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ABSTRACT  36 

Voluntary control of visually-guided upper extremity movements involves neuronal activity in multiple 37 
areas of the cerebral cortex. Studies of brain-computer interfaces (BCIs) that use spike recordings for input, 38 
however, have focused largely on activity in the region from which those neurons that directly control the 39 
BCI, which we call BCI units, are recorded. We hypothesized that, just as voluntary control of the arm and 40 
hand involves activity in multiple cortical areas, so does voluntary control of a BCI. In two subjects 41 
(Macaca mulatta) performing a center-out task both with a hand-held joystick and with a BCI directly 42 
controlled by 4 primary motor cortex (M1) BCI units, we recorded the activity of other, non-BCI units in 43 
M1, dorsal and ventral premotor cortex, primary somatosensory cortex, dorsal posterior parietal cortex, and 44 
the anterior intraparietal area. In most of these areas, non-BCI units were active in similar percentages and 45 
at similar modulation depths during both joystick and BCI trials.  Both BCI and non-BCI units showed 46 
changes in preferred direction. Additionally, the prevalence of effective connectivity between BCI and non-47 
BCI units was similar during both tasks. The subject with better BCI performance showed increased 48 
percentages of modulated non-BCI units with increased modulation depth and increased effective 49 
connectivity during BCI as compared to joystick trials; such increases were not found in the subject with 50 
poorer BCI performance. During voluntary, closed-loop control, non-BCI units in a given cortical area may 51 
function similarly whether the effector is the native upper extremity or a BCI-controlled device.         52 

 53 

SIGNIFICANCE STATEMENT  54 

Reaching to and grasping a visible object involves neuronal activity in multiple areas of the cerebral 55 
cortex. Whether neurons in these areas are engaged similarly when a subject controls a brain-computer 56 
interface remains unknown. We found similar unit activity in multiple cortical areas as subjects 57 
performed a center-out task with either a hand-held joystick or a brain-computer interface controlled by 58 
only 4 BCI units in the primary motor cortex.  Like the 4 BCI units, non-BCI units in most cortical areas 59 
showed changes in their preferred direction between joystick and BCI trials, with similar modulation 60 
depths and effective connectivity.  We suggest that a given cortical area may function similarly during 61 
voluntary closed-loop control of either the upper extremity or a BCI.    62 
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INTRODUCTION  63 

Voluntary control of movement involves many parts of the central and peripheral nervous system.  In the 64 
mammalian cerebral cortex, active regions include the primary motor cortex (M1), dorsal premotor cortex 65 
(PMd), ventral premotor cortex (PMv), primary somatosensory cortex (S1), dorsal posterior parietal cortex 66 
(dPPC), and anterior intraparietal area (AIP) (Rizzolatti et al., 1998; Grafton, 2010). While neural activity 67 
in M1 is primarily responsible for movement execution, concurrent activity in these additional frontal and 68 
parietal areas may be involved in receiving information on goal/target selection for movement planning, in 69 
computing feedforward models of the expected movement, and in processing feedback from the ongoing 70 
movement (Shadmehr and Krakauer, 2008).   71 

Brain-computer interfaces (BCIs) now are being developed not only to control prosthetic arms (Hochberg 72 
et al., 2012; Wodlinger et al., 2015; Lebedev and Nicolelis, 2017; Andersen et al., 2019), but also to 73 
investigate nervous system function (Jarosiewicz et al., 2008; Law et al., 2014; Sadtler et al., 2014; Moxon 74 
and Foffani, 2015; Golub et al., 2018; Oby et al., 2019; Zhou et al., 2019). The majority of BCI studies to 75 
date that employ neuron recordings have focused on analyzing the activity of those neurons that contribute 76 
directly to the decoded BCI output, which we refer to as “BCI units.” These BCI units comprise only a 77 
small fraction of the neuronal population active locally, however.  Other simultaneously recorded neurons, 78 
which we refer to as “non-BCI units”, have been found to be active along with BCI units, sometimes 79 
changing their patterns of activity in ways similar to the BCI units (Hwang et al., 2013; Arduin et al., 2014; 80 
Law et al., 2014). With few exceptions (Koralek et al., 2012; Bridges et al., 2020), however, these non-BCI 81 
units have been in the same cortical area as the BCI units.  82 

Yet just as voluntary control of natural upper extremity movement requires the participation of cortical 83 
areas beyond M1, controlling a closed-loop BCI is likely to require the activity of neurons beyond the BCI 84 
units.  The BCI units at least must receive processed visual information on the location of the goal/target, 85 
and probably are affected by processed visual feedback on the motion of the effector as well. Decisions 86 
about when to initiate the next trial, when to start the motion of the effector, and when to stop, all must 87 
reach the BCI units.  The firing of the BCI units may also be processed as efference copy, being compared 88 
to an internal model of the expected feedback. Indeed, as human subjects learned to modulate high-gamma 89 
ECoG potentials at one electrode in the motor or premotor cortex, strong parallel activation in prefrontal, 90 
premotor, and posterior parietal cortex appeared and then diminished as learning progressed (Wander et al., 91 
2013).  Whether features of unit activity such as preferred direction and modulation depth change in non-92 
BCI units distributed across multiple cortical areas remains unknown.     93 

We hypothesized that controlling a BCI would entail activity not only of the BCI units, but also of non-BCI 94 
units distributed throughout the multiple cortical areas that participate in natural control of upper extremity 95 
movement.  Furthermore, if controlling a BCI required changes in the natural activity patterns of the BCI 96 
units, then the activity patterns of non-BCI units—in terms of preferred direction, modulation depth, and 97 
effective connectivity—potentially could change as well.  We therefore trained monkeys already 98 
experienced in a joystick-controlled center-out task to perform a similar task with a novel BCI.  Rather than 99 
using a BCI decoder optimized to incorporate the natural tuning of large numbers of M1 neurons (Athalye 100 
et al., 2017; Zhou et al., 2019), we chose a BCI decoder that used only 4 M1 neurons, each assigned 101 
arbitrarily to drive velocity in the one of the 4 cardinal directions.  We considered it likely that this decoder, 102 
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while difficult to learn, would require novel patterns of co-activation among the BCI units and out-of-103 
manifold reorganization involving non-BCI units as well (Fetz, 1969; Moritz et al., 2008; Nazarpour et al., 104 
2012; Law et al., 2014; Oby et al., 2019).  Moreover, rather than pursuing extensive BCI training to achieve 105 
performance equivalent to that with the hand-held joystick, we chose instead to train a more permissive 106 
task less extensively but repeatedly with different sets of BCI units, enabling us to distinguish consistent 107 
versus inconsistent features in the activity of non-BCI units.  After the monkeys acquired a preselected level 108 
of proficiency with each set of BCI units, we compared the activity of non-BCI units in M1, PMd, PMv, 109 
S1, dPPC, and AIP during joystick- versus BCI-control.   110 
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METHODS 111 

Subjects 112 

Two male rhesus monkeys, Q and P (weighing 9-11 kg), were subjects in the present study. All procedures 113 
for the care and use of these nonhuman primates followed the National Institutes of Health Guide for the 114 
Care and Use of Laboratory Animals and were approved by the University Committee on Animal Resources 115 
at the University of Rochester, Rochester, New York. 116 

Center-out task 117 

Each monkey initially was trained to perform a two-dimensional center-out task using a joystick held with 118 
the right hand to control the position of a cursor.  The base of the joystick was inclined 30 degrees toward 119 
the primate chair in which the monkey was seated. When centered, the joystick knob was positioned 20 cm 120 
in front of and 5 cm below the monkey’s right shoulder. The monkey then could reach all positions within 121 
a 20 cm × 20 cm hand workspace. An LCD screen positioned 90 cm in front of the monkey at eye level 122 
displayed both the cursor and the targets in a square visual workspace divided into 1,000 “screen units” 123 
horizontally and 1,000 screen units vertically.  124 

Trials began when the circular center target turned green (Figure 1A).  The monkey then positioned the 125 
cursor (white “+”) within the center target (Figure 1B) and kept the cursor there for a 500 ms center hold 126 
epoch (Figure 1C).  Rather than traditional circular peripheral targets, we used 8 segments of an annulus, 127 
eliminating the possibility that the cursor could pass between targets. When the center hold epoch ended, 128 
the center target turned gray and one of the 8 peripheral targets turned green (Figure 1D), providing a Go 129 
cue that instructed the monkey to move the cursor out of the center target within 2000 ms and into the 130 
instructed peripheral target within another 2000 ms, without entering any other peripheral target (Figure 131 
1E). The center target and the other 7 peripheral targets then disappeared, and monkey was required to keep 132 
the cursor in the peripheral target for a final hold epoch lasting 600 ms (Figure 1F).  The end of the final 133 
hold period was designated a Success event. Successful trials were rewarded with a drop of water. If any 134 
of these conditions was not met, however, the trial was aborted immediately, the entire display turned red, 135 
and a 1,500 ms error timeout followed. Every trial was followed by a 1,500 ms inter-trial interval, after 136 
which the center target re-appeared and the subject then could initiate the next trial.  Trials were presented 137 
in blocks including 1 each of the 8 peripheral targets presented in a random order that was re-randomized 138 
between blocks.  To prevent the monkey from rejecting trials involving particular targets, error trials were 139 
repeated until performed successfully.  The entire behavioral task was controlled by custom software 140 
running on a PC which also sent behavioral event marker codes into the collected data stream. 141 

Microelectrode Arrays 142 

Once each monkey was trained to perform the center-out task, Floating Microelectrode Arrays (FMAs; 143 
MicroProbes for Life Sciences) were implanted in six cortical areas using procedures described in detail 144 
previously (Mollazadeh et al., 2011; Rouse and Schieber, 2016).  Figure 2 shows the location of the arrays 145 
implanted in M1, PMd, PMv, S1, dPPC, and AIP. Note that our dPPC arrays recorded from the medial 146 
intraparietal area (MIP) in the anterior bank of the intraparietal sulcus as well as adjacent parts of area PE 147 
on the surface of the postcentral gyrus (Bakola et al., 2017; Rajalingham and Musallam, 2017; De Vitis et 148 
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al., 2019). Except for AIP, all these areas are known to be active during center-out movements 149 
(Georgopoulos et al., 1982; Kalaska et al., 1983; Prud'homme et al., 1994; Batista and Andersen, 2001; 150 
Stark et al., 2007; Rajalingham and Musallam, 2017; De Vitis et al., 2019). For Monkey Q, two 32-channel 151 
FMAs were implanted in each of the six cortical areas, and an additional 16-channel FMA was implanted 152 
in M1. For Monkey P, six 16-channel FMAs were implanted in M1, five in PMd, three in PMv, three in S1, 153 
two in dPPC, and three in AIP; and an additional 32-channel array was implanted in dPPC. The length of 154 
electrodes varied from 1mm to 8mm. All electrodes were made from 70% Pt and 30% Ir and had a nominal 155 
impedance of 0.4 – 0.6 MΩ at the time of implantation.  156 

Neural Data Acquisition 157 

Neural data was collected with two 128-channel Plexon data acquisition systems (Plexon Inc.) and one 128-158 
channel Cerebus data acquisition system (Blackrock Microsystems).  For Monkey Q, all implanted 159 
electrodes could be recorded simultaneously with the three recording systems.  For Monkey P, however, 160 
one of the Plexon systems was not available, and the total number of implanted electrodes (384) was greater 161 
than the number of recording channels available (256). Premotor and parietal arrays therefore were grouped 162 
separately and recorded on alternate days along with the M1 arrays (Group 1: M1, PMv, and PMd arrays; 163 
Group 2: M1, S1, AIP, dPPC arrays).   164 

Signals from each FMA were amplified by a head stage (gain 20× for the Plexon systems, 2× for the Cerebus 165 
system) and further amplified by the data acquisition hardware before being digitized and stored to disk by 166 
the host PCs for each system. For the Plexon systems, spike waveforms that crossed a threshold selected 167 
interactively on-line were sampled at 40 kHz using Sort Client (Plexon, Inc.), with additional sorting off-168 
line. For the Cerebus system, broadband signals were sampled at 30 kHz, and spikes were extracted off-169 
line and sorted with custom Matlab (Mathworks) scripts. Both single units and multi-units were included 170 
in analyses, whereas any sorted units with a signal-to-noise ratio (SNR) < 2.5 were discarded. Behavioral 171 
event marker codes generated by the task control PC were used to synchronize the data recorded by different 172 
acquisition systems for analysis.  173 

BCI control 174 

BCI experiments were performed 6 – 14 months after surgical implantation of microelectrode arrays. Daily 175 
recording sessions started with ~200 joystick-controlled trials, followed by trials in which the monkey’s 176 
arm was restrained in the primate chair and the cursor was controlled through a brain-computer interface.  177 
Neural data were recorded continuously throughout both joystick- and then BCI-controlled trials.   178 

To control the BCI, four units were chosen randomly from a pool of ~10 – 20 candidate M1 units (either 179 
single units or multi-units) that had been recorded stably on-line for at least 5 days.  These four units were 180 
assigned randomly by a Matlab script to drive cursor velocity in the four cardinal directions: rightward, 181 
leftward, upward, or downward. The directional assignment of each of these BCI units was made without 182 
consideration of its preferred direction during joystick trials.   183 
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The firing rate of each BCI unit controlled the output of a separate linear velocity decoder that moved the 184 
cursor in the assigned cardinal direction.  The output of each velocity decoder at time , ( ), was calculated 185 
as:  186 

( ) =  %  %  × ( ) − √ % −       (1) 187 

where ( ) is the instantaneous firing rate of the BCI unit estimated using spike counts in 10 ms bins 188 
convolved with a 500 ms Gaussian filter and  is an empirical value set to 6 screen units per 10 ms.  Square-189 
root transformation of the unit’s firing rate was used to reduce variance (Kihlberg et al., 1972; Ashe and 190 
Georgopoulos, 1994; Rouse and Schieber, 2016). The 80th percentile and 20th percentile of the BCI unit’s 191 
firing rate distribution, % and %, were estimated initially from the cumulative distribution of 192 
firing rates recorded during joystick-controlled trials before beginning the BCI task each day. To adjust for 193 
firing pattern changes between joystick control and BCI control, % and % were updated after the 194 
first 5 minutes of BCI control using the cumulative distribution of firing rates during that interval. To 195 
prevent surges on individual BCI-unit decoders, ( ) was limited to the range of ± 3 screen units/10 ms. 196 
The cursor’s horizontal and vertical velocities then were determined independently, each in a “push-pull” 197 
fashion based on the output of the four velocity decoders driven separately by the four BCI units ( , 198 

, , ):  199 =  −        (2) 200 =  −        (3) 201 

For example, if = 2.5, = -0.3, = -0.2, = -2.3, then = 2.8, = 2.1, the 202 
resultant cursor velocity was 3.5 (= √2.8 + 2.1 ) screen units/10 ms at 37° (= (2.1 2.8⁄ )).  Cursor 203 
position was updated every 10 ms. 204 

BCI training 205 

As expected from previous work (Law et al., 2014; Sadtler et al., 2014; Oby et al., 2019), learning to control 206 
the cursor with four arbitrarily assigned M1 units proved challenging for both monkeys.  We therefore 207 
relaxed the criteria for successful trial completion to a level at which the monkeys persevered in learning 208 
to control the BCI rather than becoming excessively frustrated.  The center hold epoch was reduced to 20 209 
ms; the final hold epoch was reduced to 50 ms; the subjects were allowed up to 5,000 ms to move the cursor 210 
out of the center target once the peripheral target had appeared, and 5,000 ms more to move the cursor into 211 
the correct peripheral target after leaving the center target. In addition, during the movement to the 212 
peripheral target (Figure 1E), the subjects were allowed to enter peripheral targets other than the instructed 213 
target. Each monkey then could be trained over several days to control the BCI using the four M1 units 214 
each acting in their arbitrarily assigned direction. If a BCI unit driving cursor motion in a given direction 215 
was lost to isolation during this period, we assigned another M1 unit to that direction using the same criteria 216 
described above.   217 
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Figure 3 illustrates the progress of BCI training in sequential blocks of 50 correctly performed trials.  218 
Training began with a one-dimensional BCI task, initially presenting only the upward and downward targets  219 
(Figure 3, 1D vertical) and then only the rightward and leftward targets (Figure 3, 1D horizontal). One-220 
dimensional training continued for 5 days (block 33) until the monkey performed successfully in ~ 80%  of 221 
the trials for each dimension separately. Thereafter, the monkey was trained to control two-dimensional 222 
cursor movement to all eight peripheral targets, reaching a plateau of relatively stable performance with 223 
success rates > 80% after another few days (block 58). As the success rate rose, the response time—from 224 
the Go cue until the end of the final hold epoch—fell.   225 

We refer to the set of four M1 units selected to simultaneously control the BCI as a BCI-unit “assignment.” 226 
Once a subject had reached a stable plateau at success rates > 80% and data had been collected with one 227 
such assignment, a new BCI-unit assignment was selected randomly using the criteria described above, 228 
with the additional restriction that a given M1 unit was not assigned to control the same direction in more 229 
than one assignment. The BCI training process then was repeated, starting with one-dimensional BCI 230 
training and progressing to two-dimensional training, and additional data was collected after the monkey’s 231 
performance again had reached a plateau at success rates > 80%. Monkey Q was trained to this level with 232 
five different BCI-unit assignments, and monkey P with three.  Initial one-dimensional training required an 233 
average of 5.6 ± 3.1 days (mean ± SD across BCI-unit assignments) for Monkey Q and  5.7 ± 0.6 days for 234 
monkey P.  Two-dimensional training then required another 6.4 ± 1.1 days for  Monkey Q and 9.0 ± 3.6 235 
days for Monkey P.   236 

Experimental Design and Statistical Analyses 237 

For each BCI-unit assignment, we analyzed neural data collected once the subjects were performing the 238 
two-dimensional BCI task at a success rate > 80%.  We selected for analysis sessions in which the subject 239 
had performed at least 400 BCI trials successfully.  These sessions also included ~ 200 successfully 240 
performed joystick-controlled trials.  To compare equal numbers of trials during BCI versus joystick 241 
control, in each analyzed session we identified the maximum number of successful trials to each target 242 
common to both BCI control and joystick control.  For Monkey P, comparing across cortical areas also 243 
required analyzing two different sessions, one in which premotor areas had been recorded and another in 244 
which parietal areas had been recorded, and we therefore found the maximum number of successful trials 245 
common to both tasks in both sessions.  We then randomly selected that number of trials for analysis from 246 
each type of task in each session, which typically selected all the joystick trials but only ~ 30% to 50% of 247 
the BCI trials.   248 

Chronically implanted microelectrode arrays often record some of the same units repeatedly in daily 249 
sessions over months. To prevent the same unit from being included repeatedly in our analyses, we 250 
identified unit recordings that probably originated from the same neuron recorded on different days. The 251 
similarity of units recorded from the same electrode was evaluated using four metrics: pairwise cross-252 
correlograms, autocorrelograms, waveform shape, and mean firing rate (Fraser and Schwartz, 2012; 253 
Downey et al., 2018). A decision boundary of whether two unit recordings came from the same neuron was 254 
drawn using a quadratic classifier under the assumption that the data could be modeled as a mixture of 255 
multivariate Gaussians. When two or more units were labeled as having been recorded from the same 256 
neuron across days, we retained for the present analyses only the unit with the highest SNR and excluded 257 
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the others. In this manner 103 of 531 units recorded from Monkey Q and 212 of 823 units from Monkey P 258 
were excluded from the following analyses.  The left number in each cell of Table 1 gives the number of 259 
unique units remaining for analysis in each cortical area for each of the five assignments from monkey Q 260 
and three from monkey P. 261 

   Task-related modulation 262 

Neuron firing rates in several cortical areas often show cosine tuning as subjects perform a center-out task  263 
(Georgopoulos et al., 1982; Kalaska et al., 1983; Prud'homme et al., 1994; Moran and Schwartz, 1999). We 264 
therefore considered a unit to be modulated in relation to the center-out task if its firing rate was fit by a 265 
classical cosine tuning function:   266 ( ) =  +  × cos( − )      (4) 267 

at a significance level of p < 0.05 (F-test; Matlab “regress” function). In equation 4, ( ) is the firing rate 268 
when the peripheral target was centered at ° (the eight peripheral targets  in Figure 1D were assigned to 269 
0° to 315° at 45° intervals);  is the baseline firing rate,  is the absolute modulation depth, and  is the 270 
preferred direction (PD) of the unit. Each unit was tested for a cosine fit separately using joystick trials and 271 
using BCI trials.  The center and right numbers of each cell in Table 1 give the numbers of units significantly 272 
cosine-tuned in joystick and/or BCI trials, and in both joystick and BCI trials, respectively. 273 

   Preferred direction change (ΔPD) 274 

We estimated the preferred direction change (ΔPD) between joystick trials and BCI trials for each unit that 275 
was cosine tuned in both tasks by calculating the difference between the unit’s preferred direction during 276 
joystick trials ( _ ) and BCI trials (  _ ):   277 

ΔPD = _  – _      (5) 278 

To determine the statistical significance of each unit’s ΔPD, we employed a bootstrap procedure (Chestek 279 
et al., 2007). For each unit, we calculated a distribution of PDs by randomly sampling with replacement 280 
1,000 times for joystick trials and for BCI trials separately. For each of these two distributions, the mean 281 
was subtracted, producing a zero-mean distribution of PDs for joystick trials and for BCI trials. Then a 282 
distribution of BCI – Joystick ΔPDs was gathered by randomly selecting one PD from the zero-mean BCI 283 
trial distribution and one from the zero-mean Joystick distribution, calculating the difference, and repeating 284 
1,000 times, providing a bootstrap ΔPD distribution for that unit under the null hypothesis of no BCI – 285 
Joystick difference (i.e. both with mean = 0). The actual ΔPD for that unit then was compared with this 286 
bootstrap ΔPD distribution. If the actual ΔPD was higher than the 97.5th percentile or lower than the 2.5th 287 
percentile of the bootstrap ΔPD distribution, we considered the unit to have had a significant ΔPD.  This 288 
process was repeated for each unit separately.  289 

We also examined ΔPDs at the population level to determine whether the entire population rotated to some 290 
degree coherently in the same direction resulting in a net change, or whether different units changed in 291 
random directions with no net change in the population.  If the median of actual ΔPDs was significantly 292 
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different from 0° (circular rank-sum test, circ_medtest function, Matlab CircStat toolbox (Berens, 2009)), 293 
we considered that the population had a significant degree of coherent rotation.  294 

   Normalized modulation depth 295 

To compare the modulation of units with different baseline firing rates, we calculated a normalized 296 
modulation depth (nMD) for each unit that was significantly cosine-tuned during each task separately 297 
(joystick or BCI) using the unit’s absolute modulation depth during that task (  , equation 4): 298 

=   ×%  %        (6) 299 

Unlike the values used for BCI units on-line (equation 1), here % and % are the 80th percentile 300 
and 20th percentile, respectively, of the overall firing rate distribution pooling data from both joystick and 301 
BCI trials. This nMD for either joystick trials or BCI trials therefore could be > 1 if the unit was modulated 302 
intensely in one of the tasks and had relatively low firing rates during the other. In general, the higher the 303 
nMD, the more intensely the unit was modulated. 304 

   Effective connectivity analysis 305 

To examine effective connectivity among simultaneously recorded units, we used Granger causality 306 
adapted for point processes (Kim et al., 2011; Balasubramanian et al., 2017). This adaptation replaces the 307 
standard multivariate vector autoregressive models with point process likelihood functions, where the point 308 
process of a spike train is characterized by the logarithm of a conditional intensity function (CIF) modeled 309 
with a generalized linear model (GLM). To optimize both the temporal resolution of the models and the 310 
ability to detect effective connectivity at various latencies, CIFs were calculated with durations from 3 ms 311 
to 99 ms in 3 ms steps, and the resulting GLM that provided the best approximation of the spike trains was 312 
selected using Akaike’s information criterion (AIC). The optimal spike histories determined in this way 313 
had a median duration of 12 ms and 90th percentile of 51 ms. 314 

For each unit, i, the point process likelihood then was modeled first with covariates including the spiking 315 
history of that unit and all other simultaneously recorded units, characterized by a parameter vector,  , 316 
and second with the same covariates but excluding the spiking history of another unit, j, characterized by 317 
parameter vector denoted, . The log-likelihood ratio for these two models then is, Γij: 318 

Γ = log ( )( )             (7) 319 

Because excluding the information provided by unit j can only degrade the modeling of unit i and decrease 320 
the likelihood ( ) relative to ( ), the ratio of likelihoods is always ≤ 1 and the log likelihood ratio is 321 
always ≤ 0, theoretically being = 0 if unit j has no effect on unit i and increasingly < 0 the stronger the 322 
effect.  A Granger Causality Measure (GCM), , then can be calculated as: 323 

=  −   Γ            (8) 324 
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where positive values indicate an excitatory effect of unit j on unit i and negative values indicate an 325 
inhibitory effect. 326 

This analysis was performed using all Q simultaneously recorded spike trains from 750 ms before to 2250 327 
ms after the Go cue in each analyzed trial, providing a Q x Q matrix of GCMs, the , i.e. the strength of 328 
the effect of jth unit on the ith unit.  Significance testing was performed on the Γ , the distribution of which 329 
approaches the Χ  distribution for large Q. The Benjamini–Hochberg procedure was applied to control the 330 
false discovery rate at 0.05.  The Granger connectivity of each unit j to unit i then was classified as i) no 331 
significant connectivity, ii) significant excitatory connectivity, or iii) significant inhibitory connectivity.   332 

We performed a simulation to examine the extent that identifying effective connectivity in this way would 333 
be influenced by the modulation depth of the unit pair being tested.  We simulated a population of 30 units: 334 
15 units with a relatively low nMD of 0.35, and 15 with a relatively high nMD of 0.75.  For each unit, we 335 
generated spike trains in 1 ms bins for 10 trials to each of the 8 targets, all lasting 1 second. Each unit was 336 
assigned a randomly generated preferred direction with a baseline firing rate, FRbaseline, drawn from a 337 
uniform distribution in the range [10, 30] Hz.  The average FRbaseline thus was 20 Hz for both low nMD and 338 
high nMD populations. Spikes of unit i for a simulated trial with a target located at ° were generated using 339 
a commonly used procedure (Koch, 2004; Kim et al., 2011).   At each 1ms time step, a random number 340 
uniformly distributed in the range [0, 1] was generated and compared to a threshold, , based on cosine 341 
directional tuning with the unit’s baseline firing rate ( ), modulation depth ( ), and preferred 342 
direction ( ):  343 

=  ×  (  )      (9) 344 

If the randomly generated number was smaller than , a spike was simulated to occur in that 1ms bin 345 
unless a spike had occurred in the one preceding bin (1ms refractory period). 346 

Within this population of 30 neurons, we created 12 artificial connections: 3 excitatory connections and 3 347 
inhibitory connections from a low nMD unit to another low nMD unit, and 3 excitatory connections and 3 348 
inhibitory connections from a high nMD unit to another high nMD unit.  The target unit of each excitatory 349 
(or inhibitory) connection was assigned a 50% higher (or lower) likelihood of firing a spike at time t if the 350 
trigger unit had fired a spike at any time in the range from t-10 to t-6 ms. We then ran 1,000 simulations 351 
using the methods described above (equations 7 and 8), for each simulation seeding the population with re-352 
randomized  and .  All 12 artificial connections were detected in every simulation. Of the 353 
858 potential false positive connections tested for which no artificial connection was present (858 = 302 354 
potential connections – 30 self connections – 12 true positives), no more than 13 false positives were 355 
detected (13/858 = 0.015) in any of one the 1,000 simulations, with an average false positive rate of 0.0021 356 
across the 1,000 simulations, all within our accepted false discovery rate of 0.05.  Furthermore, the false 357 
positive rate among the low-low nMD pairs averaged across simulations was 0.0020; among low-high pairs, 358 
0.0019; among high-low pairs, 0.0021; and among high-high pairs 0.0025.  These false positive rates were 359 
significantly different among the four connection groups (p < 0.005, Kruskal-Wallis tests), due to a higher 360 
false positive rate among high-high pairs compared to low-low pairs (p < 0.005, post-hoc Kruskal-Wallis 361 
tests with Bonferroni correction). Although the difference of ~0.0005 (5 false positives in 10,000 tests) 362 
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between low-low pairs and high-high pairs might have contributed an extra high-high false positive 363 
connection to the populations tested (~1,000 tests per population) in the Results below, such a small 364 
difference would not have altered any of the findings described.   365 

  366 
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RESULTS 367 

Behavioral performance during joystick and BCI trials 368 

In each session, the monkey performed the center-out task first using the joystick and then the BCI, both 369 
within ~ 2 hours. Monkey Q was trained to proficient BCI performance—sessions with  400 successfully 370 
performed BCI trials at a success rate  80%—with five different BCI-unit assignments, monkey P with 371 
three.  For each assignment, we selected for the present analyses a session recorded once the monkey had 372 
been performing at this level consistently.  For Monkey Q the selected sessions were recorded 16, 9, 10, 7, 373 
and 10 days after training with a new BCI-unit assignment began; for Monkey P, in which two sessions 374 
were required to record from all cortical areas, after 16/17, 10/11 and 13/14 days.  Across these analyzed 375 
sessions, monkey Q performed at a higher success rate during BCI trials than during joystick trials (BCI, 376 
94.7 ± 1.4 %; joystick, 76.6 ± 3.6 %; p <1e-16, χ2 test) whereas Monkey P’s success rates were similar 377 
(BCI, 85.7 ± 5 %; joystick, 86.5 ± 5.7 %; p = 0.32, χ2 test).  Although Monkey P performed at a higher 378 
success rate than Monkey Q during joystick trials (p < 5e-12, χ2 test), Monkey Q performed at a higher 379 
success rate than Monkey P during BCI trials (p < 1e-16).   380 

Though both monkeys met our criteria for proficient BCI control during these analyzed sessions, their 381 
performance in BCI trials was not equivalent to that in joystick trials. As detailed in the Methods, because 382 
our arbitrary assignment of BCI units to the four cardinal directions made learning to use each decoder 383 
quite challenging, we relaxed the criteria for successful performance of BCI trials as compared to joystick 384 
trials.  Figure 4 compares the cursor trajectories of 5 successful joystick trials and 5 successful BCI trials  385 
(thin lines) involving each of the 8 targets, as well as the average over 20 trials each (thick lines), all from 386 
the same session.  Whereas the cursor moved in relatively straight paths in individual joystick trials, in 387 
individual BCI trials the trajectories often were convoluted, though on average directed to the target.   388 

We quantified these differences by measuring the path length and the response time, both from the time of 389 
the Go cue to the Success, in all analyzed trials.  Pooling across the analyzed sessions from each monkey, 390 
path lengths were longer during BCI trials in both monkeys (Monkey Q, joystick, 486 ± 104 screen units 391 
[mean ± standard deviation], BCI, 755 ± 348 screen units, p<5e-44, Wilcoxon rank sum test; Monkey P, 392 
joystick, 507 ± 110 screen units, BCI, 863 ± 423 screen units, p<5e-47;). Response times also were longer 393 
in BCI trials for Monkey P (joystick, 1.31 ± 0.20 sec; BCI, 2.20 ± 1.19 sec; p<5e-29, Wilcoxon rank sum 394 
test), though not for Monkey Q (joystick, 1.44 ± 0.33 sec; BCI, 1.66 ± 0.84 sec, p=0.16).  These 395 
performance measures also showed additional differences between monkeys.  During joystick trials 396 
Monkey P had shorter paths and response times than Monkey Q (path lengths: p<5e-3, response times: 397 
p<1e-9, Wilcoxon rank sum tests), while during BCI trials Monkey Q had shorter paths and response times 398 
than Monkey P (path lengths: p<5e-4, response times: p<5e-11).  Although Monkey P’s joystick 399 
performance was superior in every measure to that of Monkey Q, Monkey Q’s BCI performance was 400 
superior to that of Monkey P. 401 

Neurons in multiple cortical areas were modulated during both joystick and BCI trials 402 

We tested each analyzed unit for cosine tuning separately during joystick trials and during BCI trials, using 403 
the unit’s firing rate averaged from the Go cue to Success in each analyzed trial.  The leftmost pair of bars 404 
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in Figure 5 shows the percent of BCI units and the other pairs of bars the percent of non-BCI units in each 405 
cortical area that were cosine tuned during the joystick task (white) and during the BCI task (grey) averaged 406 
across all BCI-unit assignments in each monkey.  Colored circles with connecting lines show the 407 
percentages in each assignment separately.  With a few exceptions, 25% (arbitrarily chosen level, dashed 408 
horizontal line) or more of the sorted units in each cortical area were modulated during both tasks in each 409 
assignment.  Task-related modulation of non-BCI units thus was common in all six cortical areas not only 410 
during joystick control of the cursor, but also during BCI control.   411 

On average, 75 to 80% of the BCI units in each monkey were modulated significantly during joystick trials 412 
(Figure 5, BCI units, white bar), whereas during BCI trials 100% of the BCI-units were modulated 413 
significantly for every BCI assignment in both monkeys (Figure 5, BCI units, grey bar). Did the percentage 414 
of modulated non-BCI units also increase during BCI control? In monkey Q, this percentage tended to 415 
increase during BCI control as compared to joystick control. This increase was significant when non-BCI 416 
units were pooled across sessions and across all 6 cortical areas (McNemar's test, p < 1e-7). Post-hoc 417 
pairwise testing for individual cortical areas showed significant increases among non-BCI units in M1, 418 
PMd, and AIP (McNemar's test with Bonferroni correction, p < 0.0083 = 0.05/6 cortical areas). Monkey P, 419 
however, did not show any significant changes in the percentage of non-BCI units modulated during BCI- 420 
versus joystick-control.  Monkey Q but not Monkey P thus had more modulated non-BCI units in some 421 
cortical areas during BCI control than during joystick control.  In monkey Q, this increase in modulated 422 
units may have contributed to superior performance during BCI trials as compared to monkey P.   423 

Non-BCI units in multiple cortical areas changed preferred direction during BCI trials 424 

Given that the firing rate of most of BCI units and many non-BCI units modulated with both joystick and 425 
BCI trials, we compared the preferred direction (PD) of individual units that were significantly cosine-426 
tuned during both tasks (Table 1, right number in each cell).  Figure 6 shows, for example, the change in 427 
preferred direction (ΔPD = PDBCI - PDJoystick) for the 4 BCI units (blue) and the 29 non-BCI M1 units (red) 428 
from a single session, along with the bootstrapped distribution of the combined population (BCI and non-429 
BCI units) expected if there were no changes in PDs.  430 

All four BCI units in this illustrated session had a significant preferred direction change between joystick 431 
and BCI trials.  Across all assignments, only 1 of the 26 BCI units that were tuned during both tasks did 432 
not show a significant change in the preferred direction between joystick and BCI trials.  Did the preferred 433 
directions of BCI units change toward the cardinal directions to which they had been assigned arbitrarily 434 
by the decoder?  Knowing the direction assigned to each BCI unit, we calculated the absolute value of the 435 
difference between that assigned direction and the preferred direction of each BCI unit during joystick trials 436 
and again during BCI trials. Across all 26 testable BCI units, this absolute assigned-preferred direction 437 
difference was significantly smaller for BCI than for joystick trials (Monkey Q, p < 5e-5; Monkey P, p < 438 
0.05, Wilcoxon rank-sum tests). As might have been expected, therefore, the PDs of BCI units on average 439 
changed toward their assigned directions.  440 

Of the 29 non-BCI units illustrated in Figure 4, the preferred directions of 21 (72%) also changed 441 
significantly.  And pooling across assignments, the majority of the non-BCI units in each cortical area in 442 
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each monkey showed significant changes in PD with the exceptions of dPPC and AIP in Monkey Q (Table 443
2).  Changes in PD thus were common among non-BCI units in both monkeys.   444

Systematic changes in PD at the population level can provide insight into the strategy used to perform a 445
BCI task. In particular, an average ΔPD significantly different from 0° suggests a re-aiming strategy in that 446
most PDs are shifted in the same direction. Re-aiming may provide a useful strategy when the directions 447
assigned to BCI units on average constitute a relatively consistent rotation of their natural PDs. The 4 BCI 448
units used here in a given assignment were too few to assess consistent rotation statistically, however.  We 449
therefore classified each BCI unit with a significant ΔPD as having a ΔPD < 180°, = 180°, or > 180°.  Five 450
of the eight BCI-unit assignments included at least one BCI unit with ΔPD < 180° and at least one with 451
ΔPD > 180°, making a re-aiming strategy unlikely.  452

For populations of non-BCI units pooled across all cortical areas or within individual cortical areas, a 453
median ΔPD significantly different from 0° was found in only one of the eight assignments (Qiii, circular 454
rank-sum test, p < 0.05/8 assignments). Significant differences from 0° were not found in any of the 455
individual cortical areas for any of the BCI-unit assignments. The ΔPDs of individual non-BCI units thus 456
occurred in various directions and amplitudes, resulting in no net ΔPD for any population. Considering the 457
non-BCI units as a surrogate indicator, these findings suggest that, except perhaps in one assignment, the 458
directions assigned to BCI units did not provide a consistent rotation of their natural preferred directions as 459
assessed during joystick trials.   460

Normalized modulation depth increased in some cortical areas during BCI-control 461

As might have been expected of the BCI units, all of which became modulated during BCI trials, their 462
average modulation depth also increased during BCI trials as compared to joystick trials in each monkey.  463
As illustrated in Figure 7 (left), this increase in average nMD among BCI units occurred consistently in all 464
sessions in both monkeys.  At the level of individual units, nMD increased in 17 of the 20 BCI units in 465
Monkey Q and 8 of 12 units in Monkey P during BCI as compared to joystick trials.  Similarly, among non-466
BCI units nMD often increased during BCI trials, though less consistently than among BCI units. Figure 7 467
shows that in each cortical area except dPPC, the median nMD of non-BCI units increased during BCI trials 468
in 3 or more of the 5 assignments for Monkey Q, and in 2 or more of the 3 assignments for Monkey P.   We 469
therefore compared nMD during joystick versus BCI trials for non-BCI units in all six cortical areas.  For 470
this comparison, we included units that showed significant modulation during either joystick or BCI trials, 471
or both (Table 1, center number in each cell).  Pooling across all assignments and cortical areas, the median 472
nMD of non-BCI units was greater during BCI trials than during joystick trials in monkey Q though the 473
trend fell short of significance in Monkey P (Monkey Q, p < 5e-11; Monkey P, p = 0.058; Wilcoxon signed-474
rank tests). Post-hoc testing for each cortical area separately (gray vs. white bars in Figure 7) showed 475
significant increases in M1, PMd, and PMv in Monkey Q (Wilcoxon signed-rank test with Bonferroni 476
correction, p < 0.05/6).  As for the increase in the percentage of non-BCI units that were modulated during 477
BCI trials in monkey Q, this increase in modulation depth may have contributed to superior performance 478
during BCI trials as compared to monkey P. 479

Modulation depth also varied to some degree among cortical areas. Pooling the data across assignments we 480
found no significant differences in nMD among cortical areas during joystick trials in either monkey 481
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(Monkey Q, p = 0.73; Monkey P, p = 0.09; Kruskal-Wallis tests).  During BCI trials, however, the variation 482 
in nMD among cortical areas was significant in each monkey (Monkey Q, p < 5e-3; Monkey P, p < 1e-3, 483 
Kruskal-Wallis tests). Post-hoc pairwise comparisons revealed that in Monkey Q the median nMD of non-484 
BCI units in M1 or in PMv was significantly larger than in dPPC, and in Monkey P the median nMD of 485 
non-BCI units in M1 or in PMd was larger than in dPPC (p < 0.0083 = 0.05/6, Kruskal-Wallis tests with 486 
Bonferroni correction for 6 cortical areas). Differences in nMD between cortical areas thus appeared during 487 
BCI trials that were not present during joystick trials.  Modulation in M1 and premotor areas became larger 488 
than that in dPPC, which may have reflected increased modulation in frontal motor areas and/or a decrease 489 
in proprioceptive feedback to dPPC during BCI trials as compared to joystick trials. 490 

Effective connectivity during joystick and BCI trials 491 

The changes observed in the percent of units modulated, their preferred directions, and their normalized 492 
modulation depths suggest that non-BCI units in multiple cortical areas participated indirectly in controlling 493 
the BCI, either influencing the activity of the BCI units, or being influenced by the BCI units, or both.  We 494 
therefore compared effective connectivity among both BCI and non-BCI units during joystick trials and 495 
during BCI trials. We evaluated pairwise effective connectivity among all BCI units (Table 1, top row, left 496 
number) and all non-BCI units that were modulated significantly during both joystick and BCI trials (Table 497 
1, other rows, right number in each cell) using Granger causality adapted for point process models  (Kim et 498 
al., 2011; Balasubramanian et al., 2017), as described in the Methods. Figure 8 shows the Granger 499 
connectivity matrices from an example session, computed using equal numbers of joystick (A) and BCI (B) 500 
trials.  Among the 29 simultaneous recorded units, pairs with excitatory effective connectivity from the 501 
trigger unit (abscissa) to the target unit (ordinate) are indicated by a red square and those with inhibitory 502 
connectivity by a dark blue square.    503 

Comparing effective connectivity during joystick versus BCI trials shows that changes occurred both within 504 
and between cortical areas, and both with BCI and with non-BCI units. For the example session shown in 505 
Figure 8, the number of connected pairs increased in many instances—for example: from the BCI units to 506 
non-BCI units in M1, from non-BCI units in M1 to other non-BCI units in M1, and from non-BCI M1 units 507 
to those in PMv—while decreasing in others—for example from PMv units to other PMv units).  Overall, 508 
the fraction of significantly connected pairs in this session was greater during BCI than during joystick 509 
trials.   510 

Pooling across sessions and across cortical areas in Monkey Q, the fraction of unit pairs with effective 511 
connectivity was significantly larger during BCI trials (Figure 9A, left, grey bar) than during joystick 512 
trials (Figure 9A, left, white bar) in Monkey Q (p < 1e-13, McNemar's test) but not in Monkey P (Figure 513 
9B, left p > 0.6). The increase during BCI trials remained evident in Monkey Q when excitatory (p < 5e-514 
8) and inhibitory (p < 5e-6) connections were considered separately (Figure 9A, right), but the fraction of 515 
neither excitatory (p > 0.1) nor inhibitory (p > 0.4) connections changed in Monkey P (Figure 9B, right). 516 
In Monkey Q, this increase in effective connectivity during BCI trials was present in four of the five 517 
individual assignments (Figure 9 A, colored lines).  Again, increased effective connectivity may have 518 
contributed to Monkey Q’s superior performance during BCI trials as compared to monkey P.  519 

  520 
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Non-BCI units with effective connectivity to or from a BCI unit 521 

Non-BCI units with effective connectivity either to or from a BCI unit might influence BCI control more 522 
strongly than those without such connections.  An increase of modulation depth in a non-BCI unit with 523 
effective connectivity to a BCI unit, for example, might have a greater impact on that BCI unit than the 524 
same increase in a non-BCI unit without such connectivity. We therefore divided the non-BCI units into 525 
two groups: Connect+ units had significant excitatory or inhibitory connectivity, either as a trigger or as a 526 
target, with at least one BCI unit; Connect- units had no significant effective connectivity with any of the 527 
BCI units, although Connect- units might or might not have effective connectivity with other non-BCI units. 528 
Table 3 gives the percentages of Connect+ units in each cortical area, pooled across assignments in each 529 
monkey, for both joystick and BCI trials, and further subdivides the Connect+ units into those being the 530 
trigger for versus the target of connectivity with a BCI unit. 531 

In both monkeys, pooling across cortical areas revealed an overall increase in the percent of Connect+ units 532 
during BCI trials as compared to joystick trials (Monkey Q, 36% vs 21%, p < 0.005; Monkey P, 35% vs 533 
27%, p < 0.05, McNemar's test). Post-hoc pairwise testing, however, found no significant differences in 534 
any of the 6 individual cortical areas in either monkey (McNemar's tests with Bonferroni correction for 6 535 
tests, p > 0.05/6).  Nor did the percent of Connect+ units differ significantly among cortical areas in either 536 
monkey during joystick trials (Monkey Q, p > 0.05; Monkey P, p > 0.8, χ2 tests) or during BCI trials 537 
(Monkey Q, p > 0.4; Monkey P, p > 0.2, χ2 tests).  Though not demonstrable for individual cortical areas, 538 
in both monkeys the overall percentage of non-BCI units with effective connectivity to or from BCI units 539 
increased during BCI as compared to joystick control. 540 

Non-BCI units providing effective connections to BCI units might play a different role than those receiving 541 
effective connections from BCI units.  We therefore classified Connect+ non-BCI units into those with 542 
effective connectivity to a BCI unit (Connect+trigger) and those with effective connectivity from a BCI unit 543 
(Connect+target).  Note that these classes are not mutually exclusive because, although each unit pair can 544 
have only one effective connection, the same non-BCI unit could have an effective connection to one BCI 545 
unit and receive an effective connection from another BCI unit.  Percentages of Connect+trigger and 546 
Connect+target units are given in Table 3, pooling across assignments for each monkey.  When pooling across 547 
cortical areas in each animal separately, the percentage of Connect+trigger units was not significantly different 548 
from the percentage of Connect+target units either during joystick trials or during BCI trials (p > 0.05, 549 
McNemar's tests). Nor were significant differences found for any of the individual cortical areas during 550 
either joystick or BCI trials (McNemar's test with Bonferroni correction for 6 tests, p > 0.05/6). Thus, 551 
similar percentages of non-BCI units in each cortical area provided effective connections to and received 552 
effective connections from BCI units during each task.   553 

As described above, we found that the nMD of most BCI units was greater during BCI trials than during 554 
joystick trials, as was the nMD of many non-BCI units.  Did this increase in nMD during BCI trials occur 555 
selectively in Connect+ units as compared to Connect- units? Figure 10 shows a scatterplot for each monkey 556 
in which each point represents the nMD for a non-BCI unit during joystick (abscissa) versus BCI (ordinate) 557 
trials, along with the respective marginal probability distributions.  Colors distinguish Connect+ (blue) 558 
versus Connect- (orange) units pooled from all assignments in each monkey.  More evident in Monkey Q 559 
than in Monkey P is that the majority of Connect+ units lie above the dashed line of unity slope, indicating 560 
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that on average Connect+ units had a larger nMD during BCI trials than during joystick trials, which was 561 
the case in both monkeys (Monkey Q, p < 5e-6; Monkey P, p < 0.05, Wilcoxon signed-rank tests).  In 562 
contrast, the population of Connect- neurons showed no systematic joystick versus BCI difference in nMD 563 
in either monkey (Monkey Q, p > 0.05; Monkey P, p > 0.9, Wilcoxon signed-rank tests).  The marginal 564 
probability distributions confirm this difference between Connect+ and Connect- neurons.  During BCI 565 
trials, the median nMD of Connect+ units was greater than that of Connect- units in both monkeys (right 566 
histograms, Monkey Q, p < 5e-4; Monkey P, p < 5e-7, Wilcoxon rank-sum tests) whereas during Joystick 567 
trials the median nMD of Connect+ and Connect- units was not different (top histograms, Monkey Q, p > 568 
0.8; Monkey P, p > 0.1, Wilcoxon rank-sum tests).  While the scatterplots of Figure 10 exclude outliers 569 
with nMD > 1.7 (6 units from Monkey Q, 9 from Monkey P) for purposes of display, including all outliers 570 
did not change any of these findings.  The modulation depth of Connect+ neurons thus increased during 571 
BCI trials while that of Connect- neurons did not.   572 

  573 
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DISCUSSION   574 

The firing rates of neurons in multiple cortical areas are modulated during voluntary upper extremity 575 
movements.  We found that while only 4 M1 units controlled a closed-loop BCI, substantial numbers of 576 
non-BCI units not only in frontal motor areas (M1, PMd, PMv) but also in parietal areas (S1, dPPC, AIP) 577 
likewise were modulated in relation to the task. In each of these cortical areas, generally comparable 578 
percentages of non-BCI units were modulated during joystick and BCI control, though in Monkey Q the 579 
percentage was significantly higher during BCI trials in M1, PMd, and AIP. Many non-BCI units were 580 
cosine-tuned during both joystick- and BCI-control of the cursor, and among these units we found changes 581 
in preferred direction, modulation depth, and effective connectivity during BCI trials as compared to 582 
joystick trials, similar to the changes that occurred concurrently in the BCI units.  All these cortical areas 583 
thus participate, not only in natural control of voluntary limb movement, but in a more general system for 584 
closed-loop control of an effector being moved to a visual target.  And many individual non-BCI neurons 585 
in these areas change their activity between joystick and BCI control. 586 

Our findings have two important limitations.  First, whereas the joystick-controlled movements typically 587 
had a large rapid and relatively ballistic initial component that often brought the cursor promptly to the 588 
target, the BCI-controlled movements were generally slower and less smooth, often requiring multiple 589 
corrective sub-movements before arriving in the target (Figure 4).  This difference was particularly evident 590 
because we chose to use a more permissive center-out task for BCI-controlled trials and chose not to train 591 
the monkeys to the point of BCI performance equivalent to that with joystick control.  Some of our findings 592 
may have resulted from these differences between the present joystick- versus BCI-controlled trials.  The 593 
latter might be viewed as a comparatively early stage in learning to use a difficult, non-intuitive controller.   594 

Second, rather than focusing our recording channel capacity on one or two cortical areas, for the present 595 
study we distributed the available channels across six cortical areas.  Fewer units therefore were recorded 596 
from any one area than in some other studies.  Furthermore, across BCI-assignments in a given monkey 597 
and across monkeys, our microelectrode arrays consistently recorded fewer analyzable units in parietal than 598 
in frontal cortical areas (Table 1).  The number of units recorded may have limited the present statistical 599 
comparisons among areas.  Had we recorded more units, particularly in S1, dPPC, and AIP, additional 600 
significant differences might have emerged.  Nevertheless, we have included these parietal areas along with 601 
the frontal areas in the present analyses as providing our best available sampling of their activity. 602 

Strategies and cognitive load elicited by the BCI decoder 603 

For the present study, we intentionally chose a non-intuitive BCI decoder to require a relatively high 604 
cognitive load, potentially eliciting more extensive activity in the various cortical areas from which we 605 
recorded.  Because using fewer units tends to make BCI control less accurate (Law et al., 2014), we limited 606 
the number of BCI units to four, and assigned each BCI unit arbitrarily to drive cursor velocity in a particular 607 
cardinal direction without regard to its preferred direction during joystick trials.  Under such conditions 608 
BCI control can be achieved through a variety of strategies, including remapping the preferred directions 609 
of individual BCI units, reweighting their modulation depths, and re-aiming with a coherent rotation of the 610 
preferred directions of most units (Jarosiewicz et al., 2008; Ganguly et al., 2011; Chase et al., 2012; 611 
Sakellaridi et al., 2019).  Across the eight assignments in the two monkeys, preferred directions changed 612 
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significantly in all but one of the BCI units that were also modulated during the joystick task.  On average 613 
the PD of each BCI unit shifted toward its own assigned direction, with some changing in clockwise and 614 
others in counterclockwise directions in five of the eight assignments.  In addition, the average modulation 615 
depth of the BCI units increased in every assignment.  In only one of the eight assignments did the 616 
population of non-BCI units show evidence of a coherent rotation all in the same direction.  Whereas 617 
remapping and reweighting thus occurred in most assignments, re-aiming was uncommon.   618 

Our BCI decoder design was sufficiently difficult for the monkeys to use that we relaxed our criteria for 619 
successful trial performance compared to joystick trials.  Even after several days of BCI training when the 620 
monkeys had achieved our criteria of > 80% success over at least 400 trials, cursor trajectories remained 621 
considerably longer and more convoluted during BCI trials than during joystick trials, and non-BCI units 622 
remained as deeply modulated during BCI trials as during joystick trials (Hwang et al., 2013; Law et al., 623 
2014).  Had we used a BCI decoder optimized to incorporate the natural tuning of larger numbers of M1 624 
neurons (Jarosiewicz et al., 2008; Ganguly and Carmena, 2009; Gilja et al., 2012; Sadtler et al., 2014)  625 
and/or trained the monkeys for substantially more sessions (Oby et al., 2019; Zhou et al., 2019), the response 626 
time and path length of BCI trials might have more closely approximated that of joystick trials, and the 627 
modulation of non-BCI units might have diminished (Ganguly et al., 2011; Clancy et al., 2014).  The present 628 
results most likely were obtained, therefore, while the monkeys still employed some degree of cognitive 629 
exploration that had not yet consolidated to automatic execution (Wander et al., 2013).   630 

In controlling natural movements of the upper extremity, patterns of co-activation in M1 neurons are largely 631 
confined to an “intrinsic manifold” in the neural state-space (Sadtler et al., 2014; Gallego et al., 2018; 632 
Gallego et al., 2020).  Learning to control a BCI with M1 neurons progresses more quickly if the BCI 633 
decoder uses latent dimensions within this intrinsic manifold than if patterns outside the manifold are 634 
required (Sadtler et al., 2014).  When such out-of-manifold patterns are required by the decoder, novel 635 
patterns of neural co-activation must be learned over many sessions (Oby et al., 2019).  The time needed 636 
by the present monkeys to achieve our proficiency criteria for BCI performance, together with changes in 637 
the preferred directions and modulation depths of the BCI units, suggests that our BCI decoder most often 638 
constituted an out-of-manifold perturbation that required learning new patterns of unit co-activation.  The 639 
newly learned patterns were not necessarily confined to the BCI units, and may have involved many non-640 
BCI units in various cortical areas as well.     641 

Variability of changes observed 642 

Although the present BCI units consistently showed changes in preferred direction and modulation depth 643 
in all assignments, the concurrent changes observed in non-BCI units were comparatively variable across 644 
assignments, both within and between monkeys.  Such variability might suggest that the activity of non-645 
BCI units in some or all cortical areas was an epiphenomenon, irrelevant or even counter-productive to 646 
closed loop BCI performance.  We consider this possibility to be unlikely, however.  Although we cannot 647 
determine the exact causes of this variability, we suggest two potential factors that may have contributed.   648 

First, as indicated by their success rates, response times, and cursor path lengths, the two monkeys 649 
approached the joystick and BCI tasks differently, with Monkey P performing better at the joystick task 650 
while Monkey Q achieved better performance at the BCI task.  Our two subjects thus may have been at 651 
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different positions on the spectrum from BCI learners to non-learners (Bridges et al., 2020).  The behavioral 652 
differences between the two monkeys were accompanied by differences in neural activity. Non-BCI units 653 
in Monkey Q showed more consistent increases in the percent of units modulated, their modulation depths, 654 
and their effective connectivity with other units during BCI as compared to joystick trials than did non-BCI 655 
units in Monkey P.  We speculate that the differences between the two monkeys in behavioral performance 656 
and in neural activity were interrelated, and were related as well to a difference in what appeared to be the 657 
monkey’s engagement in performing the BCI task.     658 

Second, within a given animal, each different BCI-unit assignment likely required a different pattern of 659 
coactivation among the BCI units (Athalye et al., 2017; Oby et al., 2019).  These different coactivation 660 
patterns among the BCI units may have been achieved with different patterns of activity in non-BCI units 661 
in the various cortical areas examined here, producing varying results from assignment to assignment within 662 
each subject.  Although the BCI units were solely responsible for directly controlling the BCI output, a 663 
closed-loop BCI cannot be operated successfully without engaging the activity of at least some non-BCI 664 
units.  The BCI units in our task must at least have received processed visual information about the location 665 
of the peripheral target and likely received visual feedback about the current location of the cursor. This 666 
information could only have come through non-BCI units, though not necessarily those that we recorded.  667 
In addition, internal decisions about when to initiate another trial probably influenced the BCI units, and 668 
their firing may also have provided efference copy to circuits comparing a forward model of the expected 669 
cursor trajectory with the actual incoming feedback.  We speculate that, released from the need to control 670 
the motion of the cursor with movement of the native upper extremity, and with an expansive neural space 671 
available, the CNS found ways to provide these functions that varied to some extent from assignment to 672 
assignment.    673 

Effective connectivity of non-BCI units and BCI control 674 

A previous study has shown that effective connectivity among the M1 BCI units controlling a reach-to-675 
grasp robot changes progressively as non-human primates acquired proficient control, though the time 676 
course of these changes differed depending on whether the M1 BCI population was contralateral or 677 
ipsilateral to an upper extremity amputation (Balasubramanian et al., 2017). Here, we found that effective 678 
connectivity increased during BCI as compared to joystick control in one monkey but not the other.  But in 679 
both monkeys, non-BCI units with effective connectivity to or from a BCI unit (Connect+ units) on average 680 
had higher normalized modulation depths during BCI trials than those without such connectivity (Connect- 681 
units).  Our simulation (see Methods) indicates that this difference cannot be attributed simply to a higher 682 
likelihood of finding false positive connections for units with larger modulation depth.  We therefore 683 
speculate that Connect+ non-BCI units are more likely than Connect- units to have played a relatively direct 684 
role in one or more of the ancillary functions required for closed-loop control—processing target location, 685 
inverse model, visual feedback, efference copy, forward model, etc.  Although current concepts of cortico-686 
cortical information flow during voluntary movement emphasize transmission of information from 687 
posterior parietal cortex to premotor cortex and then to primary motor cortex (Rizzolatti et al., 1998; 688 
Grafton, 2010), we found that effective connectivity between BCI and non-BCI units in most of the cortical 689 
areas we examined was largely bidirectional, both during joystick and during BCI trials.  Our estimates of 690 
effective connectivity of course are based on statistical models and do not represent actual synaptic 691 
connectivity.  But with the exception of dPPC, where we found no effective connectivity with BCI units 692 
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during BCI trials, we found that similar fractions of non-BCI units in all cortical areas had effective 693 
connectivity to and effective connectivity from the BCI units in M1.   694 

Conclusions 695 

The present study shows for the first time that changes in preferred direction, modulation depth, and 696 
effective connectivity occur in units beyond the cortical area(s) that directly control a BCI and extend to 697 
many, though not all, cortical areas involved in the distributed cortical network for the sensorimotor control 698 
of voluntary movements.  In theory, given that the performance of modern neuroprostheses falls short of 699 
natural control of a native limb (Hochberg et al., 2012; Rouse and Schieber, 2015; Wodlinger et al., 2015), 700 
harnessing the activity of units from multiple cortical areas in next generation BCIs might provide a more 701 
dexterous neuroprosthetic extremity.  Further studies, ideally recording more units in each area, will be 702 
needed to extend the present findings to the more proficient performance achieved with BCI decoders 703 
optimized to incorporate the natural tuning of large numbers of neurons, and to determine whether non-BCI 704 
units play similar or different functional roles in closed-loop control of the native limb versus a BCI.  705 

  706 
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FIGURE LEGENDS 821 

Figure 1. Center-out task. The monkey controlled the movement of the cursor (white “+”) from the center 822 
to the peripheral target.   823 

Figure 2. Location of arrays. A) Monkey Q. B) Monkey P.  Array locations and cortical sulci were 824 
redrawn from intraoperative photographs. CS, Central Sulcus; AS, Arcuate Sulcus; SPS, Superior 825 
Precentral Sulcus. IPS, Intraparietal Sulcus. Orientation arrows: M, Medial; C, Caudal. 826 

Figure 3.  BCI training. Success rates (A) and mean response times (B) are shown in sequential blocks of 827 
50 successfully performed trials over 10 daily training sessions. As success rates increased, 828 
response times (from the appearance of the Go cue until the cursor had been in the target for 50 829 
ms) decreased. The number of blocks of 50 successful trials varied from one training day to the 830 
next. Data from Monkey Q, assignment ii.   831 

Figure 4. Cursor paths in joystick trials (A) and BCI trials (B). Each trial started within the center target 832 
(blue circle) and ended in one of the eight peripheral targets (between the red and yellow circles). 833 
Thin lines show the cursor paths to each target (colors blue to brown) from 5 successful trials, and 834 
thick lines represent cursor paths averaged across 20 successful trials to each target (time 835 
normalized between Go Cue and Success events). Squares and solid dots show the cursor 836 
positions at the time of Go Cue and Success, respectively. Data from Monkey Q, assignment iii. 837 

Figure 5. Percent of units modulated significantly with the center-out task during joystick trials and 838 
during BCI trials.  A. Monkey Q. B. Monkey P.  Bars represent the percentages of units across all 839 
assignments during joystick trials (white) or BCI trials (grey), while colored lines compare 840 
percentages during joystick trials (open circles) vs. BCI trials (filled circles) in individual BCI 841 
assignments.  Because all BCI M1 units were modulated during the BCI task, closed circles 842 
overlap for those units at 100%. Open circles and colored lines also overlapped at 100% for BCI 843 
units during joystick trials for Monkey Q in assignments i and ii. 844 

Figure 6. Preferred direction changes in a single session. Lines indicate the ΔPD of the 4 BCI units (blue), 845 
29 non-BCI units (red) in polar coordinates. The yellow histogram represents the bootstrapped 846 
probability distribution of ΔPDs under the null hypothesis of no change. All four BCI units, as 847 
well as 72% of the non-BCI units, had a significant preferred direction change during BCI trials 848 
compared to joystick trials. At the population level, the ΔPD among non-BCI units was not 849 
significantly different from 0°. Data from Monkey Q, BCI assignment ii.   850 

Figure 7. Normalized Modulation Depth (nMD) of significantly modulated units during joystick trials 851 
versus BCI trials.  A. Monkey Q.  B. Monkey P. Bars represent the median nMD among units 852 
across all assignments during joystick trials (white) or BCI trials (grey), while colored lines 853 
compare median nMDs during joystick trials (open circles) vs. BCI trials (filled circles) in 854 
individual BCI assignments.  855 

Figure 8. Granger connectivity matrices in a single session. Granger connectivity was evaluated 856 
separately during joystick trials (A) and during BCI trials (B).  Each red or blue cell indicates 857 
significant excitatory or inhibitory connectivity from a trigger unit (abscissa) to a target unit 858 
(ordinate). White cells indicate no significant connectivity between the pair.  Black lines separate 859 
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groups of BCI units and non-BCI units from different cortical areas. Data from Monkey Q, 860 
assignment iii. 861 

Figure 9. The fraction of unit pairs with significant effective connectivity during joystick-controlled trials 862 
(white bars) and BCI-controlled trials (grey bars) for Monkey Q (A) and Monkey P (B).  For each 863 
monkey, overall fractions are shown to the left and the fractions with excitatory or inhibitory 864 
connectivity are shown separately to the right.  White and grey bars represent fractions pooled for 865 
each monkey across assignments (with p-values from McNemar’s tests), while colored lines 866 
represent the individual BCI-unit assignments.  867 

Figure 10. Normalized modulation depths (nMD) of Connect+ units and Connect- units compared during 868 
joystick versus BCI trials.  (A) Monkey Q. (B) Monkey P. Scatter plots show that the nMDs of 869 
Connect+ units (blue circles) were higher during BCI trials, as the majority of blue circles fall 870 
above the dashed line of unity slope.  The same was not true for Connect- units (orange circles). 871 
Marginal histograms show the probability distributions of Connect+ nMDs (blue) and Connect- 872 
nMDs (orange) during BCI trials (right) which were significantly different, and during joystick 873 
trials (top) which were not. Blue and orange arrows represent the medians for Connect+ and 874 
Connect- unit populations, respectively.  In these scatterplots, outliers with nMD > 1.7 have been 875 
excluded for purposes of display; including the outliers did not change the results. 876 
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TABLES 878 

Table 1.  Number of units analyzed for each BCI assignment.  The three values in each cell give the number of: unique 879 
units | units modulated significantly during joystick and/or BCI trials | units modulated significantly during 880 
both joystick and BCI trials. 881 

 Monkey Q Monkey P 

i ii iii iv v total i ii iii total 

BCI units  4 | 4 | 4 4 | 4 | 4 4 | 4 | 2 4 | 4 | 3 4 | 4 | 4 20 | 20 | 17 4 | 4 | 3 4 | 4 | 4 4 | 4 | 2 12 | 12 | 9 

Non-BCI   

M1 38 | 30 | 11 30 | 26 | 14 34 | 30 | 15 23 | 20 | 10 35 | 35 | 25 160 | 141 | 75 102 | 87 | 61 125 | 89 | 32 104 | 73 | 29 331 | 249 | 122 

PMd 9 | 6 | 4 21 | 18 | 7 12 | 10 | 2 8 | 7 | 5 16 | 15 | 8 66 | 56 | 26 28 | 25 | 18 23 | 17 | 11 30 | 27 | 16 81 | 69 | 45 

PMv 23 | 16 | 3 16 | 12 | 3 10 | 8 | 4 17 | 10 | 9 20 | 18 | 10 86 | 64 | 29 23 | 11 | 6 24 | 11 | 3 14 | 9 | 1 61 | 31 | 10 

S1 7 | 4 | 4 4 | 2 |0 7 | 3 |1 5 | 2 |0 5 | 4 | 2 28 | 15 | 7 14 | 13 | 8 22 | 16 | 6 18 | 8 | 1 54 | 37 | 15 

dPPC 5 | 0 | 0 9 | 5| 3 3 | 2 | 1 11 | 7 | 0 10 | 6 | 2 38 | 20 | 6 15 | 12 | 6 6 | 3 | 1 13 | 3 | 2 34 | 18 | 9 

AIP 8 | 5 |3 7 | 4 | 2 5 | 4 | 2 5 | 4 | 3 5 | 5 | 2 30 | 22 | 12 8 | 6 | 2 16 | 9 | 2 14 | 10 | 2 38 | 25 | 6 

 882 

Table 2. Percent of units with a significant joystick vs. BCI change in preferred direction  883 

 BCI units Non-BCI: M1 PMd PMv S1 dPPC AIP All  
Monkey Q 100%  84% 81% 52% 86% 33% 42% 72% 
Monkey P 89% 77% 67% 60% 87% 78% 67% 74% 

 884 

Table 3. Percentages of Connect+ non-BCI units 885 

Monkey Task Non-BCI units: M1 PMd PMv S1 dPPC AIP Overall  

Monkey Q 

Joystick 
Connect+ 27 12 14 57 17 8 21 
   Connect+trigger 20 4 4 14 0 8 13 
   Connect+target 13 8 10 43 17 8 13 

BCI 
Connect+ 36 42 38 43 0 25 36 
   Connect+trigger 23 27 21 14 0 17 21 
   Connect+target 32 35 21 43 0 8 28 

Monkey P 

Joystick 
Connect+ 30 20 30 27 22 17 27 
   Connect+trigger 18 11 20 13 0 17 15 
   Connect+target 19 11 20 20 22 0 17 

BCI 
Connect+ 38 36 20 40 0 33 35 
   Connect+trigger 23 20 10 7 0 33 20 
   Connect+target 25 20 10 33 0 0 22 

 886 






















