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ABSTRACT

Goal-directed movements of the hand are often directed straight at the target, e.g. when
swatting a fly; but when drawing or avoiding obstacles, hand trajectories can also become
quite complex. Studies on movement planning have largely neglected the latter case and the
question of whether the same neural machinery is planning straight, saccade-like vs. complex
hand trajectories. Using time-resolved fMRI during delayed response tasks we examined
planning activity in human superior parietal lobule (SPL) and dorsal premotor cortex (PMd).
We show that the recruitment of both areas in trajectory planning differs significantly: PMd
represented both straight and complex hand trajectories while SPL only those that led straight
to the target. This implies that complex and computationally demanding reach planning is
governed by a frontal pathway while a parietal route could warrant an alternative and faster

way to put simple plans into action.

INTRODUCTION

Goal-directed eye saccades and hand reaches share many commonalities. Both movement
types are prepared based on target and effector representations in a visual (retinal) reference
frame and even the neural correlates responsible for their programming do partially overlap”.
According to a well-established view, the motor plans for saccades are thereby defined by
coding a difference vector between the current position of the eye and the desired saccade
endpoint?®. As there are no objects in the eye socket that would interfere with the rotation of
the eyeball, such simple planning scheme seems optimal for its purpose. In many cases hand
movements are executed in a similar point-to-point fashion, such as when catching a ball or
swatting a fly. In these latter situations the hand movement could likewise be determined by a

difference vector between target and hand®. However, this does not always suffice: imagine
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you'd like to reach for your pen, but a mug of coffee sits right between the pen and your hand.
In such situation your eye could still saccade straight towards the pen while any straight
accompanying hand movement aimed just at the pen would cause your hand to bump into the
mug with potentially severe consequences. Therefore, to allow the hand to circumvent the
obstacle, an appropriate reach trajectory needs to be programmed. It seems likely, that such
ability to precisely plan hand trajectories is not only required to avoid obstacles, but it perhaps
does also underlie our ability to perform the seemingly endless variety of highly-complex and
skillful movements of the hand, such as drawing or handwriting.

Electrophysiological research in monkeys has yielded some important clues about
where and how the planning of reach trajectories could be realized by the brain. A prominent
candidate for reach trajectory planning is dorsal premotor cortex (PMd), as neurons in this
brain area are not merely interested in target location or the hand-target difference vector but
do represent information relevant for trajectory coding. For instance, in the presence of
obstacles PMd does not only code movement plans towards the target location itself but it
also represents the initial direction of movement that is needed to circumvent any obstacle ™.
Moreover, Hocherman and Wise’ have demonstrated, that some neurons in macaque
premotor cortex (as well as primary motor cortex and supplementary motor area) exhibit firing
patterns that correlate with the curvature of the trajectory of an upcoming reach. Premotor
coding of reach curvature may — along with the coding of initial movement direction - support
the ability to circumvent obstacle. In accordance with this interpretation, ablation of premotor
cortex disables monkeys' ability to avoid obstacles and they instead attempt to reach directly
towards the target 8 This latter experiment not only directly supports a role of PMd in
trajectory planning. It also highlights that planning of straight, direct reaches is still preserved

despite PMd lesions and hence such vector-like reach planning must be (also) maintained by
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other brain regions.

Reach-related areas within the posterior parietal cortex (PPC), namely the parietal
reach region (PRR) in the medial wall of the posterior intraparietal sulcus (IPS) of macaque
monkeys and its functional human homologue in neighboring parts of superior parietal lobule
(SPL), are likely substrates that could subserve this function. In fact, monkey PRR and human
SPL have been demonstrated to represent reaches in terms of hand-target difference
vectors®®®, i.e. in an optimal format for coding straight reach paths. Yet, several
electrophysiological studies demonstrated that these reach planning regions in PPC may also
contain trajectory-related information beyond vector coding. Note, however, that unlike to the
work on PMd most of these studies focused on neural activity during reach execution®"? but
not on planning. A notable exception is the study of Torres and colleagues ™, who utilized a
simplified obstacle avoidance task. They demonstrated that single cells in monkey PRR
modulated their activity prior to the reach whenever a barrier blocked the direct reach path. It
was unclear, however, whether the modulation observed in this study truly reflected the initial
reach direction or, alternatively, strategical chances in initial hand posture present during the
planning stage. Taken together, previous research on reach planning in monkey posterior
parietal cortex has highlighted its role in the vector-like coding of reach movements. It is
unclear, however, whether it also contributes to the planning of complex trajectories.

Here we tried to reveal how trajectory information is represented prior to movement
execution in reach -related areas of the human brain, namely areas SPL and PMd.
Specifically, we wanted to examine how trajectory representations change when a movement
plan could theoretically be constructed by just defining a vector between the initial hand
position and a target as compared to situations when these difference vectors are identical

but the movement paths vary. Based on the aforementioned research in macaque monkeys
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we expected to potentially reveal trajectory plan representations in human SPL'%'291314 gnd

7,16 7,14

PMd"'' and, possibly, in primary motor cortex”'® as well as supplementary motor area
Additionally, we assumed that the trajectory representations in SPL and PMd would likely
differ depending on the type of the movement required: while PMd should contribute to the

preparation of complex trajectories, SPL might be exclusively engaged in planning straight

and direct paths.

RESULTS

To address our hypotheses, we conducted two human functional magnetic resonance imaging
(fMRI) experiments where subjects had to plan and execute finger reaches towards visually
cued targets. Two groups of twelve and seven volunteers took part in Experiments 1 and 2,
respectively. All of them were right handed, had no history of neurological disease and had
normal or corrected to normal vision (see “METHODS?” for details). All volunteers gave their
written informed consent according to the Declaration of Helsinki prior to the experiment, and
the study was approved by the local ethics committee. In Experiment 1 we varied the length
of complex (curved) reach trajectories while keeping the hand-target vector constant across
conditions. This experiment mimicked situations that enforce the programming of detailed
trajectories (like during obstacle avoidance). In Experiment 2 we varied the distance to the
target, and thus the hand-target vector, while instructing subjects to perform simple, straight
reaches towards it. We hypothesized that if reach trajectories are represented by neural
populations reflecting the desired path, the BOLD signal amplitude should scale with certain
kinematic properties of trajectories (i.e. their length or complexity) as it would capture the
increasingly larger neural populations that are recruited to represent these properties as they

scale up".
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For the purpose of our experiments, we constructed a virtual-reality reach environment,
consisting of an MR-compatible resistive touchscreen panel and a rear projection display
system allowing subjects to receive visual feedback about their reaching finger position in
approximate spatio-temporal correspondence with the true movement (Fig. 1A). Subjects
were positioned with their head tilted forward inside the head coil to allow them to naturally
look in the direction matching their fingertip position although without a direct vision of their

hand.

Experiment 1

The first experiment (Fig. 1B) consisted of a circular reaching paradigm comprising of two
task variants: the first variant was a delayed reach task (DRT), which was used to trace
reach-trajectory-related activity during planning and execution. The participants were required
to remember an initially cued target location (“CUE”-phase), and then, after a delay (“DELAY”-
phase), a “go” cue appeared that prompted the participants to move their finger to the now
invisible target location (“REACH”"-phase). The DRT was contrasted with a second task,
namely a control task (CT), in which subjects' goal was to ignore the initial spatial cue and,
after a delay, to move to a visible target presented at a new location. The key difference
between both tasks was that in the DRT, the subjects had to plan a movement well before its
execution (during the delay epoch), whereas in the CT, the movement was only planned after
the “go” cue appeared, namely when the actual target was presented. The key idea is that
during the delay period of the DRT one can assess planning activity in the absence of the
varying sensory cues and before a movement is being executed. By contrasting the
respective activity estimates in the DRT with the CT one can further control for unspecific

processes common to both tasks such as unspecific motor preparation (e.g. compare Lindner
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et al., 2010).

In both tasks the finger starting location was the topmost position between two large
circles indicating the circular movement space. The current location of the finger was
indicated by a small dot visible during the CUE and the REACH phase only. An arrow cue
indicated either a clockwise (right pointing arrow) or a counter-clockwise movement (left
pointing arrow) towards the target cue. Accordingly, reaches needed to be executed along a
circular path of varying distance (see Fig. 1B; also compare Fig. S1 Aand B). This allowed us
to capture trajectory-related information and to isolate it from information related to a hand-
target vector and an eye-target vector, which both were (on average) kept constant in this
task. Moreover, this procedure ensured that the target and any retrospective memory thereof
would be the same across conditions while reach distance (and complexity) and any related
prospective processes engaged in reach planning would vary. In the CT the initial cues were
irrelevant and the circular movement was specified by independently selected directional and
target cues displayed during the movement epoch (Fig. 1B).

As a first step, we analyzed subjects’ behavior in Experiment 1 in terms of subjects’
reaction times as well as the duration, speed, endpoint error of movement and frequency of
residual saccades. In brief, 2x2 (repeated measures) ANOVAs with the factors TASK and
DISTANCE were performed on subjects’ average behavioral estimates. The respective
statistical analysis of subjects’ reaction times (Fig. S1C) yielded significantly shorter reaction
times in the DRT condition than in the control condition, indicating that the movements were
actually pre-planned in the DRT (factor TASK: df=11, F=6.8, p=0.024, eta®:=0.0207; all other
effects were not significant: DISTANCE: df=11, F=2.5, p=0.140, eta?:=0.0287;
TASK*DISTANCE: df=11, F=1.5, p=0.252, eta?:=0.0041)". Movement durations were

significantly longer in DRT (TASK: df=11, F=27.7 p=0.0003, eta®:=0.235) and for longer
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trajectories (DISTANCE: df=11, F=701.4, p<0.0001, eta?:;=0.908). It is noteworthy that the
latter effect was driven by much larger duration differences (see Fig. S1D). There was no
interaction between the two main factors (TASK*DISTANCE: df=11, F=1.7, p=0.21,
eta’s=0.014). Endpoint error (see Fig. S1E) was constant across tasks and distances (TASK:
df=11, F=2.4, p=0.148, eta’:=0.050; DISTANCE: df=11, F=3.5, p=0.087, eta’;=0.062;
TASK*DISTANCE: df=11, F=3.1, p=0.104, eta?:s=0.023). Maximal movement speed (Fig. S1F)
did not differ across tasks (TASK: df=11, F=0.14, p=0.72, eta®s=0.001). It was however higher
for longer trajectories (DISTANCE: df=11, F=57.87, p=0.00005, eta®:;=0.589). The interaction
effect was not significant (TASK*DISTANCE: df=11, F=2.71, p=0.13, eta?:=0.037). Finally, the
frequency of saccades (Fig. S1G) was indistinguishable between DRT and CT in the CUE
phase (TASK: df=9, F=0.14, p=0.72, eta®s=0.00061; DISTANCE: df=9, F=0.23, p=0.64,
eta’s=0.00169; TASK*DISTANCE: df=9, F=1.85, p=0.21, eta?:=0.01130), and was lower for
CT “FAR” reaches than in all other conditions in the DELAY phase (TASK: df=9, F=2.8,
p=0.127, eta’s=0.010; DISTANCE: df=9, F=6.1, p=0.035, eta’s=0.039; TASK*DISTANCE:
df=9, F=7.2, p=0.025, eta’s=0.021). Most importantly, the saccade rates in both CUE and
DELAY phase of DRT did not differ for our trajectory manipulation (“NEAR” vs. “FAR”).
Subjects’ task-related brain activity was assessed by means of fMRI. Experiments
were performed in a 3T Siemens Trio scanner. Functional imaging was done using EPI
sequences with 2s temporal resolution and 3x3x4 mm voxel size. Functional data were
analyzed using SPM8 and were modeled using a general linear model, in which we included
the following regressors of interest: the main epochs of a trial (“CUE”, “DELAY”, “REACH”)
were modeled separately for each experimental task (DRT vs. CT) and for each trajectory
length (“NEAR” vs. “FAR”). In order to assess correlates of trajectory planning in SPL and

PMd we chose a region of interest- (ROI-) based approach. In the first step we delineated a
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set of brain regions recruited in movement planning by contrasting delay epochs of DRT and
CT. This was done by contrasting activity estimates during the delay epochs of DRT vs. CT
both within the group and within in each individual. Single subjects statistical contrasts
combined with anatomical criteria were used to adjust the ultimate ROI selection in order to
account for inter-individual differences in functional brain organization (see “METHODS” for
details).

Figures 1C and S2 depict the resulting statistical parametric map of the group analysis,
exhibiting planning regions. These figures highlight our main ROIs, namely PMd and SPL,
along with other areas engaged in motor planning, namely intraparietal sulcus (IPS),
supplementary motor area (SMA). For the sake of completeness we considered these latter
areas as complementary planning ROIs. In addition we included primary motor cortex (M1)
due to its potential engagement in trajectory planning (compare ref. 7), as well as primary
visual cortex (V1), which served as a control ROl allowing us to monitor task-unspecific brain
activity reflecting visual stimulation during all trial phases. From every ROl we next extracted
timecourses of BOLD-signal change throughout a trial at 1s temporal resolution. Within each
individual we then separately averaged timecourses for each experimental condition.
Statistical comparisons were performed across subjects’ average timecourses and between
experimental conditions. Activity-timecourses were compared for trajectories of varying
length/complexity and separately for each condition. Specifically, we engaged a time-resolved
analysis by recruiting multiple paired t-tests performed separately for each time point. We
decided for such ROI-based time-course analysis to be able to scrutinize the dynamics of
activity changes in planning areas as we expected those to potentially reflect trajectory plan
representations.

Figure 2A & B show respective timecourses (averaged across all subjects) that were
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obtained during the DRT task for both main ROIs (A: PMd; B: SPL). The leftward part of each
panel depicts the timecourses aligned to CUE onset while the rightward part represents the
same timecourses but aligned to the onset of the REACH-phase. Changes in planning activity
in the absence of any residual CUE-related activity can be directly inspected during the late
DELAY-phase (dashed boxes in Figures 2 and S3A; note that we assume a typical delay in

1920 which

time to peak of the even-related haemodynamic response in the human brain
amounts to 5-6 seconds, and a respective decay to baseline). During this time period we
observed a significant increase in BOLD activity during planning of longer/more complex
trajectories in PMd — as was expected (Fig. 2A; cyan shaded area). Note that this difference
emerged already early after cue presentation and already then might have reflect a trajectory-
related difference in planning at early stages. However, as was pointed out before, additional
CUE-related modulations of the fMRI-signal can — even if unlikely — not be completely ruled
out. Finally, the difference between conditions was also present during the REACH-phase.
Note, however, during this period signal modulations are contaminated by systematic
differences between conditions such as movement duration or speed and the related
differences in visual movement feedback (as is further illustrated below). In contrast to PMd,
such trajectory-related signal modulation was virtually absent in SPL (Fig. 2B). This result
speaks against a major contribution of SPL to the planning of complex trajectories. Finally, the
absence of any trajectory-related variation of BOLD-signals in the DELAY phase of the control
task in our main ROIls suggests that the observed signal differences in PMd are not merely
due to unspecific motor preparation (Fig. S3B). In the REACH-phase, however, PMd also
exhibited a significantly higher signal amplitude during FAR as opposed to NEAR reaches

(Fig. S3B). As was mentioned before for the DRT, this activity pattern is likely accounted for

by the systematic differences in movement execution and movement feedback.
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In none of our additional ROIs we could reveal a significant signal-difference between
NEAR and FAR during the late DELAY-phase. It is noteworthy that in M1 we also observed a
significant effect of trajectory but early during the DELAY-phase (Fig. S3A). Finally, like for
PMd we observed an effect of reach trajectory during reach execution in V1, M1, SMA, mIPS
and alPS (rightward panels in Fig. S3A). In all cases activity was higher for the more
complex/longer trajectory. Note, however, the presence of these effects is not necessarily
related to planning. It might be rather explained by the systematic differences in movement or
- as is clearly indicated by V1 - by the respective amount of visual motion. As was true for
PMd and SPL, we did not see any trajectory-related variation of BOLD-signals in the DELAY-
phase of the control task in either of the additional ROIs, but only during the REACH-phase
(see Fig. S3B).

In summary, in Experiment 1 we demonstrate that PMd — and potentially also M1 —
represent plans for reach trajectories. This was evident from the fact that planning activity
reflected differences in the length of curved trajectories despite the initial hand-target
difference vectors were identical across trials. In the next experiment we tried to reveal
potential trajectory representations during a situation in which movements were supposed to
be directed straight towards a target and could thus — at least potentially — be defined by such

a hand-target difference vector.

Experiment 2

In the second experiment the overall design was similar to the one used in Experiment 1 in
that we contrasted a delayed reach planning task with a direct reach task. This time, however,
we used a simple center-out reaching task (compare Fig. 1D). Such task should allow us to

see whether the potential trajectory-related scaling of the BOLD-signal would be seen in brain
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activity even if a given reach trajectory could be defined by a simple difference vector
between target and hand, as such vector-based programming has been suggested based on
behavioral findings**2. We manipulated reach amplitude by positioning the targets at two
different distances and at randomly chosen radial positions in the upper-right quadrant of the
visual field (see Fig. S4A & B for examples). The idea behind this manipulation was to
additionally uncover potential trajectory representations for simple, straight reach plans, while
the planning of longer trajectories should result in higher BOLD signal amplitudes (compare
INTRODUCTION).

Similar to Experiment 1, reaction times (Fig. S4C) were significantly shorter in the DRT
(“TASK”: df=6, F=7.8, p=0.031, eta’:=0.0039) suggesting that subjects preplanned their
movements in this condition. The other effects were not significant (“DISTANCE”: df=6, F=1.2,
p=0.322, eta’:=0.1786; “DISTANCE*TASK”": df=6, F=1.9, p=0.220, eta’:=0.0073). As in
Experiment 1, movement durations (Fig. S4D) were significantly longer for longer trajectories
(“DISTANCE": df=6, F=42.8374, p=0.00061, eta’:=0.45535). All other effects were not
significant (“TASK”: df=6, F=0.5772, p=0.47619, eta’s=0.00360; “DISTANCE*TASK": df=6,
F=0.0014, p=0.97177, eta’s=0.00001). The endpoint error sizes (Fig. S4E) were significantly
higher in the DRT (“TASK”™:.df=6, F=34.17, p=0.0011, eta’:=0.6545). This difference likely
resulted from lower precision of memory- vs. visually-guided reaches. Most important for our
study, both the factor distance and its interaction with task were not significant (“DISTANCE”:
df=6, F=0.20, p=0.6735, eta’s=0.0045; “DISTANCE*TASK" df=6, F=0.13, p=0.7326,
eta’s=0.0045). Maximal speeds (Fig. S4F) were significantly higher for longer trajectories
(“DISTANCE": df=6, F=77.86, p=0.00012, eta’s=0.26356). All other effects were not significant
(“TASK”: df=6, F=0.20, p=0.67151, eta’s=0.00043; “DISTANCE*TASK”: df=6, F=0.47,
p=0.51874, eta’:=0.0014). Finally, saccade frequencies (Fig. S4G) were not different across
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conditions both in the CUE (“TASK”: df=4, F=1.1, p=0.358, eta?:s=0.043; “DISTANCE": df=4,
F=4.8, p=0.093, eta?:=0.090; “DISTANCE*TASK": df=4, F=4.1, p=0.114, eta®:s=0.112) and in
the DELAY phase (“TASK”: df=4, F=0.91, p=0.39, eta’:s=0.0041; “DISTANCE": df=4, F=0.51,
p=0.51, eta’s=0.0034; “DISTANCE*TASK": df=4, F=1.50, p=0.29, eta’;=0.0048).

We will next consider task-related changes of brain activity in our main and in the
complimentary planning-related ROIls. Note that we used a similar procedure for ROI
selection to the one used in Experiment 1. The actual brain regions selected for further ROI
analyses were — besides, SPL and PMd - practically the same as in Experiment 1 (see figure
S2, compare also Materials and Methods for further details on ROI selection).

The BOLD signals in these ROIs during the reach phase of the DRT were quite similar
to those observed in Experiment 1: longer trajectories yielded larger signal amplitudes in
PMd, SPL alPS, mIPS, SMA and M1 (see Fig. 2C&D and S5A, rightward part of panels).
More importantly, planning-related BOLD signals extracted during the late DELAY phase of
the DRT were markedly higher for longer trajectories not only in PMd but this time in the SPL
too (Fig. 2C & D; compare time period indicated by the dashed box in the leftward part of
each panel). Higher delay-related BOLD signals for longer trajectories were also observed in
two of our complimentary ROls: SMA and alPS (Fig. S5A). No planning-related signal
modulation was observed in M1 or in any other additional ROI. In the control task, no ROI
showed any trajectory-related activity during the DELAY phase (Fig. S5B). Only during the
REACH phase, M1 and SMA exhibited a modulation of the BOLD-signal as a function of
trajectory (Fig. S5B). This resembled their respective signal changes during the REACH
phase in DRT (Fig. S5A) and likely can be attributed to the systematic differences in
movement execution (also compare Experiment 1).

Finally, to test for the principled difference in the activation pattern in our main ROlIs,
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SPL and PMd, across the two experiments, we performed an additional mixed model ANOVA
with the factors “Experiment”, “DISTANCE” and “ROI”, comparing the activity estimates of the
late delay phase of the DRT trials. These estimates captured the average activity during the
last four seconds of the DELAY phase (see dashed boxes in Fig. 2 and S5). The analysis
revealed a significant three-way interaction (F=6.026, df=17, p=0.025, eta’:=0.0261), further
confirming that SPL and PMd exhibited diametrically distinct patterns of planning activity in
both tasks, namely a (stronger) contribution of PMd to the planning of complex trajectories in
the DRT of Experiment 1, while both areas represented the straight, vector-like movement

trajectories in the DRT of Experiment 2.

DISCUSSION
In Experiment 1 we showed that different reach trajectories for targets kept at the same visual
locations produce differential planning responses in dorsal premotor cortex but not in SPL.
Experiment 2 allowed us to further demonstrate that trajectories are represented in PMd even
if reaches could, at least in principle, be coded by a simple hand-target difference vector.
Moreover, we show that the activity modulated by the trajectory of straight reaches is also
visible in the medial portion of SPL. Comparing the results from these two experiments, we
may note that while PMd contains representations of trajectories irrespective of their
complexity, SPL (and perhaps also supplementary motor area) primarily encode trajectory
plans for simple reaches directed straight towards a target.

Note that we ensured the reported differences could not be accounted for by subjects’
residual eye movements (Fig. S1G & S4G). Moreover, constant error rates across conditions,
as were present in both experiments (Fig. S1E & S4E), suggest that the different planning-

related signals did not simply result from increasing task difficulty, but rather reflected
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parameters of planned trajectories. The particular design of Experiment 2 further ensured that
such differences in task difficulty between “NEAR” and “FAR” should not arise in the first place
(compare METHODS section). Finally, in Experiment 1 we instructed the same target
locations (across conditions) while varying the way to the target (i.e. the trajectory). This
allowed us not only to keep eccentricity/direction of target location balanced across conditions
but this also guaranteed that any attention towards the target locations (or cues), or any
retrospective memory thereof, would likewise be identical across tasks. Hence, the reported
differences in brain activation should exclusively relate to the process of planning different
reach trajectories. But how could such varying trajectories be realized by the brain? One
possibility, suggested by prior literature, is that trajectory is initially defined by a vector
pointing either towards the final target location or, alternatively, towards the initial direction of
movement'®. Then, during reach execution, the hand would be guided on-line by a feedback-
based control system?*2*. This way, trajectory would require only the first desired state (goal)
to be planned in advance. As an alternative to the above, it may be hypothesized that the
reach trajectory is constructed and represented as a whole at the initial stages of reach
planning™ and only then, this initial plan is being converted to respective motor commands
during movement execution while likewise allowing for on-line corrections for potential
movement inaccuracies. Unfortunately, most previous research on trajectory coding
concentrated on the stage of movement execution, albeit with some exceptions which (also)
focused on reach planning prior to execution™”', On the basis of the electrophysiological
results provided by these latter studies, however, one could not determine whether the
changes in planning activity reflect the whole trajectory of an upcoming reach or only specific
factors like a change in the initial direction of the reach as enforced by additional cues (e.g.

obstacles)”'®, or changes of the initial hand posture™. In the latter cases, the remaining parts
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of movement planning and execution could still be guided by the aforementioned on-line
control system. In fact, findings of Pearce and Moran even suggested the latter possibility, as
in their study the population activity in PMd seemingly encodes the initial direction of an
upcoming movement regardless of the target position'. Our results, in turn, seem to support
the idea that PMd codes the whole trajectory prior to a movement. This is because we
revealed changes in planning activity for changes in overall trajectory, and despite the fact
that — on average - target direction and initial movement direction were constant across
varying trajectory conditions (Experiment 1). PMd activity thereby represented trajectory
information even when the situation didn't require the same precise programming of
trajectories as when e.g. circumventing obstacles (Experiment 2), highlighting a vital and
general role of premotor cortex in trajectory planning. Given the limitations of our
experimental design and of our recording methods, however, we cannot further detail the
precise nature of the trajectory parameters underlying the signal changes that we revealed.
The finding of Messier and Kalaska, who reported that individual PMd neurons code both
reach amplitude and direction, may present important hints®.

Besides PMd also posterior parietal areas exhibited activity which increased during the
planning of straight, direct reaches towards more eccentric targets in Experiment 2. One
might ask whether SPL thereby encoded just the difference vector or the whole straight
trajectory as is defined by such vector? As suggested by some anatomical studies, SPL (and
other parietal subregions) may contain a relative over-representation of the visual periphery
as compared to lower visual areas?®®*?. The mere coding of the difference vector could,
accordingly, recruit larger neural populations representing more peripheral targets, and
potentially lead to an increase in the total BOLD signal for more eccentric target locations in

Experiment 2. However, as was demonstrated by Kimmig et al. In their study on saccades®,

16


https://doi.org/10.1101/154385
http://creativecommons.org/licenses/by/4.0/

390

395

400

405

bioRxiv preprint doi: https://doi.org/10.1101/154385; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

the coding of larger difference vectors (or more eccentric target locations) themselves is not
sufficient to modulate the amplitude of the BOLD signal in the way we observed here.
Moreover, electrophysiological studies demonstrate that PPC still accentuates the central
visual field over the periphery?, suggesting the exact opposite pattern of findings could be
expected (stronger signals for more central targets) than what we described here. For these
various reasons we propose an alternative explanation. In our view, the observed increase in
SPL activity for more eccentric reaches in Experiment 2 is consistent with the idea that its role
is to localize the target and to initially represent the trajectory in a simplified way, possibly
defined along a linearly interpolated movement path that is defined by the hand-target
difference vector'. It can then be speculated that such direct and straight trajectory
representation is quasi-automatically represented by neural populations in SPL no matter
what sort of movement path is actually required (such as to avoid an obstacle). This is
consistent with the lack of a trajectory-related modulation of the BOLD signal amplitudes in
Experiment 1, where we kept the difference vectors constant. The fact that we localized
representation of such straight movements in SPL could explain why monkeys with lesions of
premotor cortex cannot plan trajectories that would allow to avoid obstacles but still try to
directly reach towards targets without success®. Moreover, our findings seem to be in
accordance with the finding that PPC inactivation in monkeys caused an impairment of
executing reaches along straight paths®'. Such simplified reach paths may be useful in
various everyday situations and crucial whenever a rapid response is required (e.g. when
swatting a fly). Note, however, that there may still exist certain differences between the
movements planned in this experiment and the fast, saccade-like hand movements performed
in more natural settings.

Given the differences in movement representation between PMd and SPL as were
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described above, one could conceive a hierarchical model in which an initial trajectory plan is
formed in SPL based on the difference vector pointing directly towards the target. As
information transfer from posterior parietal cortex to M1 is faster than to PMd*?, the simple
movement plan may be quickly put into action. If required, this initial plan is “overwritten” by
other frontal areas (such as PMd), which possibly consider additional information like obstacle
position''5% that would interfere with execution of the reach along the initially defined, direct
path. PMd might incorporate such additional information to construct a global (potentially
more complex) trajectory plan, which is passed on to areas responsible for its further
processing and execution (like M1). In fact, as already described above, lesions to premotor
cortex of macaque monkeys result in straight reaches, oriented directly towards targets
making them unable to avoid obstacles or, alternatively, to update their initial motor plan®. In
addition, PMd has been shown to highlight those motor plans that are actually selected for
execution, rather than merely representing all the possible plans in a given context. This does
further imply a role of PMd in forming the ultimate trajectory plan ***. It is worth to note, that
several authors postulated that PMd may play a governing role in the sensorimotor system,
modifying motor plans as needed by current context®* . Such detailed hierarchy amongst the
cortical areas engaged in planning reach trajectories cannot be reliably assessed on the basis
of our experiments. The nature of the BOLD signal does not allow us to distinguish incoming
neural signals from local processing® - a distinction which is critically needed to establish
hierarchy. Moreover, such distinction is perhaps particularly challenging when considering
posterior parietal and premotor areas that are linked by single-synapse pathways®***. To
further detail how exactly trajectory information is represented and transferred throughout the
network of areas engaged in sensorimotor processing, causal methods could be utilized in the

future to disrupt information flow between specific regions.
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In accordance with earlier studies, we did observe trajectory information encoded in
M1 activity during movement execution”'®*. The results revealed in Experiment 1 further
suggest that M1 might encode trajectory information already at the very early stages of
planning reaches along complex paths. In Experiment 2 we did not observe any M1
modulation of this kind, while in this experiment trajectories did not differ with respect to their
complexity. The overall findings suggest that only trajectories of greater complexity may
require engagement of M1 well before movement execution.

Another interesting finding is the involvement of supplementary motor area in the
planning of straight but not of circular movements. This result parallels earlier findings of
Hocherman and Wise” who also reported SMA to be more active in coding straight than
curved reach paths, as evident from the number of neurons responding to either of those.
Hence, similar to SPL, SMA seems to be more involved in coding direct, straight trajectories.
Yet, it still remains to be determined what exact role the SMA plays in this process and
whether our observation can be confirmed.

In conclusion, our study shows that trajectory information is represented in premotor
and posterior parietal areas of the human brain well before movement execution. Moreover,
we reveal differences in the representation of planned reach trajectories across these areas.
Specifically, premotor cortex can seemingly encode complex reach trajectories while posterior
parietal cortex and supplementary motor area rather represent plans for movement along a
simplified, straight and direct path. This parallel and distinct representation of two
fundamentally different types of trajectory plans clearly asks for a meaningful functional
interpretation. It is conceivable that an evolution of two disparate reach planning subsystems
was desirable from an ecological point of view by offering a high degree of flexibility in

adjusting hand movement control to situational demands. This way the parietal system could
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allow to rapidly acquire targets in a straight and simple fashion whereas the frontal system
would take over whenever movements have to be performed with finesse and when the right

movement path is an integral part of the motor goal.

METHODS

Participants

Twelve healthy, right-handed participants (11 females) in the age range of 20-32 years (mean
age 25 years), participated in Experiment 1. Seven healthy, right-handed volunteers (6
females, age range 20-31 years, mean age 25 years) took part in Experiment 2. Out of these,
five subjects had also participated in Experiment 1 (two of them had completed Experiment 2
first). The over-representation of female subjects in both experiments resulted from spatial
constraints given our setup (especially touchscreen size and its position, see Fig. 1A), which
required particularly slim subjects.

The number of participants was guided by a power analysis (power=0.80; alpha=0.05) that
was informed by the descriptive statistics of a timecourse analysis on a previously published,
similar fMRI dataset. In that study, planning activity varied as a function of movement
sequence length®. For the power analysis we considered the within-subject activity difference
during the late delay period (last 4 sec) in left PMd, namely for a delayed response task that
required the planning of a less complex (2 targets) vs. a more complex (4 targets) movement
sequence. This analysis suggested a sample size of 11 subjects (two-tailed tests). For
Experiment 2 we relaxed this criterion (one-tailed tests), as we had a directional hypothesis
(the stronger the activity the more complex trajectory planning). Note that here we measured
each experimental condition 25 times per individual, while the study that informed our power

analyses only comprised of 9 repetitions per condition.
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MR-compatible reach setup

We realized our experiments in a custom made MRI-compatible virtual reality reach setup, in
which we could record 2D movements of subjects’ right index finger and could provide
subjects a virtual visual representation of their finger on a stimulus screen (see Fig. 1A).
Specifically, visual stimuli were projected via an LCD projector onto a translucent screen,
mounted directly behind the head coil of the scanner (1024x768 pixels; 60Hz refresh rate).
Subjects viewed the stimulus screen via a mirror, positioned in front of the participant. Viewing
distance was approximately 82cm and roughly matched the distance from participants’ eyes
to the touchscreen. To track subjects’ finger movements we used a MRI-compatible motion
capture system, utilizing a resistive touchscreen panel from MAG (www.magconcept.com),
mounted on a plastic board. This touchscreen-board was placed on top of a plastic rack onto
which the stimulus-mirror, a camera for eye movement recordings and the display screen
were mounted in addition. Limited by the spatial constraints of the scanner environment, we
always tried to approximate a parallel alignment between the touchscreen and the display to
guarantee approximate spatio-temporal correspondence between measured finger position
and visual feedback thereof. Subjects were positioned with their head tilted forward inside the
scanner head coil, so that they could directly look towards their pointing finger. Ultimately,
direct vision of the hand was blocked by both the mirror and additional masks and subjects
had to rely on the virtual visual feedback about their finger position instead. All reaches were
performed in darkness and the only visual information provided was the one projected
through the display system. In order to minimize potential disturbances of the magnetic field
by hand and arm movements we stabilized each subject's arm, elbow and shoulder with foam

cushions and adhesive tape, so that only wrist and finger movements were made possible. To
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minimize movement friction we had subjects wear a cotton glove on their reaching hand.

Each of our experiments was preceded by a training session during which the subjects
familiarized themselves with the tasks demands. All subjects were additionally required to
practice the experiment for a minimum of 10 minutes inside the scanner once the MRI setup
had been completed.

Eye recordings

Eye fixation was monitored at 50Hz sampling rate with an MR-compatible combined camera
and infra-red illumination system (MRC Systems) using the ViewPoint software (Arrington
Research). Due to technical difficulties of recording eye movements in the experimental
environment (extensive video capture noise, too long setup time) we were only able to
perform systematic eye-recording analyses in 10 out of 12 subjects in Experiment 1 and in 5
out of 7 subjects in Experiment 2. All eye movement analyses were performed off-line using
custom routines written in Matlab (MathWorks). In brief, eye position samples were filtered
using a second-order 10Hz digital low-pass filter. Saccades were detected using an absolute
velocity threshold (20 degrees per second), and blinks were defined as gaps in the eye
position records caused by eyelid closure. Time periods with blinks were excluded from
subsequent analysis. We instructed the subjects to continuously fixate on the central spot.
While our subjects fulfilled this requirement in the majority of trials, we still assessed the
frequency of residual saccades (amplitudes = 1 deg visual angle) on a trial by trial basis and
compared saccade frequencies in the CUE and in the DELAY epoch across conditions to
control for potential eye movement-related confounds.

Experiment 1

The detailed paradigms of Experiment 1 are depicted in Figure 1B. Each trial started with a

15s/16s fixation period (FIXATE), during which subjects were instructed to fixate a centrally
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positioned fixation cross. In addition, subjects were required to perform “finger fixation” by
placing their right index finger on a tactile cue on the touchscreen. This tactile cue also
defined the starting position for reaching and it would corresponded to a location at the
topmost position between the circles marking the reaching space. Eye blinks were allowed
though discouraged during this period. Next, a CUE screen appeared for 1.5 seconds,
indicating the experimental condition (a red central cue indicating CT and a green cue
indicating DRT), a target location, reach direction (an arrow indicating clockwise or
counterclockwise direction), eye and finger fixation points and instructed reach space
boundaries (compare Fig. 1B). Both the starting location and all targets were positioned at a
constant radius of about 3deg visual angle from the fixation point. We used a predefined set
of four target locations, placed in the upper-portion of the reach space either at 10 o’clock (-
60°), 10.30 o’clock (-40°), 1.30 o’clock (+40°) or 2 o’clock (+60°).Note that the starting
position corresponds to 0° (12 o’clock). This way, by manipulating reach direction and target
location, we could alter the movement trajectory, without affecting target eccentricity and,
accordingly, the hand-target difference vector. In the DRT condition subjects were required to
remember the target location and to plan a movement to it according to the arrow cue.
Subjects were told to ignore target and arrow cues in the CT condition, as the relevant cues
would be delivered only later in the REACH phase. In both conditions subjects were asked to
maintain fixation and avoid blinking during this CUE period. Next, we presented an image for
500ms, which was made up of (400) randomly positioned, black and white circles
approximately the size of the cursor, to mask any after-images of the cues (not shown in Fig.
1B). This mask was followed by a DELAY period lasting 15s-16s. During the DELAY subjects
were instructed to keep fixation and, again, blinking was allowed though discouraged during

that period. Note that we assume that correlates of goal-directed movement planning should
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be present during this phase in DRT but not in CT. Finally, the response screen appeared for
3s signaling the REACH phase. In the DRT subjects had to move their right index finger to the
pre-cued target location as fast and accurate as possible through a single, smooth movement
of their finger. In the CT subjects were presented a new target location and a new arrow cue,
and had to immediately perform a movement according to these cues. Once reaching the
instructed goal, subjects had to stay at the final location until the response screen
disappeared. Then, a blank screen appeared for 4s (not shown in Figure 1B) and subjects
had to return their finger to the tactile cue. They were also encouraged to blink specifically
during this period to reduce corneal drying in the face of prolonged periods of fixation. Note
that visual feedback about finger position was only provided during the CUE and REACH
phases of a trial. All experimental conditions were presented randomly interleaved and were
repeated 25 times across 5 consecutive scanning sessions per subject.
Experiment 2
The overall design of Experiment 2 was similar to Experiment 1 (compare Fig. 1D). Each trial
started with a 15-16 seconds fixation epoch. The points of fixation of eye and finger
overlapped spatially and corresponded to the center of the display. Then, a CUE screen was
displayed for 1.5s, with a task cue presented centrally at the fixation point (a red cue
indicating CT and a green cue indicating DRT), and a target cue in periphery at about 3.2deg
or 7.2 deg visual angle for NEAR and FAR conditions, respectively. Target size in NEAR
conditions was 0.8 deg visual angle. To accommodate for an increase in movement difficulty
(ID) with increasing distance (D), we increased the size of the target (W) in the FAR
conditions according to Shannon's formulation of Fitts' Law*°, expressed as:

ID=1log2(D/W+1)
In DRT trials, subjects were instructed to remember the target cue and plan a movement to it,
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whereas in CT trials they were told to ignore the initial cue. The CUE screen was then
masked for 500ms and a DELAY period followed, lasting 15-16 seconds. Ultimately, the
REACH screen appeared for 3s and subjects had to move the cursor to the remembered
target location in DRT, or to the newly cued target location in CT. After the instructed target
location was reached they had to maintain their finger position at this location until the end of
this task period. Then the screen was blanked and subjects had to return to the starting
position. Subjects were required to perform straight movements, without lifting the finger off
the touchscreen and they were told to be “as fast and as accurate as possible”. Else they did
not receive any additional instructions on how to plan/perform their reaches, as we did not
want to bias their natural planning strategies. As in Experiment 1, we presented all
experimental conditions randomly interleaved and repeated them 25 times across 5
consecutive scanning sessions per subject.

Finger movement analysis

Finger movement data were preprocessed using custom routines programmed in Matlab
(MathWorks) and analyzed statistically using R (R Foundation for Statistical Computing). In
brief, during preprocessing we applied a digital low-pass filter (1*-order Butterworth filter; 6Hz
cut-off frequency). Data were analyzed to provide estimates of reaction times, movement
accuracies, maximal velocities and movement durations. Reaction time was operationalized
as the temporal difference between the onset of the movement epoch and the moment when
finger velocity exceeded a threshold of 11mm/s. Movement error sizes were characterized as
the linear distance between the finger endpoint (calculated as average of the last five samples
of the finger position during the REACH phase) and the border of the target circle.

fMRI acquisition and analyses.

MRI images were acquired using a 3T Siemens TRIO scanner using a twelve-channel head
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coil (Siemens, Ellwangen, Germany). For each subject, we obtained a T1-weighted
magnetization-prepared rapid-acquisition gradient echo (MPRAGE) anatomical scan of the
whole brain (176 slices, slice thickness: 1 mm, gap: 0 mm, in-plane voxel size: 1 x 1 mm,
repetition time: 2300 ms, echo time: 2.92 ms, field of view: 256 x256, resolution: 256 x 256)
as well as T2*-weighted gradient-echo planar imaging scans (EPI): slice thickness: 3.2 mm +
0.8 mm gap; in-plane voxel size: 3 x 3 mm; repetition time: 2000 ms; echo time: 30 ms; flip
angle: 90°; field of view: 192 x 192 mm; resolution: 64 x 64 voxels; 32 axial slices. Overall, we
obtained 2050 EPIs per subject in Experiment 1, which were collected during five consecutive
runs. In Experiment 2 we collected again 2050 EPIs per subject over five runs. A single EPI
volume completely covered the cerebral cortex as well as subcortical structures, apart from
the most inferior aspects of the cerebellum which were not covered in several of our subjects.
Functional data were processed using SPM8 (Wellcome Department of Cognitive Neurology,
London, UK). In every subject, functional images were spatially aligned to the first volume in a
series, and then coregistered to the T1 image. After that, a non-linear normalization of the
structural image to a template in MNI space was performed. Parameters from normalization
were then applied to the functional images. In the last step of data pre-processing, we
smoothened all the functional images with a Gaussian filter of 6mm x 6mm x 8mm FWHM.

In subject-specific fMRI analyses we next specified a GLM for each individual including
our four experimental conditions (“task” [DRT, CT] x “movement distance” [‘NEAR”, “FAR”]).
Each condition was modeled separately for each of our three trial epochs (CUE+MASK,
DELAY, REACH). The regressor duration was defined according to respective epoch duration.
The regressors were convolved with the canonical HRF-function of SPM8. Head motion
parameters were included in the model as separate regressors. Fixation epochs weren't

explicitly modeled and served as an implicit baseline. To consider each subject’s individual
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functional brain organization, we detected planning areas significantly more active during the
delay epoch in DRT than the respective epoch of CT trials in each subject (for that step,
single subject activity maps were thresholded at p<0.001, uncorrected).

We additionally performed a group-level analysis to delineate the areas commonly
activated by reach planning in our experiments. For this purpose we entered the respective
(first level) contrast images in a second-level group analysis (one-tailed t test). In this step, we
used a minimal cluster-size criterion (k>10 voxels) and a statistical threshold of p<0.001,
uncorrected.

Region of Interest Analyses

We used the results of the group-level analysis and anatomical landmarks (see below) to
initially identify reach planning-related areas. Our ROI set consisted of two main areas: left
dorsal premotor cortex located at the posterior end of the superior frontal sulcus, anteriorly to
the hand area of M1 (PMd); the left posterior-medial portion of superior posterior lobule
(SPL)*'. The additional movement planning ROIs included were: the left anterior end of the
intraparietal sulcus (alPS); the left middle intraparietal sulcus (mIPS); and left supplementary
motor area (SMA)™. For each of these ROIls and for each individual we next identified the
coordinate of the voxel exhibiting the local maximum of the individual subject statistical
contrast DRT>CT that was closest to the respective ROI group-coordinate. In addition we
anatomically identified the hand area of left primary motor cortex® due to its potential
engagement in reach planning” as well as left primary visual cortex (V1). The latter area
served as a control for any activity related to visual stimulation, also because we are not
aware of any findings showing its specific engagement in reach planning or execution. To
avoid biasing our ROI-selection in individual subjects across both Experiments, as they were
planning different movement types in each (circular [Exp. 1] vs. straight [Exp. 2]), in those
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subjects that participated in both of our experiments, we used the ROI coordinates of
Experiment 1 also for Experiment 2 (5 out of 7 subjects) (compare fig. S2), For ROl analyses
we always considered the average activity of voxels within a 3mm radius around the ROI
center coordinate. Note that our ROI definition meets the criteria described by Kriegeskorte et
al.** to avoid circularity in data analysis.

Time-resolved fMRI analysis

Using custom protocols written in Matlab (MathWorks) (compare ref. 33), we extracted and
analyzed BOLD-signal timecourses for each of our ROls. Importantly, we separately analyzed
timecourses during the CUE and DELAY vs. the REACH epoch: timecourses for the CUE and
DELAY phase were aligned to the onset of the CUE, and normalized to the baseline defined
as a time window of -5s to -3s preceding CUE onset. As planning processes are likely to take
place beginning as early as the presentation of the target cue we analyzed both trial epochs
together. The signals for the REACH epoch were aligned to the onset of the REACH phase
and normalized to the same baseline period as above. The timecourses were filtered with a
digital high-pass filter (128s cutoff frequency) and interpolated at 1s temporal resolution
(given the temporal jitter in our design).

To examine the effect of trajectory on the BOLD signal in each of the ROls, we
performed a time-resolved analysis of the timecourses with respect to their relative amplitude
over the principle trial epochs (CUE/DELAY and REACH) using paired t-tests (compare
“‘RESULTS” section). Only the significant differences spanning over three or more consecutive
time points were taken into consideration. The comparison between the main ROIs was done

with mixed-models ANOVA in R.

AUTHOR CONTRIBUTIONS

28


https://doi.org/10.1101/154385
http://creativecommons.org/licenses/by/4.0/

675

680

685

690

695

700

bioRxiv preprint doi: https://doi.org/10.1101/154385; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

AP: designed the paradigm, chiefly collected and analyzed the data, drafted and reworked the

manuscript. AL: designed the paradigm, contributed to data collection and analysis and

reworked the manuscript.

ACKNOWLEDGMENTS
This work was supported by grants from DFG (CIN) and BMBF (FKZ 01GQ1002) to AL. We

would like to thank Igor Kagan, Uwe llg, David J. Mack, Dan Arnstein, and all members of the

NOD Lab for their valuable comments that helped us improve this work.

REFERENCES

1.

10.

Andersen, R. A, and Buneo, C. A (2002). Intentional maps in posterior parietal cortex.
Annu. Rev. Neurosci. 25, 189-220.

Bruce, C.J., and Goldberg, M.E. (1984). Physiology of the frontal eye fields. Trends
Neurosci. 7, 436—441.

Bruce, C.J., and Goldberg, M.E. (1985). Primate frontal eye fields. I. Single neurons
discharging before saccades. J. Neurophysiol. 53, 603-635.

Zee, D.S., Optican, L.M., Cook, J.D., Robinson, D. a, and Engel, W.K. (1976). Slow
saccades in spinocerebellar degeneration. Arch. Neurol. 33, 243-251.

Hallett, P.E., and Lightstone, A.D. (1976). Saccadic eye movements towards stimuli
triggered by prior saccades. Vision Res. 76, 99—-106.

Beurze, S.M., Toni, I, Pisella, L., and Medendorp, W.P. (2010). Reference frames for
reach planning in human parietofrontal cortex. J. Neurophysiol. 104, 1736—45.

Hocherman, S., and Wise, S.P. (1991). Effects of hand movement path on motor
cortical activity in awake, behaving rhesus monkeys. Exp. Brain Res. 83, 285-302.

Moll, L., and Kuypers, H.G. (1977). Premotor cortical ablations in monkeys:
contralateral changes in visually guided reaching behavior. Science 198, 317-319.

Aflalo, T., Kellis, S., Klaes, C., Lee, B., Shi, Y., Pejsa, K., Shanfield, K., Hayes-Jackson,
S., Aisen, M., Heck, C., et al. (2015). Decoding motor imagery from the posterior
parietal cortex of a tetraplecig human. Science (80-. ). 348, 906—910.

Mulliken, G.H., Musallam, S., and Andersen, R. a (2008). Forward estimation of
movement state in posterior parietal cortex. Proc. Natl. Acad. Sci. U. S. A. 105, 8170-7.

29


https://doi.org/10.1101/154385
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/154385; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

705 11. Mulliken, G.H., Musallam, S., and Andersen, R. a (2008). Decoding trajectories from
posterior parietal cortex ensembles. J. Neurosci. 28, 12913-12926.

12. Hauschild, M., Mulliken, G.H., Fineman, |., Loeb, G.E., and Andersen, R. a. (2012).
Cognitive signals for brain-machine interfaces in posterior parietal cortex include
continuous 3D trajectory commands. Proc. Natl. Acad. Sci. 109, 17075-17080.

710 13. Torres, E.B., Quian Quiroga, R., Cui, H., and Buneo, C. A. (2013). Neural correlates of
learning and trajectory planning in the posterior parietal cortex. Front. Integr. Neurosci.
7, 39.

14. Kadmon Harpaz, N., Flash, T., and Dinstein, I. (2014). Scale-invariant movement
encoding in the human motor system. Neuron 871, 452—-461.

715 15. Pearce, T.M., and Moran, D.W. (2012). Strategy-Dependent Encoding of Planned Arm
Movements in the Dorsal Premotor Cortex. Science (80-. ). 337, 984—-988.

16. Philip, B. a., Rao, N., and Donoghue, J.P. (2013). Simultaneous reconstruction of
continuous hand movements from primary motor and posterior parietal cortex. Exp.
Brain Res. 225, 361-375.

720 17. Ustiin, C. (2016). A Sensorimotor Model for Computing Intended Reach Trajectories.
PLoS Comput. Biol. 12, e1004734.

18. Rosenbaum, D. a (1980). Human movement initiation: specification of arm, direction,
and extent. J. Exp. Psychol. Gen. 109, 444-474.

19. DeYoe, E.A., Bandettini, P., Neitz, J., Miller, D., and Winans, P. (1994). Functional
725 magnetic resonance imaging (FMRI) of the human brain. J. Neurosci. Methods 54,
171-187.

20. Handwerker, D.A., Ollinger, J.M., and D’Esposito, M. (2004). Variation of BOLD
hemodynamic responses across subjects and brain regions and their effects on
statistical analyses. Neuroimage 27, 1639-1651.

730 21. Wong, A.L., Goldsmith, J., and Krakauer, J.W. (2016). A motor planning stage
represents the shape of upcoming movement trajectories. 296—-305.

22. Todorov, E., and Jordan, M.l. (2002). Optimal feedback control as a theory of motor
coordination. Nat Neurosci 5, 1226-1235.

23. Hoff, B., and Arbib, M.A. (1993). Models of Trajectory Formation and Temporal
735 Interaction of Reach and Grasp. J. Mot. Behav. 25, 175-192.

24. ljspeert, AJ., Nakanishi, J., and Schaal, S. (2002). Movement imitation with nonlinear
dynamical systems in humanoid robots. IEEE Int. Conf. Robot. Autom., 1398—1403.

30


https://doi.org/10.1101/154385
http://creativecommons.org/licenses/by/4.0/

740

745

750

755

760

765

770

bioRxiv preprint doi: https://doi.org/10.1101/154385; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

aCC-BY 4.0 International license.

Messier, J., and Kalaska, J.F. (2000). Covariation of primate dorsal premotor cell activity
with direction and amplitude during a memorized-delay reaching task. J. Neurophysiol.
84, 152-65.

Colby, C.L., Gattass, R., Olson, C.R., and Gross, C.G. (1988). Topographical
organization of cortical afferents to extrastriate visual area PO in the macaque: a dual
tracer study. J. Comp. Neurol. 269, 392—413.

Baizer, J.S., Ungerleider, L.G., and Desimone, R. (1991). Organization of visual inputs
to the inferior temporal and posterior parietal cortex in macaques. J. Neurosci. 71, 168—
190.

Motter, B.C., and Mountcastle, V.B. (1981). The functional properties of the light-
sensitive neurons of the posterior parietal cortex studied in waking monkeys: foveal
sparing and opponent vector organization. J. Neurosci. 71, 3—26.

Ben Hamed, S., Duhamel, J.R., Bremmer, F., and Graf, W. (2001). Representation of
the visual field in the lateral intraparietal area of macaque monkeys: a quantitative
receptive field analysis. Exp.Brain Res. 140, 127-144.

Kimmig, H., Greenlee, M.W., Gondan, M., Schira, M., Kassubek, J., and Mergner, T.
(2001). Relationship between saccadic eye movements and cortical activity as
measured by fMRI: quantitative and qualitative aspects. Exp. brain Res. 741, 184-94.

Battaglia-Mayer, A., Ferrari-Toniolo, S., Visco-Comandini, F., Archambault, P.S., Saberi-
Moghadam, S., and Caminiti, R. (2012). Impairment of online control of hand and eye
movements in a monkey model of optic ataxia. Cereb. Cortex 23, 2644—-2656.

Innocenti, G.M., Vercelli, A., and Caminiti, R. (2014). The diameter of cortical axons
depends both on the area of origin and target. Cereb. Cortex 24, 2178-2188.

Lindner, A,, lyer, A., Kagan, |., and Andersen, R. a (2010). Human posterior parietal
cortex plans where to reach and what to avoid. J. Neurosci. 30, 11715-11725.

Kalaska, J.F., and Crammond, D.J. (1995). Deciding not to GO: Neuronal correlates of
response selection in a GO/NOGO task in primate premotor and parietal cortex. Cereb.
Cortex 5, 410-428.

Cisek, P., Kalaska, J.F., Basso, M., Wurtz, R., Bastian, A., Riehle, A., Erlhagen, W.,
Schoner, G., Batschelet, E., Boussaoud, D., et al. (2002). Simultaneous encoding of
multiple potential reach directions in dorsal premotor cortex. J. Neurophysiol. 87, 1149—
54.

Westendorff, S., Klaes, C., and Gail, A. (2010). The cortical timeline for deciding on
reach motor goals. J. Neurosci. 30, 5426—-36.

31


https://doi.org/10.1101/154385
http://creativecommons.org/licenses/by/4.0/

775

780

785

790

795

800

bioRxiv preprint doi: https://doi.org/10.1101/154385; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

aCC-BY 4.0 International license.

Archambault, P.S., Ferrari-Toniolo, S., and Battaglia-Mayer, A. (2011). Online control of
hand trajectory and evolution of motor intention in the parietofrontal system. J Neurosci
31, 742-752.

Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., and Oeltermann, a (2001).
Neurophysiological investigation of the basis of the fMRI signal. Nature 4712, 150-7.

Pandya, D.N., and Kuypers, H.G. (1969). Cortico-cortical connections in the rhesus
monkey. [Brain Res. 1969] - PubMed - NCBI. Brain Res.

Jones, E.G., and Powell, T.P.S. (1970). An anatomical study of convergin sensory
pathways within the cerebral cortex of the monkey. Brain 93, 793-820.

Kurata, K. (1991). Corticocortical inputs to the dorsal and ventral aspects of the
premotor cortex of macaque monkeys. Neurosci. Res. 72, 263-280.

Johnson, P.B., Ferraina, S., Bianchi, L., and Caminiti, R. (1996). Cortical networks for
visual reaching: Physiological and anatomical organization of frontal and parietal lobe
arm regions. Cereb. Cortex 6, 102—-119.

Battaglia-Mayer, A., Caminiti, R., Lacquaniti, F., and Zago, M. (2003). Multiple levels of
representation of reaching in the parieto-frontal network. Cereb. Cortex 13, 1009-1022.

Hatsopoulos, N.G., Xu, Q., and Amit, Y. (2007). Encoding of movement fragments in the
motor cortex. J. Neurosci. 27, 5105-5114.

Culham, J.C., Cavina-Pratesi, C., and Singhal, A. (2006). The role of parietal cortex in
visuomotor control: What have we learned from neuroimaging? Neuropsychologia 44,
2668—-2684.

Schaffelhofer, S., Agudelo-Toro, A., and Scherberger, H. (2015). Decoding a wide range
of hand configurations from macaque motor, premotor, and parietal cortices. J.
Neurosci. 35, 1068—81.

Jeannerod, M., Arbib, M.A., Rizzolatti, G., and Sakata, H. (1995). Grasping objects: the
cortical mechanisms of visuomotor transformation. Trends Neurosci. 718, 314-320.

Fogassi, L., and Luppino, G. (2005). Motor functions of the parietal lobe. Curr. Opin.
Neurobiol. 15, 626-31.

Fogassi, L., Gallese, V., Buccino, G., Craighero, L., Fadiga, L., and Rizzolatti, G.
(2001). Cortical mechanism for the visual guidance of hand grasping movements in the
monkey: A reversible inactivation study. Brain 124, 571-86.

MacKenzie, I.S. (2013). A Note on the Validity of the Shannon Formulation for Fitts’
Index of Difficulty. Open J. Appl. Sci. 3, 360-368.

32


https://doi.org/10.1101/154385
http://creativecommons.org/licenses/by/4.0/

805 51.
52.
810 53.
54.
815

bioRxiv preprint doi: https://doi.org/10.1101/154385; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

Connolly, J.D., Andersen, R. a., and Goodale, M. a. (2003). FMRI evidence for a
“parietal reach region” in the human brain. Exp. Brain Res. 153, 140-145.

Yousry, T.A., Schmid, U.D., Alkadhi, H., Schmidt, D., Peraud, A., Buettner, A., and
Winkler, P. (1997). Localization of the motor hand area to a knob on the precentral
gyrus. Anew landmark. Brain 120, 141-157.

Buneo, C.A., Jarvis, M.R., Batista, A.P., and Andersen, R.A. (2002). Direct visuomotor
transformations for reaching. Nature 4716, 632—636.

Kriegeskorte, N., Simmons, W.K., Bellgowan, P.S.F., and Baker, C.I. (2009). Circular
analysis in systems neuroscience: the dangers of double dipping. Nat. Neurosci. 12,
535-40.

33


https://doi.org/10.1101/154385
http://creativecommons.org/licenses/by/4.0/

820

825

830

835

840

bioRxiv preprint doi: https://doi.org/10.1101/154385; this version posted June 23, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

FIGURE LEGENDS

Figure 1. A) MRI-compatible virtual reality reach setup. Subjects viewed the rear-projected
display in the mirror and didn't have direct vision of their reaching hand. For details please
refer to the main text. B) Timeline of the delayed reach task (DRT) and the control task (CT)
of Experiment 1. Subjects were supposed to reach to the target (filled large white circle) by
moving their finger from the starting position (filled small white circle) in either clockwise or
counter-clockwise direction, as was specified by the white arrow cue. These cues were shown
in the CUE period of both conditions but they were relevant only in case of the DRT. In the CT
all cues were irrelevant and the ultimate movement was instructed by a new set of target and
arrow cues presented during the REACH phase. Colored dashed lines illustrate putative
reach trajectories in both tasks. Additional afterimage masks (500ms) presented after CUE
and REACH screens are not shown (see “METHODS” for details). For better visibility the
objects are plotted not to scale. C) Planning Activity. Inflated cortical surface with an overlay
of the statistical contrast of delay-related planning activity (DRT>CT) obtained from 12
subjects in Experiment 1 (p<0.001, uncorrected; t-value>4.0). Labels identify regions of
interest that were included in our ROI analyses. Major anatomical landmarks are labeled in
addition. D) Timeline of an exemplary delayed reach (DRT) and control trial (CT) for
Experiment 2 (see main text for details). See text and compare B) for detailed descriptions of

the individual task phases.

Figure 2. ROI timecourses extracted from PMd (A & C) and SPL (B & D), comparing the
fMRI-signal in the delayed reach task of Experiments 1 and 2 (A & B vs. C & D, respectively).
Cyan-shaded areas represent time epochs during which paired t-test comparisons of signal

amplitudes between “NEAR” and “FAR” reaches revealed statistically significant differences
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(p<0.05) for at least three neighboring time-points. Such differences were considered
indicative of an influence of trajectory. PMd shows different planning-related signal amplitudes
in both experiments (leftward part of the panels A and C, aligned to CUE onset). SPL shows
trajectory planning signal modulation in Experiment 2 only (D). PMd shows significant
modulation in the reach phase in both experiments (A and C, right panels, aligned to REACH
onset), whereas SPL shows such statistically significant difference only in Experiment 2 (D)
although a hint of the same effect might be present in Experiment 1 as well (B). Dotted gray
boxes indicate late delay phase, in which activity merely represents planning but no longer
CUE-related activity. This period was also used for a subsequent statistical comparison

between PMd and SPL.

Figure S1. Movement performance in Experiment 1. A and B) Exemplary reach trajectories
from a single subject (left panels) and the respective speed profiles throughout the REACH
phase (right panels) for both a “NEAR” (F) and a “FAR” (G) condition are depicted. C-G) The
individual panels show our estimates of behavioral performance as a function of “TASK” and
“‘DISTANCE” and report the influence of these factors on the respective estimates as well as
their interaction, as was assessed by two-way repeated measures ANOVAs (n.s. not
significant; * p<0.05; ** p<0.01; *** p<0.001). C) Reaction times were significantly shorter in
DRT than in CT. D) Movement durations were significantly longer in DRT than in CT and for
‘FAR” trajectories than “NEAR”. E) Error sizes were constant across all conditions. F)
Maximal speeds were higher for “FAR” reaches. G) Average frequencies of fixational
saccades in CUE an DELAY epochs of respective conditions. Saccades were less frequent in
CT “FAR” than in all other conditions. Error bars represent SEM. See text for detailed

statistics.
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Figure S2. Comparison of planning regions recruited by our two experiments in a
representative subject (DRT>CT; the overlaid maps of activity were thresholded at p<0.05,
FWE-corrected for multiple comparisons). Red and green shaded regions denote clusters of
planning activity specific to the delay phase of Experiments 1 and 2, respectively. Yellow
shaded regions represents areas active in both experiments. Blue crosshairs indicate centers

of clusters selected for subsequent ROl analyses (compare “METHODS”).

Figure S3. Timecourses of fMRI signals extracted from ROIs in the delayed reach (A) and
control tasks (B) in Experiment 1. Left panels are aligned to CUE onset while right panels are
aligned to REACH onset. Cyan-shaded areas represent time epochs during which paired t-
test comparisons of signal amplitudes between “NEAR” and “FAR” reaches revealed
statistically significant differences at p<0.05 for at least three neighboring time-points. Such
differences were considered indicative of an influence of trajectory. In the DRT both PMd and
M1 showed transient trajectory representation during the planning stage (leftward part of the
panels, aligned to CUE phase onset). PMd, M1, SMA, mIPS, alPS and V1 showed
differences between the two types of trajectories during the reach stage (rightward part of the
panels, aligned to REACH phase onset). B) No ROI shows planning-related differences in the

CT. As in the DRT, PMd, SMA and M1 exhibit execution-related differences.

Figure S4. Movement performance in Experiment 2. A & B) Exemplary reach trajectories of a
single subject (left panels) and the respective speed profiles (right panels) for both a “NEAR”
(A) and a “FAR” (B) condition. C-G) The individual panels show our estimates of behavioral

performance as a function of “TASK” and “DISTANCE” and report the influence of these
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factors on the respective estimates as well as their interaction, as was assessed by two-way
repeated measures ANOVAs (n.s. not significant; * p<0.05; ** p<0.01; *** p<0.001). Error bars
represent SEM. C) Reaction times were significantly shorter in DRT than in CT. D) Movement
durations were significantly longer for “FAR” trajectories than “NEAR”. E) Error sizes were
larger for DRT. F) Maximal speeds were higher for “FAR” reaches. See main text for detailed
statistics. G) Average frequencies of fixational saccades in CUE an DELAY epochs of CT and

DRT. The rates of fixational saccades were constant across all conditions.

Figure S5. Timecourses of fMRI signals extracted from ROls in the delayed reach and control
tasks in Experiment 2. Left panels are aligned to CUE onset while right panels are aligned to
REACH onset. Cyan-shaded areas represent time epochs during which paired t-test
comparisons of signal amplitudes between “NEAR” and “FAR” reaches revealed statistically
significant differences at p<0.05 for at least three neighboring time-points. A) PMd, SPL, SMA
and alPS show significant signal differences during the planning epoch in DRT. All areas
except V1 show differences during the reach epoch. Note that some of these areas show
differences only before the reach execution-related peak of the BOLD response, suggesting
that some of these differences might still refer to planning during the late delay. B) In the
control task, no ROl showed planning-related differences. However, both SMA and M1

exhibited differences during the reach stage (also compare to A and Figure S3).
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Figure S4
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Figure S5
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