Neural subspaces for motor planning and execution in Parietal Cortex
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Abstract

Understanding how the brain plans and executes move-
ments remains a major challenge in neuroscience. The
superior parietal lobule (SPL), with its central role in sen-
sorimotor integration and visuomotor transformations, is
a key region in unraveling these mechanisms. We used
dimensionality reduction techniques to investigate the
structure of neural subspaces underlying latent dynamics
during movement planning and execution in SPL. Specif-
ically, we tested three alternative hypotheses about the
relationship between subspaces in the two phases: (i)
neural subspaces completely overlap between the two
phases; (ii) planning and execution are characterized by
independent activity patterns along orthogonal dimen-
sions; and (iii) the dynamics are partially shared and par-
tially exclusive. We analyzed population activity recorded
from three SPL areas (V6A, PEc, PE) in macaques per-
forming a delayed reaching task. Our results reveal that
in areas V6A and PEc, shared neural patterns coexist
with phase-specific subspaces, while in PE, the activity
is organized along largely orthogonal subspaces. This
distinction reflects the different sensorimotor processing
roles of these regions and enhances our understanding
of how parietal cortex contributes to motor control.
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Introduction

The posterior parietal cortex is crucial in motor control, inte-
grating sensory inputs to guide actions through prediction and
feedback. During planning, it encodes multiple context-based
action intentions across modalities, while during execution, it
estimates effector states using visual and proprioceptive feed-
back (Cui, 2014). The superior parietal lobule (SPL) is es-
pecially involved in planning and executing of reaching move-
ments. Within the SPL, which shows a rostral-to-caudal gradi-
ent from somatosensory to visual dominance, three key areas
emerge along this gradient: PE, PEc, and V6A (Figure 1a).
PE receives primarily somatosensory input and is involved in
multi-joint coordination, proprioception, and posture. It also
encodes movement parameters such as depth and direction,
but lacks visual input (Gamberini et al., 2020). In contrast,
PEc and VBA are visuomotor areas, modulated by both visual
and proprioceptive signals, and involved in encoding motor
parameters for voluntary eye and arm movements (Gamberini
etal., 2017). In the last decade, dimensionality reduction tech-
niques have led to the neural state-space framework, a power-
ful method for analyzing large-scale neural activity during be-
havioral tasks. This approach shows that population activity
occupies a low-dimensional neural subspace rather than the
full high-dimensional space defined by all recorded neurons.
Using this approach, researchers found that the motor cor-
tex contains distinct, orthogonal subspaces for different motor
phases (Kaufman et al., 2014). Elsayed et al. (2016) identified
separate subspaces for preparation and execution, suggest-
ing functional reorganization. Unlike in motor and premotor

cortices, such functional reorganization is not clearly evident
in the posterior parietal cortex (PPC), despite its involvement
in diverse sensorimotor roles. This study provides the first
characterization of neural subspaces in the SPL during move-
ment preparation and execution. We investigate whether neu-
ral activity in these areas is organized into exclusive or exclu-
sive and shared subspaces, shedding light on the structure of
visuomotor and somatomotor representations in the parietal
cortex.

Methods

In this study, neural activity from single neurons recorded
in macaque areas V6A, PEc, and PE during an instructed-
delay foveated reaching task in darkness was analyzed (10
trials performed for each of the 9 targets). The planning
epoch (Plan) spanned 150-450 ms after fixation onset, and
the movement epoch (Move) from 50 ms before to 250 ms
after movement onset. Data were analyzed using the Pear-
son correlation coefficient and dimensionality reduction tech-
niques: classical PCA to highlight phase-specific variance
and an optimized PCA variant to identify orthogonal, exclu-
sive and shared subspaces (where exclusive subspaces cap-
ture variance unique to a specific phase, shared subspaces
represent variance common across multiple phases, and or-
thogonal subspaces ensure minimal overlap between phase-
specific components) with normalized variance (Jiang et al.,
2020) and linear regression quantifying variance capture and
overlap across phases. In the results the following notation is
used: explained self-variance refers to the amount of variance
in the activity that is captured by the subspace that generated
it. Conversely, explained cross-variance indicates the extent
to which the same subspace accounts for the variance in neu-
ral activity that did not generate it.

Results

Neural correlations and PCA suggest independence
Correlation matrices were computed for the planning and
movement epochs in areas V6A, PEc, and PE to as-
sess the stability of population activity patterns across task
phases. The correlation structure observed during planning
was largely disrupted during movement (see Figure 1b). To
quantify this disruption, we computed the correlation between
corresponding cross-correlation matrices across epochs. The
resulting coefficients were low (R%: V6A, 0.09; PEc, 0.03;
PE, 0.02), This suggests that neural activity patterns differ
between the two epochs. Furthermore, using PCA, a 10-
dimensional subspace was extracted separately for the Plan-
ning and Movement epochs. Normalized cross-variance val-
ues (V6A: 0.30, PEc: 0.23, PE: 0.18) were low but above
chance level (p-valj0.05, one-tailed test), indicating partial or-
thogonality between the two epochs. The result in PE was
particularly close to the chance distribution, suggesting more
distinct subspaces in this area.

Orthogonal subspaces in somatomotor area PE Using
Optimized PCA, we identified an Plan orthogonal subspace
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Figure 1: (a) Posterolateral view of macaque brain. The right
hemisphere has been partially dissected at the level of the fun-
dus of intraparietal, parieto-occipital, and lunate sulci to show
the parieto-occipital sulcus. (b) Example of correlation matri-
ces for the Plan and Move epochs for all neurons in PEc area.
Each entry in the matrix represents the similarity between the
response patterns of two neurons during the specified epoch.
The order of neurons is the same for the Plan and Move epoch
matrices.

that explained 93%, 98% and 97% and a Move orthogonal
subspace that explained 93%, 97% and 97% of the self-
variance in V6A, PEc and PE, respectively. This was further
confirmed in the normalized cross-variance, which reached
approximately 10% (Figure 2a). The critical question was
whether this 10% explained cross-variance was merely at-
tributable to noise or if there existed a meaningful relationship
between the computations occurring in the two epochs. To
investigate this issue, we employed linear regression to deter-
mine whether patterns in the Plan orthogonal subspace could
predict patterns in the Move orthogonal subspace. As shown
in Figure 2a), only in PE this prediction did not exceed chance
level, confirming full orthogonality between planning and exe-
cution dynamics in this area. In contrast, significant predictive
relationships were observed in PEc and V6A, suggesting the
presence of shared components between the two phases.

Exclusive and shared subspaces in visuomotor areas
V6A and PEc We identified both exclusive and shared sub-
spaces for planning and movement. In V6A (PEc) the Plan
exclusive subspace captured 74% (84%) of the normalized
self-variance, while the Move exclusive subspace explained
76% (87%). The shared subspace accounted for 33% (30%)
of the normalized preparation variance and 30% (24%) of the
execution variance (Figure 2b).

Discussion

The study examined neural population dynamics in SPL dur-
ing reaching tasks, focusing on the planning and execution
phases. Using state-space frameworks, correlation analyses,
and PCA, we found that each subspace captured most of the
self-variance, while cross-variance remained minimal indicat-
ing that the underlying neural patterns for planning and ex-
ecution are fundamentally different. However, the degree of
separation varied across areas. PE shows orthogonal dynam-
ics between planning and execution, likely to separate repre-
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Figure 2: (a) Orthogonal subspaces normalized Variance and
linear estimation. Yellow bar: R2 of the linear estimation of
Move dynamics in the Move subspace from the Plan projected
its subspace; Pink bar: the opposite. Asterisks indicate sig-
nificant differences from the null distribution (dashed lines).
(b) Exclusive and shared subspaces normalized variance. In
both panels, the stroke color represents the subspaces where
neural activity was projected, and the fill color represents the
activity being projected. In both panel Blu color refer to Move
(M), red to Plan (P), magenta for shared (Sh). Example red
column with blue stroke (PoM) represent the normalized vari-
ance of Plan activity projected in the Move subspace.

sentations of planned body states from motor commands and
sensory feedback, enabling precise and adaptive motor con-
trol. V6A and PEc display both exclusive and shared sub-
spaces, suggesting integration of motor intentions and sen-
sory feedback, with the shared subspace possibly reflect-
ing stable eye position signals and persistent target repre-
sentation. These differences across rostral and caudal PPC
can also be interpreted within a state estimation framework
(Medendorp & Heed, 2019): PE encodes dynamic body-
related changes, while V6A and PEc maintain a stable rep-
resentation of the external environment. Overall, the findings
support an antero-posterior organization within the posterior
parietal cortex, with a shift from shared dynamics in caudal
areas (V6A and PEc) to more independent motor-like process-
ing in the rostral area (PE).
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