over the parietofrontal cortical network
(Beurze and others 2009; Stark and Zohary 2008).

To independently manipulate target and effector infor-
mation for movement planning, one can first present either
the location of the target, and then information about
which effector (hand or eye) to move, or vice versa
(Beurze and others 2009). When effector information is
presented first (instruction to prepare either hand or eye
movements), but without target information, parietal
areas in the IPS and posterior parts of the SPL as well as
dorsal and ventral premotor areas are recruited in an
effector-independent manner. As soon as spatial target
information is added, effector selectivity (greater hand
compared to eye preparatory activity) increases in ante-
rior superior parietal and AIP areas as well as in PMd.
An index of effector versus spatial target selectivity (dur-
ing motor planning after both effector and target informa-
tion is revealed) shows that caudal IPS (cIPS) represents
both target and effector information, while anterior IPS
shows stronger effector selectivity (hand dominance) and
little target selectivity (Fig. 4). In the premotor cortex,
PMv shows strong spatial target (but also some effector)
preference, with progressively greater effector selectivity
in PMd, to a clear effector dominance in SMA. Note that
Beurze and others (2009) found none of these areas to
respond exclusively to either effector (hand or eye),
which matches the overlapping reach and saccade net-
works described above. Moreover, the effector domi-
nance developing during motor preparation shows that
these activations cannot be interpreted simply as atten-
tion-related signals.

A similar result is observed when comparing left- and
right-hand movements to left and right targets (Fig. 4).
Whereas M1 and S1 show exclusive selectivity for the
contralateral hand, as one moves posterior into the PPC
and anterior into PMd, left- and right-hand signals are
comingled (Medendorp and others 2005; Blangero and
others 2009).

Thus, overall, studies on effector and spatial goal rep-
resentations suggest that effector and target information
is represented in a gradient across parietofrontal net-
works rather than in isolated effector-specific modules.
Moreover, effector selectivity is not a fixed property of

Downloaded from nro.sagepub.com at Freie Universitaet Berlin on November 3, 2010


http://nro.sagepub.com/

Filimon 395

A Left hemisphere Right hemisphere

. Right hand . Left hand . Conjunction hand and eye

B Left hemisphere Right hemisphere

Effector Target
Mindex [index

Figure 4. (A) fMRI activations during movement planning with different effectors. Activations for saccade and left- and right-
hand movement planning overlap in a parietofrontal network. (B) Index maps of effector preference during movement planning
(top: saccades v. right-hand movements; bottom: left-hand v. right-hand movements). (C) Spatial goal location versus effector
selectivity. Adapted from Beurze and others (2009) with permission.
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sensorimotor areas but develops in the course of the evolv-
ing movement plan (Beurze and others 2009).

Reaching versus Grasping

A number of human neuroimaging studies have attempted
to identify a human homolog of the AIP-F5 circuit pro-
posed for grasping in monkeys (Hinkley and others 2009;
Grol and others 2007; Culham and others 2003; Stark and
Zohary 2008; Binkofski and others 1999; Grafton and oth-
ers 1996; for reviews, see Castiello 2005; Culham and oth-
ers 2006; Culham and Valyear 2006; Cavina-Pratesi and
others, forthcoming). Of particular interest for this review
is the degree to which grasping differs from reaching or
pointing in the human brain. Several studies have reported
activations in the anterior IPS sulcus (aIPS), a likely homo-
log of AIP, during reaching-to-grasp (Culham and others
2003; Hinkley and others 2009; Frey and others 2005;
Grafton and others 1996), haptic object manipulation with-
out a transport component (Hinkley and others 2009;
Binkofski and others 1999), during the grip component
without a transport phase (Cavina-Pratesi and others,
forthcoming), and pantomimed grasping (Simon and oth-
ers 2002). However, reaching or pointing alone also
robustly activates the anterior IPS (Filimon and others
2009; Culham and others 2006; Simon and others 2002).
Activations are stronger for grasping than for reaching or
reaching-to-point in human AIP (Culham and others 2003;
Grafton and others 1996). Nevertheless, the fact that
human AIP appears to respond robustly during the trans-
port component (reaching), transport and prehension
stages (grasping), and haptic manipulation alone argues
against human AIP as an isolated grasping module. Recent
work (Cavina-Pratesi and others, forthcoming) shows that
alPS is activated by the grip component even if no trans-
port (reach) is involved. It has been argued that the above-
baseline activation of alPS during reaching might be due
not to an involvement in reaching per se but to more gen-
eral visuomotor control (Cavina-Pratesi and others, forth-
coming), although this remains to be established.

In addition, grasping in humans also activates areas
in the SPL, which overlap with reach-related activations
(Culham and others 2003; Castiello 2005). This sug-
gests that in the human, grasping and reaching are not as
distinct as proposed in the macaque, in which a ventral
parietofrontal pathway for grasping and a dorsal parieto-
frontal pathway for reaching have been proposed (Matelli
and Luppino 2001). In fact, recent evidence in macaques
shows the dorsal pathway is involved in the control of both
reaching and grasping (Fattori and others 2009, 2010).
Widespread PPC activations for grasping have been found
using the *C-deoxyglucose method in macaques, corrobo-
rating human results (Evangeliou and others 2009).

It is, however, possible that grasping recruits multiple
PPC regions, while AIP is the most critical site. Transcra-
nial magnetic stimulation (TMS) to alPS in humans dis-
rupts the grasp but not the transport component, whereas
TMS to middle IPS and caudal IPS does not disrupt grasp-
ing (Rice and others 2006). Human patients with anterior
IPS lesions show impaired grasping (Binkofski and oth-
ers 1998). This does not necessarily rule out an involve-
ment in grasping in these other PPC areas but instead
suggests that alPS is critically involved in grasping (Cohen
and others 2009).

Human homologs of macaque F5 in human PMv have
been harder to identify (Castiello 2005). Several early PET
studies as well as some fMRI studies did not find ventral
premotor activations for reaching-to-grasp movements
(Frey and others 2005; Grafton and others 1996; Rizzolatti
and others 1996). Other fMRI studies have, however,
reported PMv activations during multidigit visually guided
grasping (Cavina-Pratesi and others, forthcoming; Grol and
others 2007) and object manipulation (Binkofski and oth-
ers 1999). It is possible that PMv activation depends on the
complexity of the grasp (e.g., complex finger configura-
tions) (J. Culham, personal communication). Interest-
ingly, grasping also activates PMd, which is usually
activated by reaching (Grol and others 2007; Culham and
others 2003; Grafton and others 1996).

Both the dorsolateral circuit (AIP-PMv), traditionally
considered to be involved in grasping, and the dorsome-
dial circuit (SPL-PMd), the putative reaching circuit, are
involved in grasping in humans (Grol and others 2007).
Effective connectivity between parietofrontal areas in the
dorsolateral circuit increases during grasping of small
objects, whereas effective connectivity in the dorsome-
dial circuit increases during grasping of large objects.
This is further evidence that the transport and prehension
phases are represented by overlapping parietofrontal cir-
cuits, suggesting a lack of strict functional segregation
between parietofrontal circuits for grasping and reaching
in humans.

PMyv and PMd could nonetheless play different roles
in grasping. For instance, TMS applied to PMv disrupts
the grasping phase in a grasp-to-lift task, whereas TMS
applied to PMd primarily disrupts the coupling between
the grasping and lifting phases by delaying the recruit-
ment of the proximal muscles involved in the lifting
phase (Davare and others 20006).

A lack of a strict inferior versus superior, or lateral
versus medial, functional division between hand and arm
movements also matches current knowledge of M1 func-
tional organization. Whereas earlier views emphasized a
homuncular, somatotopic organization of M1, with fin-
ger movements represented laterally and arm movements
represented medially, current evidence suggests multiple
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overlapping representations of distal and proximal move-
ments in M1 (Schieber 2000; Barinaga 1995; Sanes and
others 1995). Broad somatotopic gradients in peak acti-
vations from finger to arm movements may exist in human
M1; however, activity is highly distributed and overlap-
ping (Grafton and others 1993). Unlike the somatosen-
sory or visual systems, which map 2-dimensional surfaces
of receptors, the motor system involves muscle activa-
tions for movements in 3-dimensional space, making it
harder to map muscles onto a 2-dimensional cortical sur-
face (Schieber 2000).

In summary, although human neuroimaging has reve-
aled similarities between human and macaque cortical
organization for hand movements (Grefkes and Fink
2005), it appears that in humans, the areas involved in
different hand movements are not functionally special-
ized, isolated cortical regions. Rather, there are highly
distributed, overlapping parietofrontal networks with
gradients in preference for one movement compared to
another. It is also possible that the macaque brain itself is
not as modularly organized as has been suggested. It
would be useful to compare fMRI or other techniques in
both monkeys and humans across a variety of hand move-
ment tasks to identify true differences in cortical organi-
zation for hand movements.

Reference Frames for Control
of Hand Movements

To initiate a visually guided hand movement toward an
external object, the retinal (extrinsic) coordinates of the
object must be transformed into joint- and muscle-centered
(intrinsic) coordinates that specify the muscle activations
required to move the hand to that location (Kalaska 2009;
Kalaska and others 2003). The movement can thus be
described in terms of kinematics (the spatial displace-
ment, velocity, acceleration of hand motion) and kinetics
or dynamics (the muscle forces and joint torques produc-
ing the movement) (Soechting and Flanders 1998; Kalaska
and others 2003; Kalaska 2009). What level of detail is
the movement planned at, what are the intervening coor-
dinate or reference frame transformations, and where are
such reference frames represented in the brain?

Although population signals in M1 appear to correlate
with directional kinematics of movements, it has been
argued that M1 activity can be more parsimoniously exp-
lained in low-level muscle control terms, that is, kinetics
(Todorov 2000; see Kalaska 2009 for a review). In con-
trast, parietofrontal regions appear to better correlate with
kinematic parameters such as hand position and direction
of movement rather than muscle force (Kalaska 2009).
Both motor goals and trajectories can be decoded from
the PPC (Andersen and others 2010; Mulliken and others
2008; Archambault and others 2009).

Do different parietal and premotor areas encode the
reach relative to the eye (gaze position), the body (trunk),
or the hand/arm? In an eye-centered reference frame, a
neuron’s response field shifts with a shift in gaze posi-
tion, that is, with every eye movement. Thus, an eye-
centered neuron responds only to a reaching movement to
the same spatial location relative to the eye, wherever the
gaze may be fixed. Conversely, body-centered represen-
tations for reaching are unaffected by eye movements or
by rotations of the head, as long as the reach is happening
in the same part of space relative to the trunk, for instance,
to the right of the torso. A hand-centered reference frame
entails that the neuron’s preferred direction of reach is
centered on the hand; for example, a neuron might prefer
reaches to the left of the hand only, regardless of where
the hand is located in space.

Evidence for each of these reference frames has been
reported in the macaque. For example, a body-centered
reference frame for reaching has been proposed for area
5 of the SPL, an eye-centered reference frame for MIP,
and a hand-centered reference frame for the premotor cor-
tex (Graziano 2001).

Other studies have reported mixed eye- and limb-cen-
tered coordinate frames for reaching in area 5 and in PMd,
that is, cells’ response fields shift partially with changes in
both eye and limb position (Andersen and Cui 2009; Gra-
ziano 2006; Batista and others 2007; Pesaran and others
2006). A hybrid head- and eye-centered reference frame
has also been found in both lateral and medial IPS (Mul-
lette-Gillman and others 2009). A mixed eye-centered and
space-centered frame for reaching has been proposed for
area VOA (Marzocchi and others 2008).

The presence of mixed reference frames and partially
shifting receptive fields and mixed reference frames in
sensorimotor areas calls into question the one-to-one
mapping of one reference frame to one brain area, at least
in sensorimotor areas (Pouget and others 2002). Several
sensorimotor regions, including the superior colliculus,
LIP, and PRR, show partially shifting receptive fields.
For instance, when the eyes move, the auditory receptive
fields of bimodal visual and auditory neurons in the supe-
rior colliculus are only partially shifted to match the new
eye position, meaning that the auditory receptive fields
are not fully remapped in eye-centered coordinates
(Pouget and others 2002).

Different reference frames may be multiplexed depen-
ding on the particular hand action to be implemented,
such as reaching, withdrawal, or bringing an object to the
mouth (Graziano 2006). Coordinate transformations
between different reference frames could be achieved
through gain field modulations by various position sig-
nals. For instance, in area 7a, a neuron’s response to a
visual stimulus presented at the same retinal location is
modulated by the angle of gaze or position of the eyes in

Downloaded from nro.sagepub.com at Freie Universitaet Berlin on November 3, 2010


http://nro.sagepub.com/

398

The Neuroscientist |6(4)
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Figure 5. A schematic of two hypothetical brain areas: (A) a hypothetical nontopographic (nonretinotopic) area with receptive
fields covering the left and right visual field, and (B) a hypothetical retinotopic map of the right visual field. In the retinotopic area,
adjacent eye-centered neurons have adjacent receptive fields in the contralateral visual space (lower, middle, and upper visual
field), arranged in an orderly fashion (see arrow and color scheme). The nonretinotopic area also contains eye-centered neurons,
but their visual receptive fields cover either the left or right visual field. Adjacent neurons have receptive fields in random parts
of the visual field. Colors in smaller circles represent individual eye-centered neurons’ receptive field and match different parts of

the visual field.

the orbits (Andersen and others 1985). Thus, a neuron
will respond differently to retinotopically identical stim-
ulation, depending on whether the eyes are looking left,
right, or some other direction. Integrating over area 7a
cells that respond most strongly to visual stimuli at differ-
ent combinations of eye position and retinal location, but
the same head-centered location, could thus signal the
location of the visual stimulus in head-centered coordi-
nates (Andersen and others 1985).

Such modulation by eye position has been reported in
multiple brain areas, including areas involved in hand
movements. In humans, fMRI studies have reported
gaze-position modulation of pointing activity in rostral
IPS (Desouza and others 2000) and of finger-tapping
activations in the SPL and several frontal areas (Bédard
and others 2008).

Computational models, such as recurrent networks
using basis function units, have successfully modeled
experimental data on mixed reference frames and par-
tially shifting receptive fields (Pouget and others 2002).
Inputs from units representing different reference frames
are multiplied in an intermediate layer using basis func-
tion units to achieve coordinate transformations. In fact,
such models suggest that a motor command (e.g., for
reaching) is encoded in all frames of reference available
in the network, owing to its recurrent connections between

layers with different frames of reference (Pouget and
others 2002).

Note, however, that not all neurons involved in
reaching need make use of any reference frame at all.
Some neurons in superior parietal area 5 do not code for
position of the arm and hand in space per se but for pos-
ture or joint angle. For example, some neurons are sen-
sitive to elevation of the shoulder and are hence selective
for reaches in the upper part of space, without encoding
those reaches in a particular reference frame (Graziano
2001).

In humans, behavioral and functional MRI studies of
reference frames for reaching have mostly focused on
eye-centered (gaze-centered) representations, partly due
to studies suggesting that macaque PRR encodes reaches
in eye-centered coordinates (Andersen and Buneo 2002).
This has prompted some investigators of human reaching
to look for retinotopic or topographic maps for reaching
or pointing movements (Hagler and others 2007; Levy
and others 2007; Fernandez-Ruiz and others 2007;
Medendorp and others 2003).

However, eye-centered or retinocentric and retinofopic
are not equivalent terms. As Figure 5 illustrates, individ-
ual neurons can use an eye-centered (gaze-centered, or
retinocentric) frame of reference, but adjacent neurons
may not be organized in an orderly map of the visual field,
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that is, may not be retinotopically organized. This would
mean that eye-centered neurons could be part of a scram-
bled, nontopographic, map of visual space.

This in fact appears to be the case in macaque area
V6A. The majority of neurons in area VO6A have recep-
tive fields anchored to the retina, such that when the eyes
move, the receptive fields move too. However, adjacent
cells have receptive fields scattered all over the visual
field, with receptive fields from adjacent cells even
“jumping” from ipsilateral to contralateral or central to
peripheral locations in the visual field (Galletti and others
1999). Neuronal tracer injections also failed to find a
topographic organization in V6A while revealing a coarse
retinotopic organization in area MIP and robust retino-
topy in early visual areas V1, V2, V3, and V6 (Galletti
and others 2001).

These findings highlight that human pointing- or
reaching-related areas need not be organized topographi-
cally or retinotopically, even if eye-centered reference
frames for reaching may exist. In fact, human fMRI stud-
ies looking exclusively for retinotopically organized maps
for pointing or reaching as potential homologs of macaque
PRR may uncover only subsets of reach-related areas
because not all areas involved in reaching are retinotopi-
cally organized.

It is, however, also possible that fMRI may uncover an
existing retinotopic organization by smoothing and aver-
aging signals from millions of neighboring cells, which
single-unit recordings in the macaque cannot measure
(Martin I. Sereno, personal communication). Indeed, fMRI
studies have revealed overlapping topography for sac-
cades and hand movements in parietal and frontal areas
(Hagler and others 2007; Levy and others 2007; Meden-
dorp and others 2003).

Using an intervening saccade task, Medendorp and
others (2003) showed that targets for both saccades and
pointing movements are remapped (updated) in gaze-
centered coordinates in a bilateral posterior parietal area
(possibly putative human LIP). In this task, subjects pre-
pared delayed saccades or pointing movements to a visual
target. Prior to executing the movement, however, an
intervening saccade was carried out, which caused the
target to either switch to the contralateral visual field or
stay in the ipsilateral visual field. The bilateral parietal
region was organized topographically: the left hemisphere
mapped targets in the right hemifield, and the right hemi-
sphere mapped targets in the left hemifield. When an
intervening saccade caused a target to switch hemifields,
the activation in this parietal area shifted to the opposite
hemisphere, as would be expected for gaze-centered
remapping.

Note, however, that these findings suggest gaze-cen-
tered remapping of visual targets for saccades

and pointing movements, not necessarily a gaze-centered
reference frame for the pointing movement per se. In other
words, the pointing movement itself may not be repre-
sented in a gaze-centered frame. A target could be located
in the right visual field (thus necessitating a rightward sac-
cade) but could require a leftward pointing movement if
the hand is to the right of the target. However, the same
gaze-centered representation was found in this PPC area,
regardless of whether the saccade and pointing movements
were in opposite directions: what appears to matter is the
location of the visual (or motor) target in eye-centered
coordinates, not the actual hand movement used to get
there. This should be distinguished from a gaze-centered
representation of the actual hand movement. It could be
that this PPC area represents targets topographically, while
the pointing movement could be represented elsewhere, in
anontopographic area. The same issue applies to studies of
antimovements (in which the movement is directed to an
imaginary target 180° away from the visual cue), because
the visual target of the movement is simply remapped, and
target versus movement direction still need to be controlled
independently. The hand movement path to an antitarget
can still vary depending on initial hand position.

The issue of whether parietal areas represent the visual
(or motor) goal as opposed to the movement direction
relative to gaze was addressed in an fMRI study that
reversed the visual input with prisms (Fernandez-Ruiz
and others 2007). By using left/right reversing prisms,
rightward pointing targets and movements were now
seen as leftward and vice versa. A region at the POJ in the
precuneus represented the visual goal of the movement
during movement planning but not the actual movement
direction. The topography of activations (left-hemispheric
activation for intended rightward pointing and right-
hemispheric activation for intended leftward pointing)
was reversed to match the new, reversed goal (left-
hemispheric activation for leftward movements). More-
over, the activity remained reversed not only during
planning but also during execution of the pointing move-
ment. The authors therefore concluded that it is the visual
movement goal, not the movement direction, that is
encoded topographically in gaze-centered coordinates in
the PPC. The same reversal was observed in (putative)
human LIP and BA7 but not in the angular gyrus.

This raises the possibility that the topographical areas
for reaching or pointing movements reported by other
fMRI studies are actually topographical (specifically, reti-
notopic) maps for visual goals of hand movements, not
hand movement directions. It thus remains to be estab-
lished whether any regions actually encode hand move-
ment direction in eye-centered coordinates in humans.

This finding may also help explain why fMRI studies
have reported highly overlapping retinotopic maps for
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saccades and hand movements in the IPS, SPL, and supe-
rior frontal cortex, despite the difference in effectors used
(Levy and others 2007; Hagler and others 2007). These
topographical maps may represent the target and not the
movement. This is consistent with the sensorimotor nature
of these areas: they represent not only movements but
also visual targets. The maps may thus reflect the visual
organization of these areas but not necessarily their motor
organization.

The idea of a single reference frame for both effector
and target arises from the need to compute a difference
vector between target and hand location. Because the tar-
get is already represented in eye-centered coordinates, it
is conceivable that the hand location could be trans-
formed into eye-centered coordinates for a direct com-
parison (Medendorp and others 2008). Behavioral studies
of reference frames in humans show that reach errors
depend on the location of the target in both eye and hand
coordinates, but not in body coordinates, with or without
vision of the hand (Medendorp and others 2008; Beurze
and others 2006). In other words, two movements have
similar end-point errors if the target is the same in eye
and hand coordinates. However, as cautioned by Meden-
dorp and others (2008), this could be interpreted either as
target and hand position being coded in eye-centered
coordinates, or target and gaze position being coded in
hand-centered coordinates, or both gaze and hand posi-
tion being coded in target coordinates. Other behavioral
studies have instead suggested that the reference frame
for reaching is centered on the body (Flanders and others
1992). It thus remains to be seen if hand movements are
coded with respect to a single reference frame in any
brain area in humans.

Parietal versus Frontal Involvement
in Hand Movement Control

How do parietal and frontal areas differ in their involve-
ment in motor control? Whereas the caudal part of PMd
and the SMA (but not rostral PMd or pre-SMA) have
direct projections to M1 and the spinal cord (Picard and
Strick 2001; Chouinard and Paus 2006), posterior pari-
etal areas do not have a direct connection to the spinal
cord. However, the PPC clearly has motor functions
(Fogassi and Luppino 2005). Microstimulation of differ-
ent parts of the anterior PPC in anesthetized galagos
evokes different types of movements (e.g., forelimb
defensive, face defensive, reaching, or eye movements)
(Stepniewska and others 2005). Similarly, electrical
stimulation of the IPL in human patients triggers the
intention to move the contralateral limb (Desmurget and
others 2009). Anatomical tracer studies in nonhuman pri-
mates have shown that the PPC receives input from motor

nuclei in the thalamus and shares overlapping thalamo-
cortical connections with the frontal cortex (Gharbawie
and others 2008). In humans, damage to the PPC leads to
misreaching (optic ataxia) and misgrasping deficits that
cannot be attributed to a basic sensory or basic motor
deficit (Jackson and others 2009; Wolpert and others
1998). Even if a direct connection to the spinal cord is not
present, interconnections with premotor areas and coacti-
vation with frontal areas during execution and planning
of movements suggest a PPC role in movement control.

Current theories of motor control suggest the motor
system is organized as multiple nested feedback loops
coupled to feed-forward signals (Kalaska and others 2003).
When a motor command is generated, the current state of
the system (e.g., limb) is provided by sensory feedback
systems and is continuously compared to the desired goal
state (Kalaska and others 2003). The difference between
the current state and goal state is used to update the motor
command. However, sensory feedback can be slow due
to conduction delays: it takes visual and somatosensory
feedback 90 ms and 30 ms, respectively, to reach the sen-
sorimotor cortex (Andersen and others 2010). Because of
this, the current state estimate cannot rely on sensory
feedback alone but must use a forward state estimate
(prediction of current state) based on efference copies of
motor commands (Kalaska and others 2003). Current
models suggest that the PPC combines sensory feedback
and efference copies of motor commands issued by fron-
tal motor areas to construct a forward model that predicts
the current state of a moving limb as well as the sensory
consequences of movement (Andersen and others 2010;
Andersen and Cui 2009). This model predicts that activ-
ity reflecting motor commands should start in frontal
areas and arrive later in the PPC as efference copies. Evi-
dence from M1 versus PPC areas supports such a model:
neurons in areas 5 and VOA respond just before and dur-
ing movement but discharge on average 60 ms after M1
cells (Graziano 2001). However, evidence on the timing
of premotor areas compared to posterior parietal areas is
less clear.

In humans, fMRI studies typically show coactivation
of reciprocally connected parietal and frontal areas dur-
ing sensorimotor tasks such as reaching. Given the low
temporal resolution of fMRI, it has proven difficult to
differentiate the roles of posterior parietal versus premo-
tor cortical areas in movement control, at least with respect
to timing.

In macaques, multiple patterns of timing differences
have emerged. Simultaneous recordings from PRR and
PMd during reaching have shown that PRR and PMd spike
latencies do not differ in simple center-out tasks (reach-
ing to a peripheral target) (Pesaran and others 2008). In
contrast, PMd spike responses precede PRR spike responses

Downloaded from nro.sagepub.com at Freie Universitaet Berlin on November 3, 2010


http://nro.sagepub.com/

Filimon

401

by about 30 ms in free choice tasks, when the monkey
needs to decide what sequence of reaches to execute
between multiple targets, as well as in instructed search
tasks, when the monkey moves the arm in a particular
sequence. In addition, the spike—local field potential
(LFP) coherence between PMd and PRR is greater during
free choice compared to instructed arm movements and
precedes PRR-PMd spike-field coherence by 30 ms
(Pesaran and others 2008). This suggests that the flow of
information depends on the task: in some cases, informa-
tion may flow from the premotor cortex to the PPC (and
possibly back to the premotor cortex), whereas in other
tasks, both regions are active simultaneously.

Another approach to studying the relative timing of
PMd and PRR activity during reaching involves dissoci-
ating cue-related and motor goal-related responses using
an antireach task, in which monkeys reach away from the
spatial location of the cue (Westendorff and others 2010).
Using a partial precueing paradigm, the monkey can be
first told either the rule cue (proreach or antireach), or the
spatial cue (spatial location, but not yet prodirection or
antidirection), or can be informed of both at the same
time, followed by an instructed delay. In a separate con-
dition, monkeys receive no precue, and monkeys move
immediately to a rule-based or spatial go-target. This
allows for dissociation between visual cue-related and
motor goal-related signals. Also, motor goal response
latencies can be separately examined at the beginning of
an instructed delay, when no motor command has yet
been issued, and after the go-cue just before motor execu-
tion. In other words, this attempts to dissociate motor goal
signals and motor execution signals. Westendorff and
others (2010) found that when spatial remapping of the
motor goal was required, such as during antireaches,
PMd neurons were tuned earlier for the motor goal than
neurons in PRR, even before the motor command (go sig-
nal) was issued. When no spatial remapping was neces-
sary, motor goal tuning latencies were similar in PMd
and PRR. The authors interpret this finding as evidence
for dynamic reorganization of network activity in the
PRR, contingent on input from PMd. This suggests that
forward estimates are generated not only following actual
motor commands (i.e., not only based on corollary dis-
charges) but also during the motor planning process
(Westendorff and others 2010). Similar preparatory
motor activity inconsistent with a strict efference
copy signal has also been reported in a subset of VOA
neurons (Fattori and others 2005; Galletti and others
2003, 1997).

Interestingly, simultaneous recordings from LIP and
FEF suggest a very different picture. Lawrence and Snyder
(2006) compared FEF and LIP responses to cue-delay-
target trials. In these trials, an effector cue (eye or hand)

is presented first, instructing the monkey to prepare for
either a saccade or reach trial. Following a variable delay,
the spatial target for the movement is presented. By using
this paradigm, effector-specific (or effector-dominant)
signals can be measured independent of a spatial target.
Both FEF and LIP showed a preference for saccade trials
compared to reach trials (i.e., effector preference or dom-
inance). Surprisingly, the onset of effector-specific mod-
ulation occurred about 400 ms later in FEF than LIP.
During the delay, the magnitude of effector preference
was significantly smaller in FEF than in LIP and PRR.
Moreover, effector specificity (preference) in FEF was
largely due to FEF neurons predicting the spatial location
where the target would appear (namely, inside the recep-
tive field). LIP neurons, in contrast, continued to show
effector preference whether the target subsequently
appeared inside or outside the receptive field. FEF and
LIP neurons had similar visual response latencies to the
onset of the targets, thus arguing against a sluggish sam-
ple of FEF neurons. Lawrence and Snyder (2006) thus
suggest that effector-dominant signals in LIP cannot be
the result of a top-down influence from FEF, although
they may originate from other frontal areas, such as the
supplementary eye fields (SEF). These results suggest that
the interplay between frontal and parietal areas depends
not only on the task but also on the specific parietofrontal
circuit.

In addition to latency differences, single-unit record-
ings have also shown other functional differences between
premotor and parietal areas. When monkeys are instructed
to move a central handle to peripheral locations, neurons
in PMd and in area 5 behave differently following GO
and NOGO cues (Kalaska and Crammond 1995). Fol-
lowing the appearance of a GO or NOGO cue that tells
the monkey whether or not to move to a later-appearing
target, PMd neurons clearly signal the decision not to
move, towards the end of the delay. In contrast, area 5
neurons continue to fire during the delay following both
GO and NOGO cues. This suggests different representa-
tions of potential motor responses in the parietal and pre-
motor cortex, with the premotor cortex playing a greater
role in response selection (Kalaska and Crammond 1995).

Similar results have been reported with fMRI in humans
(Thoenissen and others 2002). Intraparietal and superior
parietal regions responded during a delayed finger-flexing
task regardless of the probability of later executing the
movement, whereas precentral areas only responded when
the cue predicted a GO trial. This suggests frontal areas
might be closer to movement execution than parietal
areas (Thoenissen and others 2002).

Human fMRI studies have also made use of the pro-
movement and antimovement task to elucidate different
contributions from frontal and parietal areas, although
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the timing and direction of information flow are harder to
assess due to the lower temporal resolution of fMRI. Both
frontal and posterior parietal areas are activated during
prosaccades and antisaccades as well as propointing and
antipointing (Curtis and Connolly 2008; Connolly and
others 2000). Both the IPS and FEF show sustained delay
activity even if only the proinstruction or anti-instruction
cue is known, before the spatial location of the target is
revealed (Curtis and Connolly 2008). This contradicts an
earlier fMRI study in which only FEF was found to
show delay activity following the proinstruction or anti-
instruction, before knowledge of the spatial target loca-
tion (Connolly and others 2002), although this discrepancy
could be due to differences in task design. However,
compared to the IPS, FEF shows a greater bias for move-
ments in the opposite visual field (contraversive sac-
cades) (Curtis and Connolly 2008).

In summary, the differential roles of premotor and
parietal areas in movement control remain unclear in both
humans and macaques. Although premotor activity appears
to precede posterior parietal activity in some instances,
this timing difference is dependent on the task, parieto-
frontal circuit, and effector used. Not all PPC motor-related
activity may be due to efference-copy signals. This is
compatible with the functional heterogeneity of different
posterior parietal and premotor areas. It is of course pos-
sible that other frontal areas, such as the dorsolateral pre-
frontal cortex, exert top-down control on both premotor
regions such as PMd and parietal regions such as the
PRR. Multiunit recordings in several brain regions might
be able to address this possibility in the future.

Conclusions and Future
Research Directions

Neuroimaging evidence in humans predominantly sug-
gests that the cortical representations for different move-
ments, specifically the parietofrontal circuits for different
limb or eye movements, are highly distributed and over-
lapping. Nonetheless, there are gradients of functional
preference or effector dominance across the PPC and pre-
motor cortex. Thus, while there do not appear to be spe-
cific modules for reaching or saccades, or entirely separate
reach circuits versus grasp circuits, there are gradients in
effector preference or sensory gradients from visual to
somatosensory information. Although there are broad
homologies between movement-related areas in human
and nonhuman primates, human parietofrontal networks
for movements appear less specialized than those in the
macaque.

However, it is possible that differences in techniques
used in the two species could account for this discrep-
ancy. Compared to invasive recordings, fMRI has much

lower spatial and temporal resolution. It is possible that
highly specialized populations of neurons may exist in the
human parietofrontal network too, but that they might be
too small or intermingled. Whenever a specialized popula-
tion of intermingled neurons is active, the entire region
will appear to be activated, due to local blurring of signals
in fMRI, thus giving the impression of a lack of functional
specificity. On the other hand, single-unit neurophysiology
also has its shortcomings. Only a few hundred cells are
typically recorded from, whereas fMRI can give an over-
view of activity in the entire brain. Selection bias toward
neurons with certain functional properties (Kriegeskorte
and others 2009) can give the impression of greater func-
tional specificity than warranted. Also, there is evidence
that the macaque brain itself is not as modularly organized
as sometimes suggested (Fattori and others 2010).

Even if different parietofrontal networks are highly
distributed and overlapping, future research could attempt
to capture the distributed nature of such functional net-
works using multivoxel pattern analysis (MVPA) of
fMRI data. MVPA is especially useful for uncovering sub-
tle differences in overlapping activations distributed across
multiple voxels, which traditional univariate fMRI analy-
ses fail to capture (Raizada and Kriegeskorte 2010). A
similar approach has proven fruitful in decoding different
object categories from overlapping ventral visual activa-
tions (Norman and others 2006). MVPA applied to the
dorsal parietofrontal stream could help dissociate distrib-
uted overlapping networks for different actions.

By investigating the finer-grained functional networks
associated with different sensorimotor tasks, future exp-
eriments could potentially address the problem of inter-
mingled populations of neurons. The patterns of voxel
activations could be investigated in progressively smaller
regions of interest, to identify which area(s) carry the
most discriminating signals for different sensorimotor
functions. Note that this goes beyond identifying maxima
in BOLD activations because signals could be distributed
and overlapping yet show distinct patterns of activation
within the same area (Raizada and Kriegeskorte 2010).
For instance, can saccades be distinguished from reaching
or pointing based on distributed activations in both the
precuneus and MIP? Can they still be distinguished based
on the pattern of voxel activations within MIP or the pre-
cuneus alone? Can distributed activations be better
decoded from parietal or frontal areas? In macaques,
intended movements can be decoded via microelectrode
arrays implanted in the PPC alone (Andersen and others
2010; Andersen and Cui 2009). Also, because it appears
likely that several macaque areas contain multiple popu-
lations of neurons with different mixtures of reference
frames, perhaps an MVPA approach could also reveal
brain networks underlying different reference frames.
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Figure 6. Functional and structural subdivisions of the human precuneus based on 3 different techniques: (A) functional
activations from standard task-related BOLD fMRI, (B) functional differentiations based on resting-state functional connectivity,
and (C) anatomical subdivisions based on postmortem brain cytoarchitectonics. All 3 techniques show very similar subdivisions in
the human precuneus. A adapted from Filimon and others (2009) with permission; B adapted from Margulies and others (2009)
with permission; and C adapted from Scheperjans and others (2008) with permission.

In addition, other brain techniques could be combined
with task-based fMRI or MEG experiments to uncover
functional networks or boundaries between different
areas. For instance, resting-state functional connectivity
analysis has revealed functional subdivisions in the pre-
cuneus based on patterns of connectivity during rest
(Margulies and others 2009) (Fig. 6). Interestingly, those
subdivisions map very well onto cytoarchitectonic bound-
aries identified in postmortem human brains (Scheperjans
and others 2008), as well as onto functional differences
between regions identified with traditional BOLD fMRI
experiments (Fig. 6). Combining techniques that investi-
gate function, structure, and intrinsic connectivity between
brain areas could paint a more accurate picture of func-
tional networks, thus going beyond the idea of separate
isolated modules for different sensorimotor functions.
Together with techniques with higher temporal resolu-
tion than fMRI (e.g., MEG), such a multilevel approach

can provide novel insights into the functional specificity
of parietofrontal networks in both human and nonhuman
species.
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