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Reaching is considered to be a multi-step process in which actions are prepared, then executed. 
These steps are usually studied using a delayed-reaching task, in which information about an upcoming 
reach is revealed, but subjects must wait until a subsequent “go cue” before reaching. This allows 
functional separation between motor preparation and execution steps. Preparation is assumed to take place 
during the delay, decreasing the reaction time (RT) after the go cue. We examined whether the neural 
preparatory state observed during the delay (prepare and hold state) is universal to all reaches, by 
manipulating the length and information content of the delay.  

First, we compared reaches with and without a delay. We recorded single- and multi-unit neural 
activity from two rhesus macaques (N, K) using chronically implanted 96-electrode arrays (PMd, M1). 
The monkeys performed blocks of delayed and non-delayed reaches. We generated Peri-Stimulus Time 
Histograms (PSTHs) for each recorded unit to estimate the unit’s mean firing rate (FR) for each reach 
direction. We then performed Principal Component Analysis on the FRs across all units to gain a low-
dimensional view of neural activity during the task (Figure 1A). During delayed reaches (Figure 1A, gray 
trace), neural activity started out in a baseline state. When the target turned on (blue dot), neural activity 
moved to the prepare and hold state for the cued reach. After the go cue (green dot), neural activity 
followed a pattern of activity to generate the cued reach. During non-delayed reaches to the same target 
(red trace), the target cue and go cue appeared simultaneously. In this case, neural activity did not seem to 
pass through the prepare and hold state observed during the delay, but rather followed a similar but 
separate path, eventually converging with the delayed reach trajectory around the time of movement.  

We quantified these effects in a high-dimensional space, to ensure that the intuition gained from 
the low dimensional space holds. We selected points of interest on the delayed reach trajectory (target 
onset, go cue, movement onset, and after the end of movement). We then found the shortest distance from 
that point to the non-delayed reach trajectory. A low distance indicates that the non-delayed reach neural 
trajectory passes through or near this point, while a high distance indicates that the non-delayed reach 
neural trajectory never passes near this point. We resampled the trajectories to estimate the range of 
possible distances (Figure 1C). We compared this range to the distance between resamples of the same 
trajectory, to estimate the distances that were likely to be observed by chance (Figure 1C, red lines). The 
distance between trajectories was low at the time of target onset, indicating that the trajectories begin 
close together. This distance increased at the time of the go cue, suggesting that the non-delayed reach 
trajectory does not pass through the prepare-and-hold state. The distance started to decrease by the time 
movement began. The trajectories re-converged by the end of movement. 

We next examined reaches which were incorrectly cued, to determine whether neural activity 
must pass through the correct preparatory state if it is preceded by an incorrect preparatory state. Our 
monkeys performed a modified delayed reaching task, in which 20% of trials were  randomly interspersed 
“switch” trials. During switch trials, an initial target was cued, but after a random delay of 0-900 ms, this 
target would turn off and a second target would turn on. The monkey would then reach to this second 
target. We recorded neural activity and performed dimensionality reduction as described above. Standard 
delayed reach neural trajectories (Figure 1B, gray trace) looked similar to the delay/no delay task. The 
switch condition (red trace) began in baseline. After the first target appeared, the neural trajectory moved 
to the prepare-and-hold state for the (incorrectly) cued target. When the target switched and the go cue 
turned on, neural activity moved in a trajectory which was similar in shape to the delayed-reach 
movement generation trajectory (gray trace) but did not move through the prepare-and-hold state for the 
new target. Repeating our distance analysis on this data confirms this low-dimensional impression in the 
high-dimensional space (Figure 1D). This suggests that even if neural activity is in an incorrect 
preparatory state, the neural trajectory is not required to pass through the prepare-and-hold state for the 
new reach.  

We investigated whether any portion of the time-varying neural response was similar between 
delayed and non-delayed reaches (Figure 2). We first asked how long neural activity took to respond to 
external cues. We looked at the distance between the neural trajectories and the neural baseline position 



as a function of time from target onset to determine when this distance began increasing. Neural activity 
began increasing at approximately the same time after target onset for both the delayed (green) and non-
delayed (blue) trajectories. For the delayed reach conditions, we examined the distance from the plan state 
as a function of time after the go cue. This distance took significantly longer to begin increasing (p 
<0.01), suggesting that neural activity in motor cortex begins responding faster to the target than to the go 
cue. We then asked how long it took for delayed and non-delayed reach trajectories to begin to diverge 
after target onset. The distance between the trajectories started out low, and did not begin to diverge until 
significantly after the trajectories had begun responding to the target (p<0.01). The time of divergence 
was similar to the “go cue” response time, suggesting that a delayed “go signal” might be responsible for 
the divergence. 

Together, these results have led us to a new conceptual model of reach generation. We 
hypothesize that motor cortical dynamics are subject to two inputs: a short-latency target-specific input, 
which initiates preparatory dynamics, and a longer-latency trigger signal, which initiates reach generation 
dynamics. In both delayed and non-delayed reaches, the target input arrives first, yielding similar neural 
activity for the first ~50 ms of neural response time, regardless of cued delay length. This activity is 
presumably sufficient preparation for generating a reach, as reaches in the “non-delayed” condition can be 
executed without passing through the prepare-and-hold state. If the go cue does not arrive, neural activity 
moves to the prepare-and-hold state. If the go cue arrives before the prepare-and-hold state is reached, 
then neural activity skips the prepare-and-hold state and proceeds immediately into a motor-generation 
process. By examining movement generation dynamics across a variety of preparatory conditions, we 
have been able to get a new view of the relationship between reaching preparation and generation. 

 
 
Figure 1: A-B: Neural state-space trajectories (A) 
Delayed (gray) and non-delayed (red) neural 
trajectories for reaches to the same target. Neural 
activity in the non-delayed (red) trace does not pass 
through the preparatory state identified using the 
delayed (gray) trace. (B) Neural trajectories for 
delayed reach (red) and target switch (gray) 
conditions to the same final target. Target switches 
from first to second target at the time of the go cue. 
The neural trajectory in the switch condition does not 
pass through the preparatory state for the new reach, 
as identified using delayed reaches to that target. C-D: 
Median resampled distance between trajectories at 
different time points, for the trajectories pictured in A-
B. Error bars represent 5th and 95th percentile of the 
distribution. Red tick marks: median, 5th, and 95th 
percentile of the distance measured if neural 
trajectories were generated from the same underlying 
distribution. Stars indicate bootstrap significance.  
 
 

 
 
Figure 2: Response timing diagram. Mean 
+/- std. dev. neural distance across targets. 
Neural activity starts responding to the 
target onset at similar times in both delayed 

(green) and non-delayed (blue) reach conditions. Neural activity in delayed reach 
conditions respond more slowly to the go cue (black) than to the initial target onset 
(green). The distance between the delayed and non-delayed conditions remains low 
even after the targets have begun responding (red trace). The responses diverge at a 
similar time to the delayed reach go cue response. 
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