
j au % Fe ' mẍ % b 0x % kx 3

Web Supplement A

The author models a multijoint arm as a simple cantilever which is converted to single

point-mass equation using a Jacobian transformation.  Thus:

j Fm % Fe ' mẍ 1

where Fm represents individual muscle forces and Fe represents any external forces applied to

hand (e.g., manipulandum), m represents the inertia of the arm and  represents handẍ

acceleration.  The arm’s combined muscle properties were derived from a simplified version of

muscle activity defined as:

f (a,l, 0l ) ' a & k (l0&l) & Fb 0l L 2

where ƒ, a, l, l0 represent a single muscle’s force, activation, length, and rest length, respectively. 

Summing Equation 2 over all muscles, and substituting into Equation 1 yields:

where the viscous (b) and elastic (k) terms are due combined muscle properties.  The left term in 

Equation 3 represents muscle activation (multiplied by the muscle’s preferred direction) which

the author equates with M1 activity (i.e., a motor cortical cell is an upper motor neuron).  

Therefore, the first term of Equation 3 represents a motor cortical population vector which, when

there are no external forces, is a linear combination of acceleration, velocity and position of the

hand.



Web Supplement B

The effect of acceleration on lag in Todorov’s formulation can be demonstrated by

eliminating the position term (i.e., setting the stiffness coefficient to zero) in his lag equation

(Figure 4 caption).  Figure 1 shows that increasing acceleration actually decreases lag in drawing

tasks.  Thus, acceleration has exactly the opposite effect of that needed to explain our

observations.  Therefore, the increased lags with increasing curvature shown in Figure 4 of

Todorov’s article are due solely to his positional term.  This contrary effect of acceleration is due

to the inverse speed-curvature relation characteristic of drawing movements (i.e., 2/3 power law). 

When drawing the outside of a spiral, acceleration is low and velocity is high; thus, the phase of

a weighted signal of velocity and acceleration would lie closer to the velocity signal than the

acceleration signal.  When the hand is on the inside of the spiral, the opposite is true and a mixed

signal would be closer to the acceleration signal in phase.  However, because the angular velocity

of the movement increases with higher curvature, the time lag actually decreases.  This is shown

graphically in Figure 2 where a mixed signal of 50% velocity and 50% acceleration is compared

temporally to velocity during a spiral drawing task adhering to the 2/3 power law.
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Figure 1: Effects of acceleration on M1 population vector lags as
a function of curvature. Even though acceleration increases under
higher curvature, the time lag of a PV sensitive to both acceleration
and velocity decreases. Based on equation in Figure 4 caption of
Todorov’s paper without the stiffness term.
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Figure 2: Temporal comparison of a simulated motor cortical cell and
hand velocity during an outside->in spiral drawing task. The cell’s activity
(dotted line) is modulated by 50% velocity and 50% acceleration
information. The second line (solid) represents the hand velocity signal
(the component aligned with the cell’s preferred direction). As the task
progresses from the outside of the spiral inward toward higher curvatures,
the cortical activity behaves more like the acceleration signal; however,
since the angular velocity is also increasing, the time lag between cortical
activity and velocity (thin lines) actually decreases.
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Table 1. Percentages of cells for which the noted variable yielded the highest R2.

Variable Motor cortex (N = 290)
Original analysis

(from Table 1 in ref. 3)
New analysis

Square-root transformed Non-transformed

Target direction 46.55 42.76

Velocity 39.66 40.00

Position 7.24 8.97

Acceleration 6.55 8.27



largest contribution. Spike train classification generally depends on all four parameters

KBMC ,,, , and is probabilistic because the same cell can be classified differently if a

new set of Poisson spike trains are sampled. So the deterministic classification regions

become probability distributions (dotted lines show the p = 0.5 and p = 0.3 contours of

the probability of misclassifying cells as directional). When the same reaching movement

is executed two times faster, hand displacement remains unchanged, velocity doubles,

and acceleration quadruples - so the correct classification regions (dashed lines) change.

The inset shows the response in the center of the region misclassified as directional. Note

that this response does not look directional— it just does not fit in any of the alternative

categories.
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