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Abstract

Traditional views of cortical motor areas hold that movements of different parts of the body, or effectors,
are represented in distinct anatomical locations. The extent of overlap in effector representations has been
a topic of debate for decades. We recorded from single neurons in “hand areas” of motor cortex (MC) and
posterior parietal cortex (PPC) of tetraplegic humans while they attempted movements across the body.
We found a population response to every movement tested in both areas; however, the hand knob of MC
more selectively activated for hand movements, whereas PPC did not emphasize any specific effector.
Single neurons in MC responded selectively to a single effector or to two effectors that were part of the
same limb. In PPC, neurons responded to random combinations of effectors. These findings suggest a

transition from highly effector-general representation in PPC to regional effector specificity in MC.
Introduction

Even simple movements rely on the recruitment of multiple brain areas. Understanding the functional
organization of these brain areas is a classic problem in motor control. The fundamental question of how
different brain regions contribute to the control of different parts of the body has provided a framework to
understand how information is arranged on the cortical surface more generally. In motor cortex (MC),
results are summarized by the homunculus, an orderly representation of the body that is topographically
arranged from head to toe . In posterior parietal cortex (PPC), results are summarized as distinct cortical
regions responsible for the sensory-motor guidance of distinct effectors, such as the eyes in the lateral

intraparietal area, the arm in parietal reach region, and the hand in anterior intraparietal area *~.

NOTE: This preprint reports new research that has not been certified by peer review and should not be used to guide clinical practice.
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However, several recent results challenge this conventional wisdom. In human MC, recent functional
magnetic resonance imaging (fMRI), stereoelectroencephalography (sEEG), and intracortical recordings
all show a degree of overlap in effector representations . Although the original topographic
organization did include some overlap between neighboring effectors (e.g. the fingers '°), the overlapping
effectors in more recent findings are from head to toe. For example, single neuron recordings in humans
from the hand knob of precentral gyrus found a compositional code for both the hand and the entire
body’. Additionally, coding for both the ipsilateral and contralateral arm/hand are found to overlap in a
single hemisphere (and even within single neurons) ''~'*. In non-human primates (NHPs), long train
intracortical microstimulation (LT-ICMS) studies have revealed complex movements, suggesting that MC

is organized ethologically around behaviorally relevant effectors rather than the classical homunculus '*
17

In PPC, recent fMRI studies in humans show overlapping representations for effectors for similar types of
movements, suggesting a functional organization of movement '*2!. Previously, we recorded from human
PPC and found that contralateral hand and shoulder movements were encoded orthogonally in single
neurons whereas other variables were randomly mixed, an organization we referred to as partially mixed
selectivity **%*. Additionally, LT-ICMS of PPC in NHPs can evoke multi-effector movements supporting

the hypothesis of functional organization. **%°,

These recent findings of overlapping effector representations across various brain regions raise the
question of whether different cortical areas encode movement and effectors in distinct or similar ways.
Due to differences in tasks and participants in previous studies of whole body encoding in MC and PCC,
it is difficult to directly compare these studies. In the current study, we had the unique opportunity to
simultaneously human PPC and MC single neuron activity during attempted movements from head to
foot in two participants. Examining these neural responses from each area in the same participant allows

us to answer questions about how control of different effectors is organized in each area.

Despite targeting areas of both MC and PPC that have been classically associated with representing hand
movements, we found neural responses to every part of the body; however, the pattern of this overlapping
representation varied between the two brain regions. In MC, the population response for the wrist and
thumb was two to three times stronger than other effectors. Most neurons were tuned to the contralateral
hand, followed by the ipsilateral hand, with the fewest number of neurons being tuned to the proximal
effectors. The population in PPC was found to represent the whole body as well, however, unlike in MC,

we found equivalent tuning strength across effectors. There was no relationship observed between the
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effectors coded by each single neuron in PPC, and instead each neuron was tuned to a seemingly random

combinations of effectors.

We also sought to understand whether this overlap has functionally useful characteristics, for example
shared spatial information between effectors, which has been suggested to facilitate the transfer of learned
motor skills from one limb to another. The extent to which information is shared is expected to vary
between lower and higher cognitive areas, leading to a prediction that in MC spatial coding would be
shared between specific effectors, such as the left and right hand, while in PPC arbitrary effectors would
be able to share information ***, Indeed, we find this to be the case. These results point to clearly distinct
organization of effector representations in MC and PPC and allow for a greater understanding of the

different functional roles of each area and how each area contributes to motor control.
Results

As part of an ongoing clinical study, two participants were implanted with microelectrode Utah arrays.
Participant N1 is tetraplegic (C3/C4) and was implanted with four 64-channel arrays in the left
hemisphere: two in the hand knob of precentral gyrus (N1-MCL and N1-MCM), one in the left superior
parietal lobule (SPL) of PPC (N1-PPC) and one in the supramarginal gyrus (see note in methods) (Figure
la). Participant N2 is tetraplegic (C4/C5) and was implanted with two 96-channel arrays in the left
hemisphere, one in the hand knob of precentral gyrus (N2-MC) and the other in SPL (N2-PPC, Figure 1b).
Implant locations within each brain area were selected by finding the regions of peak activation in
response to the participants performing motor imagery for hand and arm movements during functional

magnetic resonance imaging.

We asked the participants to attempt to move twelve effectors in five directions using a center-out
paradigm where the effector to be moved was instructed on the screen (Supplemental Figure 1). For each
movement, the direction was indicated by one of five targets changing color from gray to red. An inter-
trial interval (ITI) followed each movement during which the participant was at rest. Array recordings
were made simultaneously as the participants attempted movements of the eyes, head,
contralateral/ipsilateral shoulder, wrist, thumb, leg, and ankle. Attempted movements for both participants

result in overt movement for the eyes, head, and shoulders.
Overlapping full body representations with differing population preferences in MC and PPC

Is there an effector-specific movement code implemented in MC or PPC? We examined the population

responses for effector preferences. The strength of representation across the body was determined by
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94  finding the cross-validated distance between population firing rates during movements for each condition
95  and firing rates during rest (during the ITI). Signals were spike sorted. In both participants, both MC and
96  PPC showed population responses that were distinct from the baseline for all 12 effectors (Figure 1c-g,
97  permutation test, p<0.05 for MC and PPC), however the relative strength of these representations across

98  effectors were different between the two brain areas.

99  InNI-MCL, N1-MCM, and N2-MC, the contralateral thumb was significantly more strongly encoded
100 than other effectors (aside from the contralateral wrist in N1-MCM and N2-MC, permutation test p<0.05)
101  (Figure lc-e). In N1-MCL the next strongest response was to the ipsilateral thumb and in NI-MCM it
102 was to the contralateral wrist (Figure 1¢ and d). In N2-MC, the contralateral wrist, ipsilateral thumb and
103 ipsilateral wrist all evoked responses stronger than any of the non-hand effectors (Figure le; permutation
104 test p<0.05). In contrast, the population responses from both N1-PPC and N2-PPC generally did not show
105  signficnat coding strength differences between effectors (exceptions noted in the figure caption,

106  permutation test p>0.05) (Figure 1f-g).

107  To help qualitatively understand the population results, we visualized exemplar single-neuron firing rates
108  grouped by the effector. In the single neuron examples for N1-MCL, N1-MCM, and N2-MC, the neurons
109  respond strongly to the contralateral thumb, followed by the ipsilateral thumb and contralateral wrist

110 (Figure 1h-j). In the single neuron examples for N1-PPC and N2-PPC, the neurons respond to one, two,
111 several, and even all effectors. The chosen examples show a neuron in N1-PPC that is tuned across all
112 twelve effectors, and one in N2-PPC that is tuned to half of the effectors (Figure 1k-1, more examples in
113 Supplemental Figure 2).

114  Single neurons respond to multiple effectors in both MC and PPC with distinct patterns of overlap

115  We next sought to better understand the neural architecture that supports coding for multiple body-parts
116  in each area. Here we focus on two aspects of functional organization at the single neuron level. First, was
117  there evidence for a systematic relationship between different effectors, e.g. if the preferred effector is the
118  contralateral wrist, is it more likely that the neuron is tuned to the ipsilateral wrist? Second, if a neuron is

119  tuned to multiple effectors, are the spatial tuning preferences similar?

120 We calculated the directional modulation strength of single neuron firing rates during movements of each
121 effector. The strength was determined by subtracting a neuron’s firing rate in its worst direction from the
122 firing rate in its best direction. Only neurons that were significantly directionally tuned to at least one
123 effector were included in the results (shuffle test, p <0.05). First, we found each neuron’s most preferred

124 effector, or the effector that resulted in the strongest modulation of that neuron’s firing rate (Figure 2a-e).
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125  In each of the three MC arrays, around 40% of units preferred the contralateral thumb, in line with the
126  population results (Figure 2a-c, NI-MCL: 53%, N1-MCM: 40%,N2-MC: 38%).

127  Inthe PPC arrays, neural preferences were spread across effectors, with between 4 and 18% of neurons
128  best tuned to each effector (Figure 2 d, e). In both arrays the eyes stand out as being slightly more
129  preferred than other effectors, and likewise for the contralateral ankle in N2-PPC, however this is only a

130  significant difference for a few of the conditions (one-way ANOVA, p<0.05).

131  Next, we examined how the strengths computed for each neuron compared across all twelve effectors.
132 The normalized strength of each neuron’s response is plotted with neurons sorted by two characteristics:
133 their most preferred effector (from eyes to ankle); and the number of other effectors tuned (shuffle test,
134 p<0.05; Figure 2f-j). The qualitative difference for MC and PPC is notable. To better understand the

135  tuning of a single neuron across different effectors, we separated the neurons by their most preferred

136  effector and then summarized what other effectors those neurons were tuned to in pie charts (Figure 2k-o;
137  supplemental Figure 3). As shown in Figure 2d and e, there are a similar number of neurons that prefer
138  each effector in PPC, but in MC there are very few neurons that prefer an effector other than the

139 contralateral thumb or wrist (n<10). Thus, to compare single neuron tuning across effectors using a

140  similar number of neurons recorded from arrays in both MC and PPC, the pie charts for neurons that most
141  preferred the contralateral wrist and thumb are shown (Figure 2k-o, pie charts for other effectors

142 Supplemental Figure 3).

143 Inall three arrays in MC most neurons are tuned to one effector, and a smaller portion of single neurons
144 are tuned to multiple effectors (Figure 2f-h & Supplemental Figure 4a-c). In the N1-MCL and N1-MCM
145  arrays, less than 10% of neurons are tuned to multiple effectors (Supplemental Figure 4a & b). In N1-
146 MCL only a single neuron that preferred the contralateral thumb was tuned to another effector

147  (contralateral shoulder) (Figure 2k). There were only 5 total neurons that preferred the contralateral wrist
148  in N1-MCL, with one of these neurons also coding for the contralateral shoulder, and another for the

149 contralateral thumb. In N1-MCM, less than 10% of neurons that prefer the contralateral thumb were

150  tuned to additional effectors, and this included the ipsilateral thumb and contralateral wrist (Figure 21). In
151  NI-MCM only four neurons that preferred the contralateral wrist were tuned to other effectors, and two

152 of these were tuned to the contralateral thumb (Figure 21).

153 In N2-MC, the most apparent effector overlap for single neurons is between corresponding ipsilateral and
154  contralateral effectors, in particular the wrist and thumb (Figure 2 h, m). Around 40% of the neurons that

155 were best tuned to the contralateral thumb were tuned to additional effectors. Of these, just under 50% are
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156  tuned to the ipsilateral thumb. Two of the three neurons that prefer the contralateral wrist and are tuned to
157  multiple effectors are tuned to the ipsilateral wrist, with the third neuron tuned to the contralateral thumb
158  (Figure 2 m). Overall, across all MC arrays, tuning across multiple effectors by a single neuron was

159  largely restricted within a single limb with few exceptions.

160  Inboth N1-PPC and N2-PPC, a large portion of neurons are tuned to multiple effectors (Figure 2i, j and
161  Supplemental Figure 4 d & e- 49% in N1-PPC, 35% in N2-PPC). Additionally, there is no clear consistent
162  relationship between the effectors to which a single neuron is tuned (Figure 2i-j). Rather, neurons show
163 clear preferences for what appear to be random sets of effectors. In both N1-PPC and N2-PPC, neurons
164  that preferred either the contralateral wrist or contralateral thumb were tuned to the full range effectors
165  from head to ankle (Figure 2n-o, Supplemental Figure 3 shows same pattern across all effectors).

166  Comparing the strength of single neuron responses across all effectors in each brain area, we found a

167  trend toward stronger representation across all effectors in PPC than MC (Supplemental Figure 5). To

168  ensure these effects were truly driven by single neurons, we applied a stricter criterion for spike quality to
169  rule out any potential signals from multi-unit activity and found the same pattern of results (Supplemental

170  Figure 6 a-e).

171  Next, we compared the directional tuning properties of neurons across effectors. We asked whether single
172 neurons used the same spatial code for different effectors. We found the linear regression coefficients for
173 each neuron and used those coefficients to determine the angle between the directions coded in the

174  response for each effector. An angle of zero implies that the neuron used the same directional tuning

175  across effectors. This comparison was done for the most and second most preferred effector for each

176  neuron (determined using the criteria from Figure 2a-¢). Few neurons from N1-MCL and N1-MCM were
177  tuned to more than one effector meaning no strong claims can be made about the directional tuning of
178  these neurons (Figure 3a & b, n=4 for NI-MCL and n=12 for N1-MCM). In N2-MC, N1-PPC, and N2-
179  PPC, we found most neurons are tuned to the same direction across effectors, meaning zero angle of

180  difference (Rayleigh test for uniformity p<0.05; circular mean N2-MC = 0.000° + 18.5°, N1-PPC = -

181  0.493° +4.412°, N2-PPC = 0.000° + 4.84°; Figure 3c-¢).

182  Finally, we asked what reference frame neurons used to encode direction. Spatial information can be

183  represented intrinsically, relative to the location of our body and joints, or extrinsically, relative to

184  location in the external world. Here we leveraged the fact extrinsic versus intrinsic coordinates are

185  naturally dissociated between the left and right sides of the body (see Supplemental Figure 7a, b). We
186  compared the linear regression coefficients found above for ipsilateral and contralateral pairs of effectors

187  to determine the reference frame used by each neuron. Again, in N1-MCL and N1-MCM there were too
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188  few neurons to determine the reference frame this way (n<=2). In N2-MC, there was a significannegative
189  correlation between the coefficients for pairs of contralateral and ipsilateral effectors, demonstrating an
190  intrinsic reference frame (Supplemental Figure 7c, Pearson correlation=-0.71, p <0.001). In contrast, N1-
191  PPC shows a positive correlation between contralateral and ipsilateral coefficients, suggesting an extrinsic
192 reference frame (Supplemental Figure 7d, Pearson correlation, r=0.94, p <0.001). Finally, in N2-PPC there
193 was no trend toward a positive or negative relationship, implying a mixture of both intrinsic and extrinsic

194  reference frames (Supplemental Figure 7¢, Pearson correlation, r=-0.10, p=0.6).
195  Arbitrary vs specific shared information

196  How might MC and PPC be using these overlapping effector representations? One possible explanation
197  discussed in motor literature is that this provides a shared architecture through which learned motor skills
198 can be transferred across limbs ***?%, At the level of effector preference, we report clear distinctions

199  between representations in MC and PPC. While these differences in the structure and extent of overlap in
200  effector representation give some intuition, they do not answer the question of how efficiently

201  information can be shared across effectors in either area. We call the extent to which information is

202  shared between effectors the transfer efficiency. If the neural code has high transfer efficiency across
203  effectors, information is shared between two effectors regardless of their location on the body or function
204  in movement. Another possibility is that high transfer efficiency only exists between specific effectors,
205  for example effectors that are more likely to be moved together such as the contralateral wrist and the

206  contralateral thumb, or the contralateral and ipsilateral wrist for bimanual tasks.

207  To assess how information was shared across effectors in MC and PPC, we trained a partial least squares
208  linear regression model to find a directional coding subspace that was shared for two effectors and not the
209  rest. In other words, we looked for a subspace where the spatial code was approximately the same for two
210  effectors, but distinct from other effectors. This was done for the 66 possible pairings of effectors. To

211  evaluate the transfer efficiency of information between these effector pairs, we found the correlation

212 matrix for actual vs model-predicted position. Pairs with high transfer efficiency will have high R* values,
213 and the average R* across pairs gives a sense of the population’s overall transfer efficiency. To determine
214  significance, this R? value was compared to a null distribution of R* values that was generated for each
215  pair by shuffling the firing rates for trials with one effector, to mimic a population where no information
216  is shared between effectors. Finally, to be sure this pattern reflected sharing between individual neurons,

217  we excluded signals that may be the result of multiple neurons rather than isolated single neurons.
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218  We found that only specific pairs of effectors significantly share directional coding in MC (Figure 4a-c).
219  InNI1-MCL and N1-MCM the highest transfer efficiency between two effectors was between the

220  contralateral thumb and wrist, and in N2-MC for the contralateral and ipsilateral thumb. The fewest pairs
221  were found to share information in N1-MCL, with only three effector pairs sharing spatial information. In
222 NI-MCM, the contralateral thumb shares information with most contralateral effectors and most

223 contralateral effectors shared with each other (with a few exceptions). In N2-MC the contralateral wrist,
224 thumb, and ankle shared information with each other, and with their ipsilateral counterparts. The shared
225  information between the thumb and other hand effectors was somewhat expected based on the other

226  results seen in MC thus far, but finding the ankle also shared with other effectors was more surprising.
227  Previous work has shown that certain motor skills like writing can be transferred from the hands to the
228  feet. Perhaps this shared spatial information reflects the functional organization that has also been

229  reported alongside somatotopy in MC ®. The interpretation of this finding will be expanded on further in
230  the discussion.

231  In N1-PPC and N2-PPC, shared directional coding is found for every set of effectors (Figure 4e-f). All
232 effector pairs seem to share information relatively equally especially in N1-PPC. Although significant
233 sharing is found for all pairs in N2-PPC as well, more variation is noticeable across pairs. This could be a
234 result of the mixed intrinsic and extrinsic reference frames used, which were not fully accounted for in

235 this analysis.
236  Discussion

237  We found that the entire body is represented within small patches of hand areas in human MC and PPC.
238  These results add to the growing body of work that illustrate a more complex organization of motor areas
239  than initially expected “*'®%2, Importantly, we found clear differences in the structure of these

240  representations in each area that ultimately align with previous notions of distinct functional organization

241  within low and high level motor areas.

242 Inthe lower level MC, we found a clear dominant effector, the contralateral thumb. In addition, the

243 pattern of overlapping effector representations seen also fits with a broader somatotopic organization. For
244 example, the prominent population response to the contralateral wrist supports a gradual transition

245 between coding for neighboring parts of the body. Further, neurons tuned to the contralateral thumb were
246  more likely to be tuned to the contralateral wrist than most other effectors. Another pattern that emerged
247  in both population and single neuron preferences was overlapping representation of the contralateral and

248  ipsilateral sides for both the wrist and thumb. Although this strays somewhat from a classic somatotopic
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249  view, coding for both sides of the body has also been reported in NHPs ''"**. More work on bimanual
250  coordination is needed to further understand the role of ipsilateral hand representations in both NHPs and
251  humans. Ultimately, our results suggest that despite some complexity at the level of single-neuron

252 responses, MC still follows a broadly somatotopic organization where different parts of the body are

253  emphasized in different cortical locations. These findings do not rule out the possibility of other parts of
254  MC demonstrating more functional organization, as fMRI work suggests that some locations within MC

255  show more anatomically specialized representations than others®,

256  In higher level PPC, we observed an equal strength in representation across effectors, although not to the
257  extent of an effector agnostic representation. Initial work in PPC of NHPs established separate anatomical
258  patches for coding eye, hand, and arm movements; however, in more recent fMRI work in humans, such
259  effector-specific regions have remained elusive 2’ 2°. Further, studies that compare hand and foot

260  movements report areas in PPC that are activated equivalently by both movements '®?!. Overlap between
261  effectors has also been found in single neurons, where previous recordings in human PPC from our lab
262  found the contralateral and ipsilateral hand and shoulder encoded in the same, small patch of cortex .
263  The present findings tie these results together and reveal an important insight about the initial

264  interpretation from fMRI studies. Instead of a purely effector or functional organization within PPC, when
265  recording from the single neuron level, we found that individual effectors are randomly mixed. This

266  ultimately results in an equal strength of coding across effectors within the population, which appears as

267  an effector-agnostic population code when observed with the spatial resolution of fMRI.

268  What is the functional purpose of the overlapping effector representations seen in each area? In motor
269 literature, it has been suggested that this could facilitate the transfer of motor skills from one limb to

270  another **. Transfer of motor skills can occur between limbs in motor-intact individuals, and not only are
271  skills transferable, but often, an individual’s movement characteristics are preserved from one body part
272 to the next **. An example of this is in handwriting, where it has been found that writing produced by the
273 digits, wrist, arm, and foot all share common characteristics 31, Further, both amputees and individuals
274  born without hands show great dexterity with the feet when used in place of the hands *°. This suggests
275  that at least some motor brain areas could contain a shared substrate for multiple effectors. PPC has been
276  identified as an area of particular importance for such a process from fMRI evidence both in amputees
277  and motor intact individuals *'. For example, one fMRI study comparing finger and foot movements

278  during name signing and zig-zag motions found increased activation of SPL regardless of effector or
279  condition **. Our results sharpen this prior work, demonstrating that what is shared is not simply a

280  common spatial encoding, but, rather, a more specific relationship between distinct sets of effectors.
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281  Another potential role for the coding structure is computational efficiency. PPC has been shown to

282  implement a coding strategy called partially mixed selectivity, where some variables are coded randomly
283  (or nonlinearly) with respect to each other across the population, while other variables are coded with
284  some structure ***, For example, in our results we find that single neurons code for random

285  combinations of effectors; however, a single neuron tends to use the same spatial/direction code across
286  the effectors it encodes. Mixed selectivity in other cortical areas like prefrontal cortex has been suggested
287  to provide a more efficient way of representing more complex and/or higher cognitive information, which
288  would suggest PPC having a higher-level representation of motor control **2¢. This notion is further

289  supported by results from fMRI studies that have found similar activity in PPC during overt movements
290  to that during observed and imagined movements, but not as much so in MC *"~*. Given that PPC is an
291  area with great variety in the types of information it represents from motor control to semantics, there is

292 still much to be explored when it comes to understanding its functions **,

293 Another possible function of overlapping representations is coordinating movements of multiple effectors.
294 1t has been proposed that during hand-eye coordination, information about the direction of both hand and
295  eye movements are combined through global tuning fields, or the shared directional coding of individual
296  cells in PPC for the hand and eyes *’. While in this study we do not explicitly test coordinated

297  movements, the common spatial tuning used by single neurons across effectors appears to extend the

298  concept of global tuning fields to humans and to effectors across the entire body.

299  One question still left open is whether our findings for attempted movements in individuals with paralysis
300  extend to overt movements. Evidence from fMRI work in motor intact individuals largely supports this to
301  be the case **'*2!'. Also of note is the potential impact of precise implant location on effector specificity.
302  Indeed, while the same brain regions were targeted for both participants, there were slight differences

303  between the patterns of overlap observed. Further, in both MC and PPC, much work emphasizing effector
304  separation has been within the sulcus (central and intraparietal respectively). Our recordings are on the
305  surface. That said, both fMRI and sEEG have recently revealed highly overlapping regions within the
306  central sulcus as well *’. Additionally, identifying effector specific regions in human PPC using fMRI

307  work in human has revealed more flexibility than specificity *"%’.

308  This study presents the first single neuron evidence for encoding of effectors across the body in human
309  posterior parietal cortex. In addition, we recorded from motor cortex and posterior parietal cortex

310  simultaneously, allowing us to compare the encoding of movement variables in distinct neural

311  populations. The surprising nature of these results contributes to the growing body of work that suggest

312 that designing simplified and highly controlled experiments to probe predefined functions determined by
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313  existing cortical maps may limit our understanding of the more complex coding properties of different
314  areas of cortex ***. These results also have implications for evaluating the use of different brain areas in
315  the control of therapeutic devices with brain-machine interfaces for those with impaired movement. In
316  MC, strong representation of single effectors supports its usefulness in biomimetic control. In PPC, equal

317  representation across effectors highlights its potential to be used flexibly across several applications.

318  Methods

319  Study participants

320  The present data was collected from two participants enrolled in a BMI clinical study (ClinicalTrials.gov
321  Identifier: NCT01958086). The institutional review boards of California Institute of Technology, Casa
322 Colina Hospital and Centers for Healthcare, and University of California, Los Angeles approved study
323 procedures including informed consent, implant surgery, and experiment design. Participant N1 is a right-
324  handed male with a C3-C4 level spinal cord injury that occurred approximately ten years before his

325 enrollment in the study. N1 can move his eyes, head, and shoulders (he can move his shoulder but cannot
326  stabilize the arm). In addition, N1 shows weak residual movements (twitches) of the wrist and thumbs.
327  Participant N2 is a right-handed male, with a C4-C5 level spinal cord injury that occurred

328  approximately three years before his enrollment in the study. N2 can move his eyes, head, and shoulders
329  like N2.

330

331  Experimental Procedures

332  Two adaptations of a traditional center-out task were used. Both tasks were displayed on a screen in front
333 of the participant. Participants were instructed to attempt movements as though they were motor-intact. At
334 the start of each trial, participants were asked to have the effector that was going to be moved in a neutral
335  position and their eyes fixed in the center of the screen. In the first task, the participants were instructed to
336  attempt movements of twelve different effectors (head, eyes, right/left shoulders, wrist, thumbs, legs, and
337  ankles) in five different directions, 72 degrees apart. The direction of the movement was instructed by one
338  of five targets on the screen changing color from gray to red as a “go” cue (Supplemental Figure 1a). The
339  participants were asked to make the instructed movement and then relax. They moved one effector to

340  each of the five targets before the instructed effector changed to the next. Fixation was kept at the center
341  except during trials for the eyes. Between each trial was an inter-trial-interval (ITI) during which time the
342 participant was at rest. Each ITI was 1.5s and each go phase was 2s. A total of 7 sessions were collected
343 for N2 and 6 for N1. Three runs of the task with two repetitions for each movement were collected for

344 each session.

345
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346  Implant Locations

347  Participant N1 was implanted with four 64-channel NeuroPort Utah electrode arrays in his left

348  hemisphere (fig 1a). Two arrays were placed near the hand knob of left precentral gyrus,

349  with one slightly more lateral and the other slightly more medial (denoted N1-MCL and N1-MCM

350  respectively). A third array was placed in the superior parietal lobule (N1-PPC). A final fourth array was
351  placed in the supramarginal gyrus, however results from this array are excluded from the present study
352 because only a limited number of tuned single neurons were recorded. Data from participant N1 was

353 collected ranging from three to six months after implant surgery. Participant N2 was implanted with two
354 96-channel NeuroPort Utah electrode arrays in his left hemisphere (fig 1b). One

355  array was placed near the hand knob of the left precentral gyrus and is referred to as motor cortex or “N2-
356  MC”. The second array was implanted in the left superior parietal lobule and is denoted “N2-PPC”. Data
357  from N2 was largely collected 20-22 months after surgery (along with one session 13 months and a final
358  session 27 months post implant). A presurgical functional MRI during which each participant performed a
359  grasping imagery task showed substantial bold response in regions of each implant location.

360

361  Neural signal recording and preprocessing

362  Microelectrode arrays in each participant were recorded simultaneously. Neural signals were amplified,
363  bandpass filtered (0.3 Hz—7.5 kHz) and digitized (30 kHz, 16 bits/sample) (NeuroPort Neural Signal

364  Processors, Blackrock Microsystems Inc.). To detect action potentials, the signal was then high-pass

365 filtered at 250 Hz and thresholded at -3.5 times the root-mean square voltage (for each electrode). We
366  used the k-medoids clustering method along with the gap criteria in order to identify single neurons and
367  the total number of waveforms respectively *. This was done for the first four principal components

368  (selected to account for 95% of waveform variance).

369

370  For analysis of each behavioral epoch during the 12-effector task, we calculated firing rates from neural
371 activity over a 500ms window of neural activity. The movement execution (‘Go’ or ‘move’) analysis

372  window was defined as the 500 ms window starting 250 ms after the Go cue. Similarly, the 500 ms ITI
373  window used in the distance analysis began 250 ms into the ITI phase.

374

375  Neurons with an average firing rate of less than 1 Hz across the entire task were excluded from the analysis
376  as noise. Additionally, all analysis was repeated on well-isolated neurons to avoid influences from multi-
377  unitclustering. We classified neurons that corresponded to the lowest third of L-ratio values as well-isolated
378

379
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380  Cross-validated distance analysis for population and single unit firing rates

381  The cross-validated mahalanobis distance®” was used to compare the population level neural activity during
382  movements of each effector and a baseline (no movement). Leave-one-out cross validation was used. A
383  permutation test with 1000 shuffles was used to determine whether there was a significant difference
384  between the distances of firing rates from baseline during movements of each effector.

385

386  Event Related Averages

387  Firing rates for each neuron were grouped by condition and then the mean and standard error of the mean
388  of these responses were found for 100ms bins across a 2.5s window.

389

390  Strength of single unit responses across effectors

391  To determine the strength of an individual neuron’s response to different effectors, first we determined a
392 single neuron's cross validated best and worst tuned direction by finding maximum and minimum firing
393 rates across trials. The response for each effector was then evaluated by subtracting the neuron’s firing
394  rate during its best tuned direction from the neurons firing rate during its worst tuned direction during

395  movements of each effector. To evaluate whether the response to an effector was significant, the same
396  measure was performed with shuffled firing rates to find a null distribution for that neuron to compare the
397  strength of response for each effector (>95 percentile). The best effector for each neuron was then

398  determined by finding the largest difference in firing rates between best and worst direction. Main figure
399  results were also normalized and neural responses were sorted first by best effector and then the number
400  of effectors to which that neuron was tuned (least to most).

401

402  Comparing spatial tuning of single neurons across effectors

403  The spatial tuning of each neuron was determined independently for the most preferred and second most
404  preferred effector for each significantly tuned neuron (most preferred, second most preferred, and test for
405  significance described in the above section). This was done by performing a linear regression using neural
406  firing rates as independent variables and x and y values for the target location on the screen as response
407  variables. The coefficients from this regression give the directional vector coded by each neuron. The

408  angle between these resulting vectors was calculated to compare the spatial tuning between a neuron's
409  most preferred and second most preferred effectors. Finally, the MATLAB toolbox CircStat was used to
410  calculate the circular mean and confidence intervals for each distribution, and to perform the Rayleigh test
411  for uniformity.

412

413  Determining body vs world-centered coordinates
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414  To determine whether neurons were encoding space in a body-centered, or intrinsic reference frame, or a
415  world-centered, or extrinsic reference frame, linear regression was used to find the direction vector coded
416 by each neuron for pairs of contralateral and ipsilateral effectors (described in the section above). Then
417  the correlation coefficient values from these regressions were correlated for each pair of effectors. A

418  positive correlation indicated extrinsic coding, a negative correlation indicated intrinsic coding and no
419  correlation implies some combination of the two. We found a significant negative correlation in N2-MC
420  that implies intrinsic coding of direction (supplemental figure 7). Thus, in any of the analyses where we
421  want to compare between directional coding of the contralateral and ipsilateral sides of the body, we must
422 adjust the position information to be the same in intrinsic rather than extrinsic coordinates (Figures 3,4).
423 This can be achieved by switching the position information for movements to the left and right targets.
424 This was only done for N2-MC, because no such intrinsic relationship was found in the other arrays.

425

426  Finding shared subspaces between effectors within the population code

427  We evaluated the structure of the neural population code using a cross-validated partial least squares
428  regression model to find shared directional subspaces between pairs of effectors, for each possible
429  combination of effectors (Figure 4). A series of models for each effector pair were trained using neural
430 firing rates across all units as predictor variables and the target position information for the two effectors
431  asthe response variable for a subset of the trials. To control for effects of training dataset size, these subsets
432 were created by randomly choosing fifteen trials for each of the effectors in the pair but using all thirty
433 trials for the models trained on a single effector. The model output was the predicted position information.
434  The performance of each model was evaluated by taking the bootstrapped correlation between the input
435  labels and those predicted by the model. The mean value of the correlation of the models of 200 randomized
436  subsets was calculated for each effector pair. To determine whether the r2 values were driven by shared
437  information or a single effector, a null r2 distribution was generated. The null r2 distribution was found
438  using the same general steps, but with randomly shuffled firing rates for trials for one of the effectors for
439  pairs of effectors, or half of the trials for the single effector cases. This was done to mimic an effector pair
440  where one effector may have spatial information, but that information is not shared between the two
441  effectors. The threshold for significance for shared information was p<0.01. Each effector pair generated
442 two r2 values (for each order of pairing), and to be considered significant, we strictly required p<0.01 for
443 both orderings. In addition, effector pairs where one or both effectors did not significantly share information
444  within itself were excluded for their lack of spatial information. Both models were k-fold cross-validated
445  over 6 folds. To account for the intrinsic reference frame in N2-MC, the position information for right and

446  left targets was switched for ipsilateral effectors.

447
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Figure 1 Fully body coding with distinct population responses in MC and PPC

1A: N1 Implant locations: N1 has two 64-channel Utah arrays located in the left hemisphere near the hand
knob of precentral gyrus. The array that is located more medially is referred to as N1-MCM and the array that
is more lateral is denoted N1-MCL. N1 has another 64-channel array in the left hemisphere located slightly
medial and posterior to the junction of the postcentral and intraparietal sulcus, denoted N1-PPC. A final 64-
channel array in the left supramarginal gyrus, N1-SMG, was not included in results because only a small
number of neurons recorded from this array were found to be directionally tuned. 1B: N2 Implant locations:
N2 has one 96-channel Utah array located in left hemisphere near the hand knob of precentral gyrus,
denoted N2-MC. Additionally, N2 has one 96-channel array in the left hemisphere that is located slightly
medial and posterior to the junction of the postcentral and intraparietal sulcus, referred to as N2-PPC. 1C-G:
Cross-validated mahalanobis distance of population firing rates sampled from a 500ms window during
movement execution and firing rates sampled from 500ms window during rest. Error bars show standard
error of the mean. Significance was tested using a permutation test. Two stars indicate that the distance from
baseline for that condition was significantly different from the distance from baseline for all other conditions.
One star indicates that the distance from baseline for that condition was significantly different from that for
select other conditions listed below. p<0.05 1C: Results for N1-MCL. CT>all,IT>EY,HE,CS,IS,IW,CL,
IL,CAIA, CW, CW > HE, IS, CL, IL, IAIW > HE, IS, CL, IL, IA, CS> HE, IS, CL, IL, CA, IA1D: N1-MCM.
CT=all, CW>EY ,HE,CS,IS, IW,IT,CL,IL,CA,IA CS> HE, IS, IW, CL, IL, IA, IT>HE,IS, IL,IA, CA>IL 1E: N2-MC.
CT=all, CW> EY,HE,CS,IS, IW,IT,CL,IL,CA,IA, IT>EY,HE,CS,IS,CL,IL,CA,IA, IW>EY ,HE,CS,IS,CL,IL,CA,IA,
CA>EY, HE, IS, IL 1F: N1-PPC. No significant differences other than all conditions from baseline. 1G: N2-
PPC, CA> HE, IW, CT; CS> IW, CT, CL>CT, EY>CT. 1H-L: Event related averages for an example neuron
from each brain area. Neurons selected are representative of the population. Colors show responses to
different effectors. Mean and 95% confidence intervals are shown. H: N1-MCL, |: N1-MCM, J: N2-MC, K: N1-
PPC, L: N2-PPC.
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Figure 2 Single neuron responses show distinct patterns ot overlapping representations across effectors in

MC and PPC

2A-0: The strength of single neuron responses across effectors was found by determining each neuron's
best tuned direction and worst tuned direction, and then subtracting the firing rate during movements in the
worst from the best for each condition. A-E: The best effector for each neuron was the effector that evoked
the strongest response, or had the greatest difference in firing rates. Conditions are along the x-axis and
the y-axis is the percent of neurons. A one-way anova was used to test for significant differences between
the number of neurons best tuned to each effector. Two stars indicate that there were significantly more
neurons best tuned to that effector than all other effectors. One star indicates that there were significantly
more neurons best tuned to that effector than neurons best tuned to specific other effectors listed below.
p<0.05.A: N1-MCL: CT>all. B: N1-MCM: CT> all, CW> all but CT. C: N2-MC: CT>
EY,HE,CS,IS,IW,CL,IL,CA,IA; CW>EY,HE,CS,IS,CL,IL,IA; IT> EY,HE,CS,IS,CL,IL,IA. D: N1-PPC: EY> all
but HE. E: N2-PPC: EY> IS,IW,IT,CT; H> IW,CT; CA> IS,IW,CT,IT,IL. F-J: The strength of a neuron's
response, with neurons sorted by their best effector and then by the number of effectors they coded. The
strength of neural responses were normalized to the strongest response from each array. Each column
shows a single neuron’s response across all 12 effectors. K-O: Breakdown of effectors coded by neurons
best tuned to the contralateral wrist (left) and the contralateral thumb (right).
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Comparison of single neuron directional tuning across effectors
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Figure 3: Preserved directional tuning across effectors within single neurons

A—-E The angle between the direction vectors coded for the most preferred and second most preferred
effector of single neurons. A. N1-MCL circular mean (cm) = 0.344°, confidence intervals (ci) = 48.129°.
Rayleigh test for uniformity p < 0.05. B. N1-MCM cm = -11.05°, ci = 31.341°. Rayleigh test for uniformity p
< 0.05. C. N2-MC cm = 0.000°, ci = 18.5°. Rayleigh test for uniformity p < 0.05. D. N1-PPC cm = -0.493°, ci
= 4.412°. Rayleigh test for uniformity p < 0.05. E. N2-PPC cm = 0.000°, ci = 4.84°. Rayleigh test for

uniformity p < 0.05.
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Figure 4: Evaluating shared information between effectors

A PLSR model was trained using firing rates from all neurons, and position information for two effectors,
for each possible pairing of effectors. The positions predicted by the model were then correlated with the
original input position values to determine whether spatial information had been shared between the two
effectors. This same process was done for a matrix of shuffled firing rates to obtain a null distribution to
compare these model’'s performances with for significance. A-E: Performance of models trained for each
effector pair. The x- and y- axes are the two effectors used in the pair. The diagonal is made up of a
single effector rather than a pair of effectors. The threshold for significance determined by the null r2
distribution is marked on the colorbar. Only the lower triangle is shown because the matrices are
symmetric. A: N1-MCL, B: N1-MCM, C: N2-MC, D: N1-PPC, E: N2-PPC.
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