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ARTICLE INFO ABSTRACT

Keywords: The dorsal premotor cortex (PMd) plays an essential role in visually guided goal-directed motor behavior. Al-
Premotor cortex though there are several planning processes for achieving goal-directed behavior, the separate neural processes
ACU;)D are largely unknown. Here, we created a new visuo-goal task to investigate the step-by-step planning processes
Goa

Vistomotor behavior for visuomotor and visuo-goal behavior in humans. Using functional magnetic resonance imaging, we found ac-

. R tivation in different portions of the bilateral PMd during each processing step. In particular, the activated area
Visuo-goal mapping K X ) N X

EMRI for rule-based visuomotor and visuo-goal mapping was located at the ventrorostral portion of the bilateral PMd,

that for action plan specification was at the dorsocaudal portion of the left PMd, that for transformation was

at the rostral portion of the left PMd, and that for action preparation was at the caudal portion of the bilateral

PMd. Thus, the left PMd was involved throughout all of the processes, but the right PMd was involved only

in rule-based visuomotor and visuo-goal mapping and action preparation. The locations related to each process

were generally spatially separated from each other, but they overlapped partially. These findings revealed that

there are functional subregions in the bilateral PMd in humans and these subregions form a functional gradient

to achieve goal-directed behavior.

1. Introduction

In daily life, we often select an appropriate action from multiple al-
ternatives according to circumstances. For instance, when an individual
sees a red traffic light while driving a car or riding a motorcycle, they
apply the foot brake pedal or hand brake lever, respectively. This situ-
ation implies that the visual stimulus does not instruct the action itself
at the physical level (e.g., direction, amplitude, speed, or effector), but
creates an abstract representation of the behavior or “behavioral goal”
to be performed that is independent of physical parameters. Therefore,
the ability to form an arbitrary linkage between visual information and
behavioral goal (visuo-goal mapping) is essential for achieving this type
of behavior.

Neuropsychological evidence in human patients indicates that le-
sions of the premotor or parietal cortex cause ideomotor apraxia, which
is a cognitive disorder characterized by the inability to take an appropri-
ate action in accordance with an external stimulus such as performing
accurate movements on verbal command and imitating others’ gestures,
even though the patient understands the meaning of the command or

gestures and does not have aphasia or paralysis (Alexander et al., 1992;
Heilman et al., 1982; Wheaton and Hallett, 2007). One interpretation
of this symptom is that the disability is caused by deficits in creating
conceptual knowledge for an action (Buxbaum and Randerath, 2018;
Kemmerer et al., 2012; Tranel et al., 2003). Conceptual knowledge for
an action is considered to be equivalent to a behavioral goal in terms
of the visuo-goal paradigm; therefore, some symptoms of ideomotor
apraxia can be considered as a deficit of visuo-goal behavior. From this
perspective, the premotor and parietal cortices are candidate neural sub-
strates for visuo-goal behavior.

Previous studies have revealed that the dorsal premotor cortex
(PMd) plays a central role in conditional visuomotor behavior, in
which a visual signal is arbitrarily linked with physical parame-
ters (Amiez et al., 2006; Boussaoud, 2001; Boussaoud et al., 1993;
Boussaoud and Wise, 1993; Cisek and Kalaska, 2005; Grafton et al.,
1998; Halsband and Passingham, 1985; Kurata and Hoffman, 1994;
Passingham, 1993; Petrides, 1986; Simon et al., 2002; Toni et al.,
2002, 2001, 1999). However, the conventional conditional visuomo-
tor paradigm does not examine the process of generating a behavioral
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goal because the physical parameters of an action are uniquely speci-
fied immediately after the visual stimulus is presented. Therefore, we
developed a new behavioral task for examining visuo-goal behavior in
which a visual signal provides instructions for a behavioral goal rather
than an action itself and examined the neuronal representation of visuo-
goal planning processes. We found that PMd neurons of monkeys are
involved in retaining behavioral goal information and then transform-
ing this information into physical movement parameters (i.e., an action)
(Nakayama et al., 2016, 2008).

In light of the above, the PMd may play an important role in the
processes of conditional visuomotor and visuo-goal behavior. However,
the similarities and differences of the neural representations of the be-
havioral processes underlying visuomotor and visuo-goal behavior are
unknown. In addition, it is unknown which components of the visuo-
motor and visuo-goal planning processes the PMd and other areas are
involved in. Here, we assume three separate planning processes in terms
of visuomotor and visuo-goal behavior. In visuomotor behavior, we first
map a visual stimulus onto an action in a rule-based manner (rule-based
visuomotor mapping). Then, we specify an action plan and maintain
it, regardless of whether or not the action is taken after a certain pe-
riod (action plan specification). Finally, we decide to perform the action
and prepare the action before the appropriate time (action preparation).
Conversely, in visuo-goal behavior, we first map a visual stimulus onto
a goal in a rule-based manner (rule-based visuo-goal mapping). There-
after, we transform the goal plan into an action plan (transformation of
a goal into an action). Finally, as with visuomotor behavior, we prepare
the action before the appropriate time (action preparation).

In the present study, we created a new behavioral task for humans,
in which visual signals indicate an action or behavioral goal, and di-
rectly compared the step-by-step neural processes for achieving visuo-
goal and visuomotor behavior. By comparing the conditions in different
task stages, we could dissociate the processes for rule-based visuomotor
mapping and visuo-goal mapping, action plan specification, transform-
ing a goal into an action, and action preparation. We examined whole-
brain activity related to the processes for goal-directed motor behavior
in humans using event-related functional magnetic resonance imaging
(fMRI). We found strong evidence that there are subregions in the bi-
lateral PMd that make a functional gradient to achieve visuomotor and
visuo-goal behavior.

2. Materials and methods
2.1. Participants

Twenty-nine healthy right-handed normal adult volunteers partic-
ipated in the present study. Handedness was assessed with the Edin-
burgh Handedness Inventory (Oldfield, 1971). All participants were na-
tive Japanese speakers, and all of the instruction messages for the be-
havioral task (Fig. 1A and B) were written in Japanese. None of the par-
ticipants had a history of neurological or psychiatric disease. All partici-
pants gave written informed consent for participation in the experiment,
and the study was conducted according to the Declaration of Helsinki
and approved by the Ethics Committees of Tokyo Metropolitan Institute
of Medical Science (approval nos. 17-3 and 20-6) and the National Insti-
tute for Physiological Sciences (approval nos. 17A042, 18A005, 19A005,
and 20A008). One of the participants was excluded from the following
analyses because their rate of correct responses was substantially low
(see also Table S1). Finally, data from 28 individuals (13 females and
15 males, 22.1 + 3.1 years old) were analyzed.

2.2. Apparatus

A digital light processing projector (EH503; Optoma, New Taipei
City, Taiwan) was placed outside and behind the MRI scanner and pro-
jected visual stimuli through another waveguide to a translucent screen
that the participant viewed via a mirror attached to the head coil of the
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scanner. The distance between the screen and the participant’s eye was
approximately 48 cm and the visual angle was 5.2° (horizontal) x 3.9°
(vertical). Responses were measured using an MRI-compatible joystick
(Current Designs, Philadelphia, PA). Presentation 18.3 software (Neu-
robehavioral Systems, Berkeley, CA) and a personal computer (dc7900;
Hewlett-Packard, Palo Alto, CA) were used to present the visual stimuli
and record responses.

2.3. Behavioral paradigm

We devised a behavioral task in which the processes for determining
a behavioral goal were separated from those for specifying an action
(Fig. 1A). During an inter-trial interval of >3 s, the participant was re-
quired to fixate on a fixation point that was presented at the center
of the screen. After the inter-trial interval, an instruction message was
presented at the center of the screen for 1 s. In the visuo-goal (VG) con-
dition, a word indicating a goal (“Open” or “Close”), but not an action,
was presented as an instruction message, which required the partici-
pant to take an appropriate action to open or close a door. However,
in the VG condition, the participant did not decide which action to take
at this point. In the visuomotor (VM) condition, the phrase “Tilt Right”
or “Tilt Left” was used as an instruction message, which directly indi-
cated the specific action to be taken. In the control condition, the phrase
“Do Nothing” was used as an instruction message; the participant did
not take any action in this condition. After a delay period (0.5-2.0 s),
during which the participant was again required to fixate on the fixa-
tion point, a picture of an opened or closed sliding door was presented
as a door cue (1.5 s). The participant had to tilt the joystick right or
left corresponding to the combination of the instruction message and
door cue (Fig. 1B). Specifically, in the VG condition, if the instruction
message was “Open” and a closed door with the handle located at the
leftmost or rightmost position was presented, the participant had to tilt
the joystick right or left, respectively; and if the instruction message was
“Close” and an opened door with the handle located at the rightmost or
leftmost position was presented, the participant had to tilt the joystick
right or left, respectively (VG-go condition). Conversely, if the instruc-
tion message was “Open” and any of the opened doors was presented
(i.e., the door was already opened), the participant was not required
to tilt the joystick; in the same manner, if the instruction message was
“Close” and any of the closed doors was presented (i.e., the door was
already closed), the participant was not required to tilt the joystick (VG-
no-go condition). In the VM condition, if the instruction message was “Tilt
Right” and a closed door with the handle located at the leftmost posi-
tion or an opened door with the handle located at the rightmost position
was presented, the participant had to tilt the joystick right; and if the
instruction message was “Tilt Left” and a closed door with the handle
located at the rightmost position or an opened door with the handle lo-
cated at the leftmost position was presented, the participant had to tilt
the joystick left (VM-go condition). Conversely, if the instruction message
was “Tilt Right” and a closed door with the handle located at the right-
most position or an opened door with the handle located at the leftmost
position was presented (i.e., the door could not move rightward), the
participant was not required to tilt the joystick; in the same manner,
if the instruction message was “Tilt Left” and a closed door with the
handle located at the leftmost position or an opened door with the han-
dle located at the rightmost position was presented (i.e., the door could
not move leftward), the participant was not required to tilt the joystick
(VM-no-go condition). In the control condition, the participant was not re-
quired to tilt the joystick whichever door cue was presented. After the
surrounding of the door cue turned red (Go signal), the participant was
required to execute the action within 1 s (VG-go and VM-go conditions) or
do nothing (VG-no-go, VM-no-go, and control conditions). When the par-
ticipant responded correctly, the message “Success” and a picture of an
opened or closed door that corresponded to the participant’s response
were presented as feedback. If the participant did not respond correctly
or tilted the joystick before Go signal onset, the message “Failure” and
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Fig. 1. The behavioral task, conditions, and schematic representation of the processing flow. (A) Temporal sequence of the behavioral task. After the inter-trial
interval, a message was displayed (Instruction message) to instruct the participant to move the joystick leftward or rightward (VM condition, top), to open or close
a door (VG condition, bottom), or to do nothing (control condition). A figure of a door appeared (Door cue) after the delay period. The participant was required to
respond using the joystick immediately after the surrounding of the figure turned red (Go signal). (B) Combinations of instruction messages, door cues, and correct
responses in each condition. (C) Schematic illustration of the VM, VG, and control conditions. In the VM condition (top), visual signals are mapped onto an action
when the instruction message was presented, and then the participants specified an action. The participants have to retain the specified action until the door cue
was presented, and then they have to prepare the action until the Go signal was presented (red arrow, VM-go condition). In the VG condition (middle), visual signals
are mapped onto a behavioral goal when the instruction message was presented. The goal-related signals (blue arrow) are subsequently transformed into signals
representing an action in accordance with the different door cues, and the participants have to prepare the action until the Go signal was presented (VG-go condition).
In both conditions, some combinations of the instruction message and door cue indicate a no-go response (VM-no-go and VG-no-go conditions). In the control condition,
the instruction message indicates no response. Thereafter, the participants do notghave to perform any behavioral processing.
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a picture of a door that corresponded to the participant’s incorrect re-
sponse were presented as feedback. The feedback was followed by an
inter-trial interval of >3 s.

The behavioral task had the following characteristics. First, in the VG
condition, an instruction message indicated that the participant should
“open” or “close” the door, neither of which was associated with motor
behavior such as tilting the joystick right or left. Thus, the participant
could not select an action when the instruction message was presented.
Second, in the VM condition, an instruction message indicated an action
directly. At that point, the participant could specify an action such as
tilting the joystick right or left. Third, each of the door cues was poten-
tially associated with two kinds of motor behavior: (1) either tilting the
joystick right or left and (2) doing nothing. In addition, the door cue was
selected randomly from four different images. Therefore, the participant
needed to maintain the information about the instruction message until
the door cue was presented.

Before entering the MRI scanner, the participants performed a prac-
tice session that consisted of 20 trials to familiarize themselves with
the task. The main experiment consisted of eight fMRI runs. Each run
contained 40 trials (eight trials in each of the VG-go, VG-no-go, VM-go,
VM-no-go, and control conditions). The order of conditions was pseudo-
randomized and identical across all participants. The participants per-
formed the task with their right hand in four runs, and they used their
left hand in the remaining four runs. Fourteen participants used their
right hand in the first four runs and their left hand in the remaining
four runs, whereas the other 14 participants used their left hand in the
first four runs and their right hand in the remaining four runs.

2.4. MRI scanning parameters

A 7.0 T scanner (Magnetom 7T; Siemens Healthcare, Erlangen,
Germany) was used for the fMRI study. The participant’s head was
immobilized within a 32-channel receiver head coil and 1-channel
transmitter head coil (NOVA). fMRI was performed using a multiband
gradient- echo planar imaging (EPI) sequence (Moeller et al., 2010; rep-
etition time [TR] = 1000 ms; echo time [TE] = 22.2 ms; field of view
[FOV] = 208 x 208 mm?; flip angle [FA] = 45% matrix size = 130 x 130;
85 slices; slice thickness = 1.6 mm; GRAPPA = 2; multiband factor = 5;
PPF = 7/8; BW = 1924 Hz/Px). To apply a field map distortion cor-
rection algorithm to the EPI images, multiband spin-echo EPIs with the
opposite phase encoding directions were also scanned (TR = 3000 ms;
TE = 60.4 ms; FOV = 208 x 208 mm?; FA = 90°/180% matrix
size = 130 x 130; 85 slices; slice thickness = 1.6 mm; GRAPPA = 2; multi-
band factor = 5; PPF = 7/8; BW = 1924 Hz/Px). A 3.0 T scanner (Ve-
rio; Siemens Healthcare, Erlangen, Germany) with a 32-channel receiver
head coil and 1-channel transmitter body coil was used for acquiring
structural data to apply the Human Connectome Project (HCP) pipelines
to the 7T-fMRI data. Two separate sets of whole-brain high-resolution
T1-weighted (T1w) and T2-weighted (T2w) images were acquired using
a 3D magnetization-prepared rapid-acquisition gradient-echo sequence
(Mugler and Brookeman, 1990; TR = 2400 ms; TE = 2.24 ms; inver-
sion time [TI] = 1060 ms; FOV = 256 x 240 mm?; FA = 8% matrix
size = 320 x 300; 224 slices; slice thickness = 0.8 mm; GRAPPA = 2;
BW = 210 Hz/Px) and a variable flip angle turbo spin-echo sequence
(Mugler et al., 2000; TR = 3200 ms; TE = 560 ms; FOV = 256 x 240
mm?2; matrix size = 320 x 300; 224 slices; slice thickness = 0.8 mm;
GRAPPA = 2; BW = 744 Hz/Px), respectively. To correct read-out distor-
tion, spin-echo EPI field maps with the opposite phase encoding direc-
tions were also scanned (TR = 7700 ms; TE = 60 ms; FOV = 208 x 208
mm?; FA = 78°/160° matrix size = 104 x 104; 72 slices; slice thick-
ness = 2 mm; PPF = 6/8; BW = 1850 Hz/Px).

2.5. fMRI data preprocessing

To investigate group-averaged task-related activity, we normalized
the functional images from native space into standard space. To correct
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the distortion of the functional images measured by 7T-MRI, we adopted
the minimal preprocessing pipelines (Glasser et al., 2013; Yamamoto
etal., 2021) developed for the HCP (Glasser et al., 2016). We applied the
HCP-style structural pipeline to the T1w and T2w images. First, image
distortions resulting from gradient non-linearity were corrected. After
the brain region was extracted, readout distortions were corrected us-
ing two spin-echo EPIs with opposite phase-encoding directions and the
Topup toolbox (Andersson et al., 2003). Non-distorted T1w and T2w
images were registered with cross-modal boundary-based registration
(BBR; Greve and Fischl 2009). As the intensity of the T1w and T2w
images still had biases, bias field correction was applied to the non-
distorted images. Finally, we estimated the nonlinear registration ma-
trix from native space to Montreal Neurological Institute (MNI) template
space and applied this nonlinear registration to the Tlw and T2w im-
ages.

The functional pipeline was also used to correct gradient non-
linearity. To correct head motion, EPIs were registered into a single-
band reference (SBRef) EPI, which was scanned at the beginning of
each session, by estimating six parameters of rigid-body transforma-
tion from each EPI to SBRef EPIL In this study, we conducted struc-
tural and functional MRI sessions on different days. Thus, we calculated
the session-specific field map from two SE-EPIs measured in the fMRI
session. With this field map, we applied readout distortion correction
to motion-corrected EPIs using the Topup toolbox. The transformation
matrix from SBRef EPI to Tlw images was estimated by BBR cross-
modal registration method. Then, this BBR parameter was applied to
non-distorted EPIs to register all EPIs into the T1w image. The resultant
EPIs were transformed into MNI template space using the T1w-to-MNI
parameters estimated in the structural pipelines. Finally, the image in-
tensities of EPIs were normalized so that the average intensity of all
images was 10,000. The normalized functional images were spatially
smoothed using a Gaussian kernel of 4 mm full width at half maximum
(FWHM) in the x, y, and z axes (Glasser et al., 2013).

2.6. fMRI data analysis

All statistical analyses were performed with the Statistical Para-
metric Mapping (SPM12) package (Wellcome Trust center for Neu-
roimaging, University College London, London, UK) and MATLAB 2021a
(MathWorks, Natick, MA). A general linear model was fitted to the
fMRI data for each participant (Friston et al., 1994; Worsley and Fris-
ton, 1995). Each run included 11 task-related regressors: instruction
message in the VM condition (INST_VM), instruction message in the
VG condition (INST_VG), instruction message in the control condition
(INST_CON), door cue in the VM-go condition (DOOR_VM-go), door cue
in the VM-no-go condition (DOOR_VM-no-go), door cue in the VG-go con-
dition (DOOR_VG-go), door cue in the VG-no-go condition (DOOR_VG-
no-go), door cue in the control condition, movement execution, success
feedback, and failure feedback. These task-related regressors were mod-
eled with stick functions and convolved with the canonical hemody-
namic response function. Six motion parameters and their first deriva-
tives were also included as nuisance regressors. The time series for
each voxel was high-pass filtered at 1/128 Hz (Friston et al., 2002).
For the advanced rapid sampling techniques used in this study, such as
multi-band gradient-echo EPI, a first-order autoregressive model does
not sufficiently capture the temporal correlations in time series data
with higher sampling rates (Bollmann et al., 2018). Thus, the “FAST”
model implemented in SPM12 was applied to address the temporal cor-
relations in time series data with higher sampling rates (Corbin et al.,
2018). Then, to calculate the estimated parameters, a least-squares esti-
mation was performed on the high-pass filtered and pre-whitened data.

The parameter estimates for each regressor in each “contrast” im-
age were submitted to second-level analysis (Holmes and Friston, 1998)
with a flexible-factorial model. According to our hypotheses, we evalu-
ated the following predefined contrasts. For counterbalancing effector-
specific effects, all contrasts were calculated without distinguishing be-
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tween the runs in which the participants used their right or left hand
for the responses. First, we evaluated rule-based visuomotor mapping
by subtracting the activity in the control condition from that in the VM
condition during the presentation of the instruction cue: (INST_VM -
INST_CON). Second, we evaluated rule-based visuo-goal mapping by
subtracting the activity in the control condition from that in the VG
condition during the presentation of the instruction cue: (INST_VG -
INST_CON). Third, we evaluated action plan specification by subtracting
the activity in the VG condition from that in the VM condition during the
presentation of the instruction cue: (INST_VM - INST_VG). Fourth, we
evaluated the transformation of a goal into an action by subtracting the
difference in activity between the VM-go and VM-no-go conditions from
the difference in activity between the VG-go and VG-no-go conditions
during the presentation of the door cue: ([DOOR_VG-go — DOOR_VG-
no-go] - [DOOR_VM-go — DOOR_VM-no-go]). Finally, we evaluated ac-
tion preparation as the conjunction of the activity in the VG-go condition
against the VG-no-go condition and that in the VM-go condition against the
VM-no-go condition during the presentation of the door cue: ([DOOR_VG-
go — DOOR_VG-no-go] & [DOOR_VM-go — DOOR_VM-no-go]). The re-
sulting set of voxel values for each contrast constituted SPM{t}, which
was transformed into normal distribution units (SPM{z}). The statistical
threshold for the spatial extent test on the clusters, which was defined
by the height threshold of z = 3.09, was set at p < 0.05 corrected for
family-wise (Friston et al., 1996). We also tested for brain activity in
the left and right rostral PMd as regions of interest (ROIs) after small
volume correction (SVC) (Poldrack, 2007). We defined anatomical ROIs
in the dorsal portion of the left and right rostral PMd using the Brain-
netome Atlas (Fan et al., 2016). As the rostral PMd is located in the
rostrodorsal part of the lateral Brodmann area 6, we used the left and
right dorsolateral area 6 (A6dl) of the Brainnetome Atlas as ROIs for the
analysis.

Brain regions were anatomically defined and labeled according to
the co-planar stereotaxic atlas of the human brain (Mai et al., 2015). We
used MRIcron (http://people.cas.sc.edu/rorden/mricron/index.html) to
display the activation patterns on Tlw MRI and volume-rendered im-
ages.

3. Results
3.1. Behavioral data

We excluded one participant’s data because their proportion of cor-
rect responses was low (87.5%; see Materials and Methods and Table
S1). The proportion of correct responses for the remaining 28 partici-
pants was > 90% (90.0-99.7%); therefore, we focused on brain activity
during the trials in which the participants performed correctly. The reac-
tion times (mean + standard deviation) in the conditions accompanied
by a movement were 434 + 66 ms in the VG-go condition and 430 + 64 ms
in the VM-go condition. The reaction times did not differ between the VG-
go and VM-go conditions (paired t-test; t(27) = 0.89, p = 0.38). Table S1
shows additional information about the proportion of correct responses
and reaction times of each participant.

3.2. fMRI analyses

3.2.1. Activation related to rule-based visuomotor and visuo-goal mapping

In the VM condition, the participants had to map an instruction mes-
sage onto an action during the instruction period (Fig. 1A-C) because
they then had to make a Go/No-go decision based on the mapped ac-
tion plan. Therefore, we calculated activation related to rule-based vi-
suomotor mapping, which was determined by subtracting the activity
in the control condition from that in the VM condition during this pe-
riod. This contrast was calculated without distinguishing between trials
using the right or left hand (see Materials and Methods). This analysis
revealed regions of significant activation in the bilateral PMd and left
pre-supplementary motor area (pre-SMA) in the frontal lobe, and the left
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supramarginal gyrus (SMG) in the parietal lobe, as well as some pari-
etal, temporal, and occipital areas such as the fusiform gyrus, inferior
temporal gyrus, and inferior occipital gyrus (p < 0.05 corrected at the
cluster level; Table 1 and Fig. 2A).

We next identified the brain regions that were activated in relation
to mapping an instruction message onto a goal during the instruction
period in the VG condition (Fig. 1A-C). We calculated activation related
to rule-based visuo-goal mapping, which was determined by subtracting
the activity in the control condition from that in the VG condition during
the period from instruction message onset to the end of the delay period
(instruction period, lasting 1.5-3.0 s; see Fig. 1A and C). These contrasts
were also calculated without distinguishing trials using the right or left
hand. The activated regions in the VG condition (Fig. 2B) were similar
to those in the VM condition (Fig. 2A): this analysis revealed regions of
significant activation in the bilateral PMd, left ventrolateral prefrontal
cortex (vIPFC; Brodmann areas 9 and 44), left ventral premotor cortex
(PMv), and left pre-SMA in the frontal lobe, and the left SMG and bilat-
eral superior parietal lobule (SPL) in the parietal lobe, as well as some
parietal, temporal, and occipital areas (p < 0.05 corrected at the cluster
level; Table 2 and Fig. 2B).

3.2.2. Activation related to action plan specification

We then examined activation related to action plan specification in
visuomotor behavior. In the VM condition, once the participants mapped
an instruction message onto an action based on a rule, they had to spec-
ify a plan for the action before the door cue was presented (Instruction
message and Delay periods in Fig. 1A and C). By contrast, in the VG con-
dition, the participants decided a plan for the goal, but could not specify
an action in the same periods. To clarify the processes for specifying an
action plan, we calculated the contrast of the processes by subtracting
the activity in the VG condition from that in the VM condition during the
instruction period (Fig. 1C). These contrasts were also calculated with-
out distinguishing trials using the right or left hand. We found significant
activation in the left PMd (Fig. 3), bilateral primary visual cortex (V1),
bilateral visual areas V2 and V3, and bilateral fusiform gyrus (p < 0.05
corrected at the cluster level; Table 3). The activation area of the left
PMd was located more caudal to that related to rule-based visuomotor
mapping or visuo-goal mapping (Fig. 2 and Tables 1 and 2).

3.2.3. Activation related to the transformation of a goal into an action

We next identified the regions related to the transformation of a goal
into an action in visuo-goal behavior. We investigated activation in re-
sponse to the door cue (Door cue period in Fig. 1A), when the partici-
pants could decide an action based on the goal in the VG-go condition.
In the control condition, the participants did not have to attend to a door
cue because they were not required to tilt the joystick whichever door
cue was presented. Therefore, we subtracted the activation in the go con-
ditions (VM-go and VG-go conditions) from than in the no-go conditions
(VM-no-go and VG-no-go conditions).

We first determined activation related to the transformation of a goal
into an action by subtracting the activity of the VM conditions from that
of the VG conditions (i.e., [VG-go — VG-no-go] — [VM-go — VM-no-go]) dur-
ing the presentation of the door cue (Door cue period, lasting 1.5 s). As
with the calculation of activation for the instruction message, these con-
trasts were also calculated without distinguishing trials using the right
or left hand. We found no significant activation when whole brain analy-
sis was performed (p < 0.05 corrected at the cluster level), but we found
17 significant voxels in a cluster within the left rostral PMd when we ap-
plied a height threshold of p < 0.001 (uncorrected). We then performed
SVC analysis for the region of the left rostral PMd (blue outlined area in
Fig. 4) defined using the Brainnetome Atlas (Fan et al., 2016; see Ma-
terials and Methods). In this analysis, we focused on the rostral portion
of the PMd as the ROI for the following two reasons. First, our previous
findings in monkeys demonstrated that when subjects selected an action
based on a goal, neurons in the rostral PMd represented an action more
often than neurons in the caudal PMd or primary motor cortex (M1)
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Table 1
Instruction message-related activation related to rule-based visuomotor mapping.

Neurolmage 256 (2022) 119221

Spatial extent test MNI coordinates (mm)

Cluster size (mm®) Prwe-corr X y z z value Hem Anatomical region
VM - control
4608 6.84 x 10713 -38 -76 -11 7.37 L Fusiform gyrus, posterior part
-32 -64 -14 5.53 L Fusiform gyrus
2630 1.35x 1078 -27 -6 51 6.84 L Middle frontal gyrus
-30 =12 66 4.43 L Superior frontal gyrus, lateral part
1499 1.24 x 10 -6 5 56 6.23 L Superior frontal gyrus, medial part
-8 10 45 3.22 L Cingulate gyrus
938 6.93 x 10 37 -52 -19 5.63 R Fusiform gyrus
44 -60 -18 4.81 R Inferior temporal gyrus
2875 3.55 x 107 28 -76 -10 5.55 R Fusiform gyrus
31 -84 -13 4.93 R Fusiform gyrus, posterior part
39 -83 -10 4.79 R Inferior occipital gyrus
3027 1.58 x 107 31 -4 56 5.51 R Middle frontal gyrus
23 -4 46 4.59 R Superior frontal gyrus, lateral part
1278 5.62 x 107 -44 -36 40 5.02 L Supramarginal gyrus
836 1.56 x 1073 -25 -89 13 4.06 L Medial occipital gyrus

Statistical threshold was family-wise-corrected (FWE-corr) (p < 0.05) at the cluster level with a height threshold of z > 3.09. Hem, hemisphere; L, left; MNI, Montreal

Neurological Institute; R, right; VM, visuomotor.

A Activation related to rule-based visuomotor mapping (VM condition - control [instruction period)])

Fig. 2. Functional magnetic resonance imaging results for instruction message-related activation. (A) Activation related to rule-based visuomotor mapping determined
by the contrast of the visuomotor (VM) condition against the control condition during the instruction period. Statistical maps show significant activation in a parieto-
frontal network including the bilateral dorsal premotor cortex (PMd), left pre-supplementary motor area (pre-SMA), and left supramarginal gyrus (SMG), as well
as the bilateral fusiform gyrus (FFG) (see Table 1). (B) Activation related to rule-based visuo-goal mapping determined by contrast of the visuo-goal (VG) condition
against the control condition during the instruction period. Statistical maps show significant activation in the bilateral PMd, left ventrolateral prefrontal cortex
(vIPFC)/ventral premotor cortex (PMv), left pre-SMA, left SMG, as well as the bilateral superior parietal lobule (SPL) and right posterior angular gyrus (see Table 2).
Color bar indicates t-values. Numbers indicate the Montreal Neurological Institute (MNI) coordinates (in mm) in the coronal direction. For both panels, p < 0.05

corrected at the cluster level, with height threshold z > 3.09. L, left; R, right.

(Nakayama et al., 2016, 2008). Second, Badre et al. (2010) showed that
the left rostral PMd in humans is critical for learning abstract behavioral
rules, but the caudal PMd is not. By performing this analysis, we found
one significant voxel within the ROI of the left rostral PMd (voxel level
p < 0.05, SVC with family-wise correction; within the blue outlined area
in Fig. 4 and Table 4). We then applied the same SVC analysis to the right
rostral PMd, which was also defined using the Brainnetome Atlas, and
found no significant voxels within the ROI. These results indicate that

although the activated area is small, only the left rostral PMd appears
to be involved in transforming a goal into an action.

3.2.4. Activation related to action preparation

We then tested activation related to preparation for a planned ac-
tion, which is a common process in visuomotor and visuo-goal behav-
ior. The action preparation process was determined by the conjunction
of the activity of the VG conditions (VG-go — VG-no-go) and that of the
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Table 2
Instruction message-related activation related to rule-based visuo-goal mapping.

Neurolmage 256 (2022) 119221

Spatial extent test MNI coordinates (mm)

Cluster size (mm®) Prwe-corr X y z z value Hem Anatomical region

VG - control

2306 8.42x 108 -28 -6 50 6.75 L Middle frontal gyrus

1585 7.00 x 10 -6 7 56 5.53 L Superior frontal gyrus, medial part

2322 7.66 x 108 39 -4 48 5.40 R Precentral gyrus
47 -1 50 5.06 R Middle frontal gyrus

1483 1.38 x 10 -32 4 34 4.81 L Inferior frontal gyrus, opercular part
—48 -1 35 4.23 L Precentral gyrus

500 2.94 x 1072 42 -54 -6 4.74 R Inferior temporal gyrus

1184 1.10 x 10 —46 -38 40 4.74 L Supramarginal gyrus

770 2.68 x 1073 -28 -57 51 4.54 L Superior parietal lobule

573 1.48 x 1072 31 -51 53 4.49 R Superior parietal lobule

1212 8.94 x 107 32 -81 34 4.34 R Posterior angular gyrus
26 -75 45 4.12 R Arcus parieto-occipitalis, ant. division / Posterior angular gyrus

872 1.16 x 1073 -24 -72 32 4.09 L Arcus parieto-occipitalis, ant. division
-20 -68 45 3.77 L Superior parietal lobule

590 1.27 x 1072 28 -88 11 4.02 R Medial occipital gyrus

Statistical threshold was family-wise-corrected (FWE-corr) (p < 0.05) at the cluster level with a height threshold of z > 3.09. Hem, hemisphere; L, left; MNI, Montreal

Neurological Institute; R, right; VM, visuomotor.

Activation related to action plan specification
(VM - VG condition [instruction period])

Fig. 3. Functional magnetic resonance imaging results for activation related to
action plan specification determined by activation in the visuomotor (VM) con-
dition against that in the visuo-goal (VG) condition during the instruction period.
Statistical maps show significant activation in the left dorsal premotor cortex
(PMd), as well as some occipital and parietal regions (see Table 3). Color bar
indicates t-values. The number indicates the MNI coordinate (in mm) in the
coronal direction. For both panels, p < 0.05 corrected at the cluster level, with
height threshold z > 3.09. L, left; R, right.

VM conditions (VM-go — VM-no-go) during the Door cue period. These
contrasts were also calculated without distinguishing trials using the
right or left hand. The analysis revealed regions of significant activa-
tion in the bilateral PMd extending to the bilateral M1 and left primary
somatosensory cortex (S1), bilateral pre-SMA/SMA, bilateral putamen,
and bilateral thalamic nuclei (Fig. 5), as well as some occipital areas
(p < 0.05 corrected at the cluster level; Table 5).

3.3. Spatial distribution of activation in the PMd

We found activation of the PMd in five contrasts related to rule-based
visuomotor (Fig. 2A) and visuo-goal (Fig. 2B) mapping, action plan spec-
ification (Fig. 3A), transformation of a goal into an action (Fig. 4), and
action preparation (Fig. 5). We also found activation of the right PMd in
three contrasts related to rule-based visuomotor (Fig. 2A) and visuo-goal
(Fig. 2B) mapping and action preparation (Fig. 5). These activation areas
were generally separate from each other, but there was some overlap.
Fig. 6 shows the activated voxels in each contrast on the lateral surface of
the left and right hemispheres in terms of visuomotor behavior (Fig. 6A)
and visuo-goal behavior (Fig. 6B). The activated areas related to rule-

based visuomotor mapping (magenta in Fig. 6A) overlapped with those
related to rule-based visuo-goal mapping (blue in Fig. 6B) in many re-
gions of the PMd (light purple in Fig. 6C) in each hemisphere, although
the former extended more caudally and medially than the latter. The ac-
tivated areas related to action plan specification (yellow) were located
more caudally and dorsally than those related to rule-based visuomotor
(magenta) and visuo-goal (blue) mapping in the left PMd. The activated
areas related to action plan specification partly overlapped with those
related to rule-based visuomotor mapping (light red in Fig. 6A and C),
but did not overlap with those related to rule-based visuo-goal mapping
(Fig. 6C). The three areas were located in the rostral and ventral por-
tion of the caudal sector of the PMd, or simply the PMd. In contrast,
the activated area related to the transformation of a goal into an action
(green) was located in the rostral sector of the PMd, or the pre-PMd
(Abe and Hanakawa, 2009; Picard and Strick, 2001), in the left hemi-
sphere. The activated areas related to action preparation (red) were lo-
cated at the most caudal portion of the bilateral PMd, and they extended
rostrally to the areas where rule-based visuomotor and visuo-goal map-
ping were observed and caudally to the M1 in both hemispheres and the
left S1. The activated areas of rule-based visuomotor mapping and those
of rule-based visuo-goal mapping mostly overlapped with each other in
both hemispheres (light purple in Fig. 6C). These results suggest that
the PMd is parcellated in terms of achieving goal-directed motor behav-
ior in humans and these parcellations overlap in part with each other
spatially and functionally.

4. Discussion

In the present study, we examined the neural representation related
to step-by-step planning processes for visuomotor and visuo-goal behav-
ior in humans using fMRI. For visuomotor behavior, we examined three
steps of the planning process. First, during the process for rule-based
visuomotor mapping, we found activation of the ventrorostral portion
of the bilateral PMd, as well as the SMG in the parietal cortex. Second,
during the process for action plan specification, we found activation of
the dorsocaudal portion of the left PMd. Finally, during the process for
action preparation, we found activation of the caudal portion of the bi-
lateral PMd and the activation areas extended rostrally to the ventroros-
tral portion of the PMd and caudally to the M1 and S1. Conversely, for
visuo-goal behavior, we examined another three steps of the planning
process. First, during the process for rule-based visuo-goal mapping, we
found activation of the ventrorostral portion of the bilateral PMd, as
well as the SMG and SPL. Second, during the process for the transfor-
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Table 3
Instruction message-related activation related to action plan specification.
Spatial extent test MNI coordinates (mm)
Cluster size (mm?) Pewe-corr X y z z value Hem Anatomical region
VM - VG
5890 2.44 x 10715 -16 -91 -10 Inf. L Striate area / Inferior lingual gyrus, medial part
-27 -83 -13 Inf. L Fusiform gyrus / Inferior lingual gyrus, medial part
-38 -78 -10 7.55 L Fusiform gyrus, posterior part
4887 1.93 x 10713 18 -88 -6 Inf. R Inferior lingual gyrus, medial part
28 -76 -8 7.52 R Fusiform gyrus
1290 5.15 x 10~ -28 -11 66 4.67 L Superior frontal gyrus, lateral part
-28 -14 58 4.51 L Precentral gyrus

Statistical threshold was family-wise corrected (FWE-corr) (p < 0.05) at the cluster level with a height threshold of z > 3.09. Hem, hemisphere; Inf., infinity; L, left;

MNI, Montreal Neurological Institute; R, right; VG, visuo-goal; VM, visuomotor.

Table 4
Door cue-related activation related to the transformation of a goal into an action.

MNI coordinates (mm)

Number of voxels X y z z value Hem Anatomical region
(VG-go — VG-no-go) — (VM-go — VM-no-go)
1 -12 5 64 3.75 L Superior frontal gyrus, lateral part

Statistical threshold was family-wise corrected (p < 0.05) at the voxel level with small volume correction within the region of interest of the left rostral dorsal

premotor cortex. Hem, hemisphere; L, left; MNI, Montreal Neurological Institute; VG, visuo-goal; VM, visuomotor.

Activation related to the transformation of a goal into an action
(VG-go - VG-no-go) — (VM-go — VM-no-go) [door-cue period]

A Coronal view B Sagittal view

y:+6/ X=-13

4

/

Activation related to action preparation
(VM-go - VM-no-go) & (VG-go - VG-no-go) [door-cue period]

pre-SMA/SMA PMd/M1
7.9

putamen thalamus

Fig. 4. Functional magnetic resonance
imaging results for activation related to the
transformation of a goal into an action. The
contrast was determined by subtraction of
the activity for the visuomotor (VM)-go con-
dition against the VM-no-go condition from
that for the visuo-goal (VG) condition against
the VG-no-go condition (i.e., [VG-go — VG-no-
gol — [VM-go — VM-no-go]) during the door
cue period. A significant voxel (p < 0.05
with family-wise, small volume correction)
in the left dorsal premotor cortex (PMd)
was observed, and is shown in green in
coronal (A) and sagittal slices (B). The blue
outlines show the area of the left dorsolat-
eral area 6 (A6dl) of the Brainnetome At-
las (Fan et al., 2016). Numbers indicate the
MNI coordinates (in mm) in the coronal (A)
and sagittal (B) direction. A, anterior; L,
left; P, posterior; R, right.

Fig. 5. Functional magnetic resonance imag-
ing results for activation related to action
preparation determined by the conjunction of
activity for the visuomotor (VM) conditions (VM-
g0 - VM-no-go) and that for the visuo-goal
(VG) conditions (VG-go — VG-no-go) during the
door cue period. Statistical maps show sig-
nificant activation in the bilateral dorsal pre-
motor cortex (PMd), bilateral primary motor
cortex (M1), left primary somatosensory cor-
tex (S1), bilateral pre-supplementary motor
area (pre-SMA) and supplementary motor area
(SMA), bilateral putamen, and bilateral thala-
mic nuclei, as well as some occipital regions
(see Table 5). Numbers indicate the MNI co-
ordinates (in mm) in the coronal direction.
Color bar indicates t-values. For the panel,
p < 0.05 corrected at the cluster level, with
height threshold z > 3.09. L, left; R, right.
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B Visuo-goal behavior
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Fig. 6. Spatial distributions of functional magnetic resonance imaging (fMRI) activity within the dorsal premotor cortex (PMd) in different conditions or task phases.
(A) Activated areas of the PMd in terms of visuomotor behavior. Activated areas related to rule-based visuomotor mapping (magenta, results from Fig. 2A), action
plan specification (yellow, results from Fig. 3A), and action preparation (red, results from Fig. 5) were superimposed on lateral (left) and axial (right) views of the
brain in both hemispheres. The activated areas related to action preparation (red) extend to the bilateral primary motor cortex (M1) and left primary somatosensory
cortex (S1). Light red areas indicate voxels related to rule-based visuomotor mapping and action plan specification, hot pink areas indicate voxels related to rule-
based visuomotor mapping and action preparation, and orange areas indicate voxels related to action plan specification and action preparation. (B) Activated areas
of the PMd in terms of visuo-goal behavior. Activated areas related to rule-based visuo-goal mapping (blue, results from Fig. 2B), transformation of a goal into
an action (green, results from Fig. 4), and action preparation (red, results from Fig. 5) were superimposed on lateral (left) and axial (right) views of the brain in
both hemispheres. Purple areas indicate voxels related to rule-based visuo-goal mapping and action preparation. (C) Activated area of the PMd related to rule-based
visuomotor mapping, visuo-goal mapping, and action plan specification. Activated areas related to rule-based visuomotor mapping (magenta), rule-based visuo-goal
mapping (blue), and action plan specification (yellow) were superimposed on axial views of the brain in both hemispheres. Light purple areas indicate voxels related
to rule-based visuomotor mapping and rule-based visuo-goal mapping, and light red areas indicate voxels related to rule-based visuomotor mapping and action plan
specification. Numbers indicate the MNI coordinates (in mm) in the axial direction. L, left; R, right.
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Table 5
Door cue-related activation related to action preparation.

Neurolmage 256 (2022) 119221

Spatial extent test

MNI coordinates (mm)

Cluster size (mm®) PEwE-corr X y z z value Hem Anatomical region
(VM-go — VM-no-go) & (VG-go — VG-no-go)
2867 3.71 x 107 -38 -14 54 7.63 L Precentral gyrus
-30 -32 56 3.77 L Postcentral gyrus
2621 1.42x 1078 40 -11 54 7.35 R Precentral gyrus
1323 4.10 x 10°° -9 5 54 6.34 L Superior frontal gyrus, medial part
-8 -9 58 5.45 L Paracentral lobule
1130 1.62x 10 7 -1 59 5.90 R Superior frontal gyrus, medial part
1413 2.21 x 107 -30 2 -2 5.49 L Putamen
872 1.16 x 1073 -6 -20 -2 5.48 L Thalamus
2 -20 -6 4.80 R Midbrain
-4 -32 -8 4.28 L Brachium of the inferior colliculus
762 2.86 x 1073 -33 -3 48 5.30 L Middle frontal gyrus
856 1.32x 1073 29 2 -3 4.95 R Putamen
451 4.71 x 1072 -27 -14 61 4.20 L Superior frontal gyrus, lateral part
-27 -17 70 3.65 L Precentral gyrus

Statistical threshold was family-wise corrected (FWE-corr) (p < 0.05) at the cluster level with a height threshold of z > 3.09. Hem, hemisphere; L, left; MNI, Montreal

Neurological Institute; R, right; VG, visuo-goal; VM, visuomotor.

mation of a goal into an action, we found activation of the rostral por-
tion of the left PMd. Finally, during the process for action preparation,
which is shared with visuomotor behavior, we found activation of the
caudal portion of the bilateral PMd as well as the ventrorostral portion
of the PMd, M1, and S1. Thus, the PMd was activated throughout all
of the planning processes of visuomotor and visuo-goal behavior. The
activated areas in each of the left and right PMd were spatially segre-
gated, but overlapped partially. These findings indicate that there are
subregions in the bilateral PMd and these subregions make a functional
gradient for achieving goal-directed behavior.

4.1. A step-by-step planning process for visuomotor behavior

In visuomotor behavior, we first map a visual stimulus onto an action
in a rule-based manner. We found activation of the ventrorostral portion
of the bilateral PMd during the process for rule-based visuomotor map-
ping (Fig. 2A). The location of activation is considered to be reasonable
because the ventrorostral part of the PMd of monkeys receives inputs
from the vIPFC via the dorsolateral or dorsomedial prefrontal cortex
(Takahara et al., 2012). Previously, we found that neurons in the vIPFC
of monkeys encode visual object signals, but those in the PMd do not
(Nakayama et al., 2016; Yamagata et al., 2012). In the present study,
the participants had to recognize a written phrase before mapping it to
an action or a goal. Therefore, the ventrorostral portion of the PMd is
thought to be involved in rule-based visuomotor mapping in coopera-
tion with the vIPFC, and may be a gateway within the PMd for visually
guided goal-directed behavior.

After the mapping process in the VM condition, the participants had to
specify an action plan during an instruction period that was maintained
until the door cue was presented, when the participants could (VM-go
condition) or could not (VM-no-go condition) decide to take the action.
We found activation related to action plan specification in the dorsocau-
dal portion of the left PMd. Although some activation areas overlapped,
the activation area related to action plan specification in the PMd (yel-
low in Fig. 6A and C) was located more caudally to that of rule-based
visuomotor mapping (magenta). As the process for action plan specifica-
tion is thought to be more concrete than that for rule-based visuomotor
mapping and the two activation areas overlapped partially, the results
indicate that more abstract planning processes were represented in the
more rostral portion of the PMd. These two areas constitute a part of
a rostrocaudal functional gradient from abstract to concrete planning
processes, as discussed later.

Once the participants made the “go” decision, they had to prepare
the planned action. We found activation related to action preparation in
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the caudal portion of the bilateral PMd (Fig. 5). The activated region was
located more caudally than the regions related to rule-based visuomotor
mapping and action specification. In addition, it expanded caudally to
the M1 in both hemispheres (red in Fig. 6A) as well as rostrally to the
ventrorostral portion of the PMd. The activated location was plausible
because the caudal portion of the PMd is adjacent to the M1, which is a
cortical center for executing actions (Evarts, 1964; Kalaska, 2009), and
the M1 is also involved in action preparation (Nakayama et al., 2016;
Tanji and Evarts, 1976). Additionally, we found activation in the bilat-
eral putamen, which is considered to be involved in action preparation
(Alexander and Crutcher, 1990; Apicella et al., 1992) and connects to
the PMd (Alexander et al., 1986; Takada et al., 1998). These observa-
tions suggest that the caudal portion of the PMd is hierarchically closer
to the output stage within the PMd.

Taken together, also in terms of achieving visuomotor behavior,
these results support the hypothesis that there is a functional gradi-
ent within the PMd: the more rostral region processes abstract plan-
ning, while the more caudal region processes more concrete informa-
tion (Abe and Hanakawa, 2009; Badre and D’Esposito, 2009; Badre and
Nee, 2018; Cisek and Kalaska, 2005; Nakayama et al., 2016, 2008;
Picard and Strick, 2001).

4.2. A step-by-step planning process for visuo-goal behavior

In visuo-goal behavior, we first map a visual stimulus onto a goal in
a rule-based manner. We found activation of the bilateral ventrorostral
portion of the PMd during the process for rule-based visuo-goal mapping
(Fig. 2B). This is consistent with our previous findings in monkeys that
show neurons in the ventrorostral PMd encode goals (Nakayama et al.,
2016, 2008; Yamagata et al., 2012). The location of the activation area
was similar to that of rule-based visuomotor mapping (Fig. 6C), sug-
gesting that the ventrorostral portion of the PMd is also involved in
rule-based visuo-goal mapping in cooperation with the vIPFC.

The neural representation of a goal plan is then transformed into that
of an action plan at a certain point. In the present study, after a door cue
was presented, the participants had to decide a specific action based on
the goal plan (Fig. 1C). We found a significantly activated small region
in the rostral PMd in the left hemisphere, which represented the pro-
cess for the transformation of a goal into an action (Fig. 4). As shown
in Fig. 6B (green), the activation region was rostral to the other acti-
vation area within the left PMd. In addition, no significant voxels were
found in the ROI in the right hemisphere. Taken together, the present
results indicate that although the activation area is restricted, the left
PMd may be involved in transforming a goal into an action. In addition,
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the activated region was located in the rostral portion of the left PMd
and away from the other activated regions (Fig. 6B and C), suggesting
the existence of a unique portion of the left PMd that is involved in
transforming a goal into an action.

As with visuomotor behavior, once the action is transformed and the
participants make a “go” decision, they have to prepare the planned ac-
tion. As mentioned in the previous section, we found activation related
to action preparation in the caudal portion of the bilateral PMd (Fig. 5).
The activated region was located just caudal to the regions related to
rule-based visuo-goal mapping with some overlap (red in Fig. 6B).

These findings suggest that there also exists a functional gradient
within the PMd in terms of the processes for mapping a visual stimulus
onto a goal and preparing an action, but the transformation process may
be independent from this gradient.

4.3. Neural substrate of rule-based visuomotor and visuo-goal mapping

As mentioned earlier, we found activation in the ventrorostral por-
tion of the PMd in relation to rule-based visuomotor and visuo-goal map-
ping, and these two types of activation overlapped in the left and right
hemispheres (magenta and blue in Fig. 6). These results can be inter-
preted by the following two points. First, in visuomotor and visuo-goal
behavior, we have to map a visual signal onto a behavioral component.
One interpretation is that the ventrorostral PMd plays a role in the map-
ping process, irrespective of visuomotor or visuo-goal behavior. Second,
rule-based visuomotor behavior may contain a component of visuo-goal
mapping, because it is considered that visuomotor behavior does not
distinguish a goal from an action. In other words, visuomotor behavior
is regarded as a special case of visuo-goal behavior in that a goal and
an action can be fixed simultaneously in accordance with a visual sig-
nal. Therefore, the ventrorostral PMd may be involved in the process for
mapping a visual signal onto a goal, but not an action. In either case,
the present results indicate that rule-based visuomotor and visuo-goal
mapping share the same neural substrates. However, it remains elusive
whether the same neurons in the ventrorostral PMd are involved in rule-
based visuomotor mapping and rule-based visuo-goal mapping. Further
studies are needed to compare cell activity for visuomotor behavior with
that for visuo-goal behavior.

We also found activation of the left SMG in the parietal cortex for
the process of rule-based visuomotor and visuo-goal mapping (Fig. 2).
It is reasonable that the SMG is active during the instruction period for
the following reasons. First, both are involved in semantic processing
(Chou et al., 2006; Sakai, 2005; Stoeckel et al., 2009) and verbal work-
ing memory (Deschamps et al., 2014; Koelsch et al., 2009; Salmon et al.,
1996). As we instructed the participants which action (VM condition)
or goal (VG condition) to take by using written phrases, the activation
of the SMG may represent the processes of semantic understanding of
the instruction message and storage of the information of the instruc-
tion message at a verbal level. Second, a left SMG lesion in humans
causes ideomotor apraxia, which is a cognitive disorder characterized by
the inability to perform accurate movements on verbal command, even
though the patient understands the meaning of the command and does
not have aphasia or paralysis (Alexander et al., 1992; Heilman et al.,
1982). One interpretation is that ideomotor apraxia is caused by deficits
in creating conceptual knowledge for an action (Buxbaum and Ran-
derath, 2018; Kemmerer et al., 2012; Tranel et al., 2003), such as a
behavioral goal in the present study. Finally, diffusion tensor imaging
studies indicate that the SMG is structurally connected to the IPFC and
PMv (Kamali et al., 2014; Martino et al., 2013; Rushworth et al., 2006;
Uddin et al., 2010; Wang et al., 2016), which we previously found to
be involved in determining a goal in monkeys (Nakayama et al., 2016,
2008; Yamagata et al., 2012, 2009), and we found activation for rule-
based visuo-goal mapping in humans in the present study. Considering
that the SMG was not activated in the other contrasts (Figs. 3-5), the
present results indicate that they are involved in the processes for map-
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ping visual signals onto an action and a goal in goal-directed motor
behavior.

4.4. Subregions of the PMd related to the step-by-step planning processes in
visuomotor and visuo-goal behavior

In our previous studies, we showed the presence of a rostrocaudal
functional gradient within the PMd in monkeys for planning processes
of visuo-goal behavior (Nakayama et al., 2016, 2008). Indeed, in the
present study, the activated areas in each process were generally sepa-
rated, but overlapped partially with each other, implying the existence
of a functional gradient also in the human PMd. Overall, cognitive pro-
cesses (rule-based visuomotor and visuo-goal mapping and transforma-
tion of a goal into an action) were represented in two rostral parts of
the PMd (ventrorostral and rostral subregions), whereas action-related
processes (action plan specification and action preparation) were repre-
sented in two caudal parts (dorsocaudal and caudal subregions). Specif-
ically, we classified activation of the PMd into four subregions: (1) ac-
tivation related to rule-based visuomotor mapping (magenta in Fig. 6)
and visuo-goal mapping (cyan) in the ventrorostral subregion of the left
and right PMd, and both activated regions overlapped in many areas
(light purple); (2) activation related to the transformation of a goal into
an action in a rostral subregion of the left PMd (green); (3) activation
related to action plan specification in a dorsocaudal subregion of the
left PMd (yellow); and (4) activation related to action preparation in a
caudal subregion of the left PMd (red). These subregions were adjacent
to each other, except for the rostral subregion. These findings demon-
strate that there are functional subregions within the PMd in humans
with regard to achieving goal-directed motor behavior in a step-by-step
fashion, and the subregions make a functional gradient in terms of cog-
nitive to action processes along the rostral-caudal axis.

The activated areas identified in the present study are considered as
effector-independent representations. In our previous research in mon-
keys, we recorded neuronal activity from only one hemisphere. By con-
trast, the present study has the advantage of being able to examine the
bilateral hemispheres using fMRI and examine activation in an effector-
independent manner. The present data suggest that the left PMd plays
more crucial roles in goal-directed behavior than the right PMd, irre-
spective of which hand is used. This is plausible from a line of evidence
showing that the left PMd plays an important role in movement selection
cued by arbitrary stimuli and abstract cognitive functions (Callaert et al.,
2011; Genon et al., 2018, 2017; Hanakawa et al., 2006; Rushworth et al.,
2003, 1998; Schluter et al., 1998).

4.5. Possibility of other interpretations

One might suppose that the goal- or action-related activation ob-
served in the present study reflects spatial attention or saccadic eye
movements because several studies have shown that a certain portion of
the PMd is involved in spatial attention (Boussaoud, 2001; Lebedev and
Wise, 2001) or eye movements (Fujii et al., 2000; Kurata, 2017). How-
ever, in the present study, all of the stimuli were presented at the center
of the screen and the participants were required to fixate on the fix-
ation point at the center of the screen during the delay period before
the appearance of the door cue. In addition, the participants did not
have to attend to any spaces because they did not decide the action at
that time. After the door cue was presented, the participants prepared
a movement. It cannot be denied that spatial attention was included in
the processes of motor preparation. However, because the proportion of
movements to the right and left was identical for the VM-go and VG-go
conditions, spatial biases were counterbalanced. Therefore, although we
did not monitor eye movements, the activation observed in the present
study is unlikely to reflect spatial attention.

Another line of evidence revealed that frontal lobe activation was
correlated with response inhibition. The behavioral task of the present
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study adopted a type of the Go/No-go task, which is a paradigm fre-
quently used to measure response inhibition. Half of the trials in each
VM and VG condition were in the Go condition and the other half were
in the No-go condition, in which the participants had to inhibit their
response. Therefore, we identified the brain regions that were activated
in relation to response inhibition (Fig. S1 and Table S2), which was
determined by the conjunction of the activity of the VG conditions (VG-
no-go — VG-go) and that of the VM conditions (VM-no-go — VM-go) during
the door cue period. Analysis revealed regions of significant activation
in the bilateral dorsolateral prefrontal cortex, bilateral anterior cingu-
late cortex, bilateral insula, bilateral pre-SMA, left caudate, right PMyv,
bilateral M1, bilateral S1, bilateral SMG and superior temporal gyrus,
bilateral cerebellum, and bilateral occipital regions (Fig. S1 and Table
S2; p < 0.05 corrected at the cluster level). These results are consistent
with the previous findings in terms of Go/No-go tasks (Hester et al.,
2004; Schmidt et al., 2020; Simmonds et al., 2008). Moreover, previ-
ous findings indicate that the PMd plays an essential role in response
inhibition (Battaglia-Mayer et al., 2014; Kalaska and Crammond, 1995;
Levy and Wagner, 2011; Mirabella et al., 2011; Watanabe, 1986). How-
ever, we did not find activation in the PMd of both hemispheres (Fig.
S1 and Table S2). One possible cause of this discrepancy could be the
characteristics of the visuo-goal paradigm used in the present study; in
the behavioral task, the participants were required to make a decision
on what to do and make a Go/No-go decision simultaneously, which
was not a pure response inhibition process.

4.6. Limitations and future directions

In the present study, we found the involvement of the bilateral PMd
in a step-by-step process of goal-directed motor behavior. However, the
present study has some limitations. First, we compared activation re-
lated to conditional visuomotor and visuo-goal mapping, but did not
study direct visuomotor mapping. In rule-based visuomotor and visuo-
goal mapping, a visual signal is mapped onto either an action or a goal
in an arbitrary manner. However, in other situations such as reaching
out and grasping a coffee cup, a visual stimulus can be the target it-
self (i.e., the coffee cup). In these cases, a visual signal is converted
directly into a motor signal (direct or “standard” visuomotor mapping).
Therefore, there are at least three behavioral control mechanisms based
on visual cues (i.e., standard and conditional visuomotor mapping and
conditional visuo-goal mapping). Further study is needed to compare
directly the neural mechanisms between these three behavioral modes.
Second, in the present and previous studies, the functional involvement
of the parietal cortex in conditional visuo-goal and visuomotor behav-
ior was not examined in detail. We found activation related to condi-
tional visuomotor or visuo-goal mapping in parietal regions such as the
SMG and AG. Our previous single-unit studies related to goal-directed
behavior focused on the frontal regions (Nakayama et al., 2016, 2008;
Yamagata et al., 2012, 2009), basal ganglia (Arimura et al., 2013), and
thalamic reticular nucleus (Saga et al., 2017). As mentioned earlier, the
parietal cortex may play a key role in conditional visuomotor and visuo-
goal behavior. In the future, it would be of interest to study neuronal
activity recorded from the parietal association areas, which will clarify
the differential involvement of the frontal and parietal cortices in condi-
tional visuomotor and visuo-goal behavior. Third, we did not examine
the differences in behavior between the visuomotor and visuo-goal con-
ditions. In the behavioral task of the present study, sufficient time was
allotted between the appearance of the door cue and the appearance of
the Go signal (door cue period), and the participants were required to
respond within 1 s after the appearance of the Go signal. This paradigm
allowed us to examine the neural representation of the preparation pro-
cesses. Conversely, it cannot be used to investigate the behavioral differ-
ences between visuomotor and visuo-goal behavior. Visuo-goal behavior
is considered to have a higher cognitive load than visuomotor behavior.
Therefore, if a reaction time paradigm is adopted, we would expect to
see behavioral differences, such as reaction time and response accuracy,
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between the two types of behavior. Further studies are needed to clarify
the differences between visuomotor and visuo-goal behavior. Finally,
the activation related to the transformation of a goal into an action was
identified with small volume correction, whereas the other activated ar-
eas were identified with whole brain analysis. This may suggest that the
contribution of the PMd to the transformation of a goal into an action
is smaller than that of the other planning processes. Related to the dis-
cussion in the previous point, a reaction time paradigm would be useful
to study the transformation processes in more detail. To examine the
neural and behavioral differences between visuomotor and visuo-goal
behavior, the contribution of the PMd to the transformation processes
should be clarified.

4.7. Conclusions

In the present study, we examined the contributions of the PMd to
conditional visuomotor and visuo-goal behavior in humans. We created
a new visuo-goal task to investigate the step-by-step planning processes
underlying visuomotor and visuo-goal behavior by using fMRI. We iden-
tified four different portions of the bilateral PMd that were activated
during each of the planning processing steps. Conditional visuomotor
and visuo-goal mapping were represented in the ventrorostral subre-
gion of the bilateral PMd, action plan specification was represented in
the dorsocaudal subregion of the left PMd, transformation of a goal into
an action was represented in the rostral subregion of the left PMd, and
action preparation map was represented by caudal subregions as well
as the ventrorostral subregion of the bilateral PMd and bilateral M1.
The activated areas related to each process were generally spatially sep-
arated from each other, but they overlapped partially. These findings
revealed that there is a functional rostral-to-caudal gradient within the
PMd in humans for achieving goal-directed behavior.
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