
Population dynamics in both premotor and motor cortical ensembles reflect changes 
in limb biomechanics 

Aaron J. Suminski1, Philip Mardoum1, Timothy P. Lillicrap2 and Nicholas G. Hatsopoulos1 

 
1 Department of Organismal Biology and Anatomy, University of Chicago, Chicago, IL 60637 
2 Department of Pharmacology, University of Oxford , Oxford, OX1 3QT, UK 
 
 A prevailing theory of the cortical control of limb movement posits that premotor cortex initiates 
high-level motor plans that are transformed into low-level motor commands by the primary motor 
cortex (M1). Following this hierarchical view, the physiological properties of M1 neurons should reflect 
the biomechanical features of the musculoskeletal system, and, in fact, previous work has 
demonstrated that this is indeed the case. In particular, the distribution of preferred directions is 
bimodal, having a strong correlation with the intrinsic, mechanical anisotropies prominent in reaching 
movements. This contrasts with the uniform (i.e. isotropic) distribution that would be expected from an 
area performing computations in and extrinsic reference frame. It remains unclear, however, whether 
neural populations in the dorsal premotor cortex (PMd) and ventral premotor cortex (PMv) reflect limb 
biomechanics or are buffered from them by M1. 

 Six rhesus macaques were trained to move a cursor appearing above their unseen hand to hit 
visual targets using a two-link robotic exoskeleton. Each monkey performed an instructed-delay, 
center out reaching task making point-to-point, movements (~6 cm) from a central target to eight 
peripheral targets uniformly distributed around the center. Using chronically implanted microelectrode 
arrays, we recorded the spiking activity of single units in M1, PMd, and PMv contralateral to the 
moving arm. Using standard cosine tuning methods, we characterized the relationship between the 
discharge of individual neurons and behavior throughout the delay period (INS) and movement 
execution (MOVE), and examined the population activity in each area by accumulating the preferred 
directions of significantly tuned neurons in circular frequency distributions. We then optimized a neural 
network control law to move a physical model of a 2-joint revolute arm via 6 lumped muscle actuators. 
In these simulations, we utilized two distinct physical models whose muscles had different properties 
to understand how the properties of the motor periphery affect the temporal evolution of the tuning 
properties of the neural ensemble. The first contained muscle actuators that simulated the state-
dependent mechanical properties (i.e. the force-length and force-velocity relationships) of muscle (F-
L/V) while these state-dependent properties were excluded in the second model (LIN). 

 
Contrary to the traditional hierarchical view of the cortical control of movement, we showed 

that the distributions of preferred directions (PD) in PMd and PMv exhibited anisotropies during 
voluntary movement similar to those observed in M1 (Figure 1). Moreover, we demonstrated that 
these population-level distributions exhibit a patterned temporal evolution from movement planning to 
execution. In particular, the PD distributions in M1 and PMd were bimodal during both planning and 
execution and exhibited shifts in orientation during the execution period. A similar shift in PD 
distribution orientation was observed in the population of neurons in PMv during movement execution. 
However, unlike M1 and PMd, the PD distribution in PMv exhibited a change in shape from uniform 
during planning to bimodal during execution perhaps reflecting a fundamental shift in the type of 
computation performed by this region. An optimal control model found that these variations in 
population-level properties during movement execution may be explained by the state-dependent, 
mechanical properties of the muscles (Figure 2). Thus, our data demonstrate that the population level 
neural activity in each area is subject to the biomechanical properties of the limb, and, therefore, the 
manner in which these cortical areas encode information is intimately linked to the state of the limb. 

 



 

Figure 1: (A) Pooled distributions of 
preferred directions during the instruction, 
reaction time and movement epochs.  
Circular frequency histograms for M1 
(blue), PMd (gray) and PMv (red) show the 
numbers of cells who’s PDs fall into each of 
16 bins.  Where applicable, the primary 
axes of bimodal distributions are shown as 
orange lines behind the histogram. The 
dashed circles show the scale of each 
histogram in number of cells. (B) Summary 
of the temporal evolution of the PD 
distribution axis orientation in each area 
over the course of a trial. Time axes are 
referenced to the appearance of the 
instruction cue (Cue) and to the start of the 
movement (SOM). Circular markers 
represent times where PD distributions 
were found to be significantly bimodal 
compared to a uniform alternative. Filled 
circles indicate times where the orientation 
of primary axis of the distribution was found 
to be significantly different than the average 
orientation measured during the instruction 
period in the same area. 

Figure 2: Behavioral performance and 
neural activities of the network models 
with state-dependent (F-L/V) and linear 
(LIN) muscle-like actuators performing 
a center-out reaching task. (A) 
Representative hand trajectories made 
by a network whose muscles included 
the force-length and force velocity 
properties. (B) Reach-related activity 
from the lumped shoulder flexor 
muscle.  (C) Activity from a single 
neuron-like unit in the network model 
demonstrating robust movement 
related tuning. (D-E). Preferred 
directions for the neuron-like units 
were computed using firing rates 
binned in 200ms sliding windows with 
an increment of 100ms. Circular 
frequency histograms of the preferred 
directions for representative single 
optimizations are plotted for the F-L/V 
(green) and LIN (black) network 
models. Each panel shows the 
distribution at a different point in time in 
the peri-movement period. 


