© 00 N O O M WO N P

W W WNRNRNMDNDNRNDDRNNRNDNIERRRRERRRPR R R R
N B O © 0 N o 00K~ WN PO © 0 ~N o o0 M W N PP O

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.01.442274; this version posted May 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

TITLE: Convergence of proprioceptive and visual feedback on neuronsin primary motor cortex

Authorsand affiliations

Kevin P. CrosS, Douglas J. Cod¥, Stephen H. Scdtt*

Centre for Neuroscience Studiéf)epartment of Surger§Department of Biomedical and Molecular
Sciences antDepartment of Medicine, Queen’s University, Kingst®N, K7L 3N6, Canada.

*Corresponding author: 13kc18@queensu.ca

Author contributions
Conceptualization, Methodology, Writing, K.P.C. &dH.S.; Investigation, Formal Analysis, K.P.C.,
Surgical Expertise, D.J.C., Funding Acquisitionp8uyision, S.H.S.

Acknowledgements

We thank Kim Moore, Simone Appagag, Ethan Heming|, ldelen Bretzke for their laboratory and
technical assistance and the LIMB lab for helpfgtdssions. This work was supported by grants from
the Canadian Institute of Health Research. KPCsuaported by an OGS scholarship. SHS was
supported by a GSK chair in Neuroscience.

Declaration of Interests
SHS is co-founder and CSO of Kinarm which comméim&a the robotic technology used in the

present study.


https://doi.org/10.1101/2021.05.01.442274
http://creativecommons.org/licenses/by-nc-nd/4.0/

33
34
35
36
37
38
39
40
41
42

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.01.442274; this version posted May 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Summary
An important aspect of motor function is our dfito rapidly generate goal-directed

corrections for disturbances to the limb or behasrabgoal. Primary motor cortex (M1) is a key regio
involved in feedback processing, yet we know litheout how different sources of feedback are
processed by M1. We examined feedback-relatedigativM1 to compare how different sources
(visual versus proprioceptive) and types of infaiora(limb versus goal) are represented. We found
sensory feedback had a broad influence on M1 actvth ~73% of neurons responding to at least

one of the feedback sources. Information was@iganized such that limb and goal feedback targeted
the same neurons and evoked similar responses aindjle-neuron and population levels indicating a
strong convergence of feedback sources in M1.
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I ntroduction

Sensory feedback plays a critical role in ensunmogor actions are successfully performed,
providing information about motor errors due toeeral disturbances and internal noise inhererten t
sensory and motor systems. Feedback is also eddentyenerating overt corrections such as when
someone bumps your arm while moving, or when thaweural goal unexpectedly moves such as a
glass tipping over when the table is bumped. Whgen plays a dominant role for identifying most
behavioural goals, both vision and proprioceptimavailable for feedback about the limb.
Performing most motor actions thus requires comigimsual feedback of the goal with feedback of
the limb from proprioception and vision.

Primary motor cortex (M1) plays an important ralegenerating goal-directed corrections
during motor actions. M1 receives rich sensory iafftom many brain regions involved in
proprioceptive and visual processing includingpheetal and frontal cortices (Jones et al., 1978;
Zarzecki and Strick, 1978; Crammond and Kalask891Porter and Lemon, 1993; Buneo et al., 2002;
Pesaran et al., 2006; McGuire and Sabes, 2011;ineamd Andersen, 2012; Dea et al., 2016; Omrani
et al., 2016; Gamberini et al., 2017; Piserchial ¢2017; Kalidindi et al., 2020; Takei et al. 22), as
well as input from cerebellum (Conrad et al., 19vi%s et al., 1976; Strick, 1983; Guo et al., 2020
Sauerbrei et al., 2020). M1 rapidly responds tppozeptive feedback of the limb within ~20-40ms of
an applied mechanical load (Evarts and Tanji, 19Vv@paw, 1980; Lemon, 1981a; Suminski et al.,
2009; Pruszynski et al., 2011, 2014; Omrani el&ll4; Heming et al., 2019) and to visual feedhafck
the limb and goal within ~70ms (Georgopoulos et1#83; Cisek and Kalaska, 2005; Ames et al.,
2014, Stavisky et al., 2017). Thus, M1 receiveth lvisual and proprioceptive feedback, but we know
little about how these different sources of senguigrmation are organized in M1 during motor
actions.

On one extreme, all three feedback sources corgdtta similar population of neurons
(convergence hypothesis). This hypothesis is sterdi with the assumption that the motor system
computes a difference vector between the visualioc of the goal and an estimate of hand position,
which is then used to calculate motor commandsi¢Bkilet al., 1998; Sober and Sabes, 2003;
Shadmehr and Wise, 2005; Burns and Blohm, 20103. difference vector is commonly assumed to
be computed upstream in premotor and/or posteaoetal cortices (Buneo et al., 2002; Pesaran. et al
2006; McGuire and Sabes, 2011; Bremner and Ande2€4r2; Piserchia et al., 2017). Consistent with
this hypothesis are studies showing how correctgponses for sensory feedback of the limb can

depend on properties of the goal including its tieca(Brenner and Smeets, 2003; Mutha et al., 2008;
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Pruszynski et al., 2008; Yang et al., 2011; Dirauret al., 2013; Cluff and Scott, 2015). Visual
feedback about the limb can also affect how paicis correct for proprioceptive errors (Wei and
Kording, 2008; Ito and Gomi, 2020). If a differenator is computed upstream and transmitted to
M1 during movement, the prediction is that a commmup of neurons in M1 should rapidly respond
to mechanical and visual disturbances of the lisivall as visual disturbances of the goal.

Alternatively, each feedback source may influenceiMiependently (independence
hypothesis). The motor system rapidly respongsdprioceptive (~20-60ms) and visual (90-120ms)
feedback, which may not allow the brain sufficiente to perform the necessary computations needed
to integrate feedback sources. Behavioural stugliggest that the motor system may have
independent representations of the limb and ga&niBer and Smeets, 2003; Franklin et al., 2016) as
well as independent representations for visualpogdrioceptive feedback of the limb (Krakauer et al
1999; Shadmehr and Krakauer, 2008; Oostwoud Wigland Medendorp, 2017). M1 receives inputs
from many brain areas including primary somatosgnsortex (S1; Jones et al., 1978; Dea et al.,
2016), an area that is primarily involved with pgesing proprioceptive and cutaneous feedback. The
prediction for this hypothesis is that each feeélsmrce will influence an independent set of nesro
in M1.

Here, we explored these two hypotheses by traimagkeys to make goal-directed reaches
while disturbances to the limb and goal were appl@ur results demonstrate that proprioceptive
feedback of the limb and visual feedback of th&bliand the goal influence similar groups of neurons
in M1. As well, M1 activity patterns generateddach feedback source were quite similar at the
single-neuron and population levels. Collectivelyy results demonstrate visual and proprioceptive

feedback are highly organized in M1, consistenhwhie convergence hypothesis.


https://doi.org/10.1101/2021.05.01.442274
http://creativecommons.org/licenses/by-nc-nd/4.0/

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.01.442274; this version posted May 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Results

Behaviour, neural and muscle activities are sinvilidn and without visual feedback of hand position

We trained monkeys to reach to a goal and on rartdals applied perturbations to either the
goal or limb during the movement (Figure 1A). Rmotperturbations, they involved either a jump to
the visual feedback of the goal or visual feedbafake limb (white cursor; Figure 1B, C). We also
probed proprioceptive feedback of the limb by apmya mechanical load that physically displaced the
limb (Figure 1D). To isolate the proprioceptiveddack response only, we transiently removed visual
feedback of the hand (white cursor, removed fom2§)Gat the time of the mechanical load. In order to
verify this transient removal of vision had mininmapact on performance, we compared unperturbed
trials where cursor feedback was provided for titeetrial (cursor-on trials) with trials wherersor
feedback was transiently removed (200ms, cursaraft; Figure 1A). We found cursor-on and
cursor-off trials had similar movement times (FgE, S1A, E), but that there was an ~33% increase
for cursor-off trials in the endpoint distance {disce the reach endpoint was from the goal; Figure
S1C, G). Neural activity in M1 was also highly danbetween cursor-on and cursor-off trials (Fegur
2A) with activity magnitudes that were strongly @ated across neurons (Figure S2, S3A-D r>0.90)
and had regression slopes near unity. Only ~5&eofons displayed significantly different activitie
between the trial types (black circles; two-santgikest, p<0.01). Muscle activity was highly similar
between cursor-on and cursor off-trials (Figure Battom row) with activity magnitudes that were
highly correlated across muscle samples (Figure EBBnd with regression slopes near unity. Only
6% of muscle samples displayed significantly déferactivities for cursor-off and cursor-on trials.
Thus, transient removal of visual feedback of thmolhad minimal impact on motor performance

during reaching and the corresponding M1 and muestigities.

Monkeys rapidly counteract perturbations to thebliamd goal

Next, we examined corrections for the differentymation types (goal jumps, cursor jumps,
and mechanical loads). Each perturbation typeiredjgorrections that moved the limb either towards
the body (Figure 1B-D solid lines) or away from thaly (dashed lines). Monkeys were able to
quickly initiate a correction to each perturbattgpe within <200ms of the perturbation (Figure 1}-H
Perturbations resulted in longer movement timesl@3P% increase Figure S1B, F) and greater

endpoint distance (13-119% increase Figure S1Dhat) the unperturbed reaches.
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Many neurons displayed robust responses followiaghanical and visual perturbations with
four example neurons shown in Figure 2B-D. Th&t fireuron (Figure 2B, top row, Md3n41) displayed
a reciprocal response for goal jumps within 100frth® jump onset with an increase (solid) and
decrease (dashed) in activities for corrective mea@s towards and away from the body, respectively.
These changes in activity plateaued within 150nte@jump onset and remained relatively constant
over the next 150ms. However, the plateau foirthibition response may reflect that the activity o
the neuron was approaching 0sp/s (see Figure 2fotep This neuron displayed a similar pattern of
responses for cursor jumps (Figure 2C, top row)rardhanical loads (Figure 2D, top row). Neuron 2
(second row, Ad3n4) displayed similar excitatiomsdorrections away from the body across the
different perturbation types. Neuron 3 (third rég4n9) displayed a similar pattern of responses
across the two visual perturbations with an in@easd decrease in activities for the corrective
movements away from and towards the body, respgtiVhis neuron had similar selectivity for the
mechanical loads, however, its responses wereaatitig smaller. In contrast, neuron 4 (fourth row,
Ad3n24) exhibited considerably larger activity fbe mechanical loads than either cursor jump ol goa

jump while still maintaining the same selectivityrass perturbation types.

Each perturbation type targets similar neurons in M

Our objective is to identify whether each feedbsaurce targeted independent groups of
neurons in M1. We classified neurons that had mifsignt response to each perturbation type by
applying a three-way ANOVA with time epoch (two ¢&ds. baseline=100ms before perturbation onset,
perturbation=0-300ms after perturbation onset)yoleation type (three levels: mechanical, cursor,
goal) and perturbation direction (two levels: todsand away from the body) as factors. For Monkeys
MJA, we found 71|76% (n=122|65) of neurons hadyaicant main or interaction effect(s) with time
(p<0.0125), which we labeled as perturbation-resp@mneurons. We identified neurons that were
responsive to a particular perturbation type bygsi two-way ANOVA with time and perturbation
direction as factors. Similar percentages of nesikeere responsive for goal jumps (55|54%, n=94|51),
cursor jumps (44|60% n=75|51) and mechanical |@®|60% n=94|46). These neurons received
sensory feedback rapidly as the onset of pertubaglated activity at the population level occdrre
within <100ms with responses to the mechanicaldaading earlier (Monkey M|A: 43|57ms) than for
either visual jump (goal=78|74ms, cursor=83|82nre 3A, C). Similar results were found when
examining individual onsets (Figure 3B, D) and a-@vay ANOVA with onset type as a factor (3

levels: mechanical, goal and cursor) revealed @fgignt main effect (Monkey M: F(2,295)=12.6,
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p<0.001, Monkey A: F(2,168)=10.3, p<0.001). Past-tests confirmed that onsets for the
mechanical-related activity started earlier (MonkfA mean 119|106ms) than either visual
perturbation (goal 140[143ms p=0.01|p=0.002, cukS6{155ms p<0.001|p<0.001). Onset differences
between the two visual perturbations were not Sgant (p=0.05|p=0.49).

From the percentages of neurons that respondexttoperturbation type we estimated the
number of neurons expected to respond to zero,teoeand three perturbation types assuming
responses were independently assigned (exphecteribution). Perturbation responses were
significantly more overlapped than the expectettitistion (Monkey M|A:x*=113.9|68.1, df=4,
p<0.001|<0.001). In Monkey M|A, 15|13% (n=26|1flheurons responded to only one perturbation
type, which was 2.4|2.4 times smaller than the eégaedistribution (Figure 4A, C). In contrast,
28|36% (49|31) of neurons responded to all thre@pation types (common neurons), which was
2.6|3.4 times greater than the expected distributio

Thus, there was substantial overlap between grouipsurons responsive to each feedback
source. However, this finding may reflect a strongrlap between just two of the perturbation types
it could reflect an overlap among all three peratidn types. We repeated the analysis across @hairs
perturbation types (Figure 4B, D). Consistentig humber of neurons that responded to both
perturbation types was 1.3-1.5 times greater tharekpected distribution. In contrast, the numlber o
neurons that responded to only one perturbatioa wgs 1.5-3.4 times smaller than the expected
distribution. Significant differences between tirserved and expected distribution of neurons were
found across all perturbation paigtest, p<0.01). Collectively, these results indidag each
perturbation type influenced an overlapping setefrons in M1.

Neurons maintain their response ranges acrossipafion types

A different way that each feedback source coul@pmhdently influence M1 is by driving
distinct activity patterns in the same neuron papaoih. For example, a neuron may be strongly drive
by one perturbation type but only weakly drivenaogifferent perturbation type. At the extreme,
neurons may even change their selectivity (i.e@ntnfor the loads: increase activity for the cotien
towards the body for one perturbation type but el@ee activity for the same correction for a diffiére
perturbation type.

We explored this by examining the response rangeghmvas calculated by taking the
difference between activities for the two oppopieturbation directions (e.g. Figure 2B dashed

subtracted from solid) and averaging the differemaer the perturbation epoch. Neurons with greater
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responses for the corrections away from or towtdred$ody will have positive or negative response
ranges, respectively. Figure 5A and D comparesdsgonse ranges for goal- (abscissa) and cursor-
related (ordinate) activities. Neurons responsivalltthree perturbation types (black circles)dedl
near the unity line (solid line) and were highlyretated across the population (Monkey M|A:
correlation coefficient r=0.90|0.97, p<0.001 fotHjo The axes that captured the largest amount of
variance (dashed black lines, total least squagression) had a slope slightly less than unity
(0.84]0.86) indicating that the responses for tirear jumps were ~15% smaller than the goal jumps
(shuffle control p=0.002|p<0.001). We found sigrafit but noticeably weaker correlations when
comparing the response ranges between the mecheslated activities (abscissa) and activities
related to either visual perturbation (ordinatgure 5B-C, E-F; mechanical with goal r=0.85|0.86,
mechanical with cursor r=0.75|0.86, p<0.001 fox. dlhe slope was less than unity (mechanical with
goal slope=0.86|0.85, mechanical with cursor slOp&8{0.72) indicating that the responses for the
visual perturbations were ~22% smaller than fomttieehanical loads. Inclusion of all perturbation-
responsive neurons yielded similar results (Figugeey circles).

From the response ranges, we could determine rbnsunaintained their selectivity for
corrective movements across perturbation typess&@heurons resided in the first and third quadrants
of Figure 5 and we found a large majority of negramaintained their selectivity across all three
perturbation types (neurons responsive to all thexturbation types: Monkey M|A 82|87%; all
perturbation-responsive neurons: 70|72%). Collebtj these results indicate that each feedback
source had similar influences on individual M1 rguresponses.

Next, we compared the size of the perturbationtedlactivity relative to the movement-related
activity during unperturbed reaching (Figure 2, $4Kigure S4B compares the magnitude of the
movement-related activity during unperturbed reagtialigned to movement onset: movement epoch -
50 to 250ms after movement onset) with the magaitafdhe response range for perturbed reaches.
We found approximately equal number of neuronseithiedr larger perturbation-related activities or
movement-related activities (Figure S4B, C). Thhe,perturbation-related activity was comparable i

magnitude to the activity required to generateititeal reaching movement.

Overlap between mechanical- and visual-related #ilvity patterns at the population level

Our results so far demonstrate that each feedlmckestargets a largely overlapping
population of M1 neurons and that individual neuresponses are generally similar across feedback

sources. However, recent studies have demonstraethe same neuron population can represent
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different types of information independently by gestering the information into orthogonal subspaces
(Kobak et al., 2016; Ames and Churchland, 2019; idgret al., 2019; Keemink and Machens, 2019;
Cross et al., 2020). For example, neurons in Mk lsamilar tuning for reach direction during
preparation and execution (Crammond and Kalask¥))20However, these activity patterns reside in
orthogonal subspaces (Kaufman et al., 2014; Elsayat, 2016). Thus, for the independent-input
hypothesis each perturbation type may evoke awitygtiattern that resides in an orthogonal subspace
with respect to the other two perturbation types.

We explored this hypothesis by using principal congnt analysis (PCA) to identify the low-
dimensional subspace each perturbation-relatedtsatesided in. We used a cross-validated approach
to prevent overestimating differences between sadepdue to sampling noise. The top-ten principal
components captured 81-90% of the variance fod#ta used to train the principal components (open
circles Figure 6A-C, E-G). Figure 6A, E shows Hagiance captured by the top-ten principal
components generated from the goal-related actiiitgse components captured a substantial amount
of the goal-related variance from the left-outlgrigvariance accounted for: Monkey M|A =55|73%) and
the cursor-related variance (44|65%). These coemsralso captured a substantial amount of the
mechanical-related variance (36|43%), though natilyesmaller than either visual perturbation.
Similarly, Figure 6B and F shows the variance cagatipy the top-ten cursor principal components.
These components captured more cursor-relatedd®)|&nd goal-related (44|66%) variance than
mechanical-related variance (30|45%). Lastly, FdiC, G shows the variance captured by the top-ten
mechanical principal components. These comporoapisired more mechanical-related variance
(59]74%) than variance for either visual pertudratgoal 35|40%, cursor 32|40%).

Another approach to quantify the similarity in fh@pulation structure between feedback
sources is by calculating the overlap index (R@msk Schieber, 2018). The overlap index ranges from
0, indicating no overlap between subspaces (iteogonal), to 1 indicating perfect overlap. For
comparison, we generated a null distribution tlvehjgared how overlapping two subspaces were after
randomly shuffling neuron labels (Shuffle). Weoadgenerated a null distribution that quantified the
maximum overlap expected given sampling noise lgutaing the overlap between two independent
samples from the same perturbation type (withiriepbation distribution). The overlap between goal-
and cursor-related activities was large (Monkey #43|0.82; Figure 6D, H) and was close to the
within-perturbation distribution (0.73]0.89), thduigy was still significantly smaller (p=0.03]0.01Jhe
overlap between the mechanical-related and vislatad activities were smaller than the within

perturbation distribution (mechanical with goal 42]0.47; mechanical with cursor = 0.36|0.46;
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within-perturbation p<0.001 for all), however thegre still significantly greater than the shuffled
distribution (p<0.001). Collectively, these resutdicate each perturbation type evoked similar

population-level structure.

Overlap across perturbation types emerges rapidlyperturbation-related activity

Next, we examined how the overlap evolved oveetiatween the different perturbation types.
One possibility is that each feedback source t&ilty represented independently by the motor sgste
before being gradually integrated (Franklin et2016; Oostwoud Wijdenes and Medendorp, 2017).
Thus, the prediction is that the overlap betweetupeation types should gradually emerge. We
calculated the overlap index every 20ms over tugsation epoch (Figure S5A-F). We found the
overlap index between the goal- and cursor-reltgdactivities emerged within ~100ms (Figure S5A,
D, black line) post-perturbation and was comparstbkbe within-perturbation distributions of the
goal-related (green line) and cursor-related aawi(blue line). Further, the overlap between the
mechanical- and visual-related M1 activities emeéngéhin ~100ms of the perturbation onset (Figure
S5B-C, E-F). Note, that the increase in the opeiri@ex proceeded the within-perturbation onset for
the mechanical loads (red line) reflecting that iddponds earlier for mechanical loads than visual
jumps (Figure 3A, C). Interestingly, there was abmelay in the overlap between the mechanical and
visual perturbations for Monkey A (Figure S5E, Fieh may reflect a small-time window of
integration. Similar trends were found in the masattivity (Figure S5G-I). Thus, the overlap

between perturbation types emerged rapidly in gteork.

Muscle activity exhibits similar overlap betweentpebation types as M1 activity

Next, we examined the change in muscle activilyegponse to the different perturbation types.
We found a significant change in muscle activitig(ffe 2B-D bottom row) in 81% (n=13), 88% (14)
and 100% (16) of muscle samples for the goal juroyissor jumps and mechanical loads, respectively.
There was a strong correlation between respongesdor the goal- and cursor-related activities
(r=0.83, p<0.001, Figure 5G) and the slope wastless unity (slope=0.68) indicating responses for
the cursor jump were 32% smaller than for the goap. We also found strong correlations between
the mechanical-related response ranges and thensspanges for either type of visual disturbance
(Figure 5H-1; mechanical with goal r=0.87, mechahisith cursor r=0.89, p<0.001 for both).
However, we found the slopes were considerablylsemiian unity (mechanical with goal: 0.39;

mechanical with cursor: 0.29) indicating that masattivity for the visual perturbations were ~66%
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289 smaller than for the mechanical loads. As expectidost all (except one) of the muscle recordings
290 maintained their selectivity across all perturbatigpes.

291 Figure 61 shows the top-ten goal principal compaséor muscle activity. Unlike neural

292 activity, these ten components captured nearlgfdahe variance for the goal jump, cursor jump and
293 mechanical loads. This is due to the smaller nurabmuscles recorded as the entire space of muscle
294 patterns occupies a maximum of 16 dimensions. itrast, neural activity can occupy 172 and 85
295 dimensions for Monkeys M and A, respectively. Weégated this problem by restricting our

296 observations to the top-three components as tlore@anents captured a similar amount of variance
297 from the training data (range: 82-84%) as the amponents captured for the neural activity (82-90%)
298 We found the top-three goal principal componenEuwad a substantial amount of the goal- (76%) and
299 cursor-related (74%) muscle variance but captuligttly less of the mechanical-related variance

300 (68%). Similarly, the top-three cursor principahgqmonentgaptured a substantial amount of the

301 cursor- (77% Figure 6J) and goal-related (73%) teugariance but captured less of the mechanical-
302 related variance (61%). Lastly, the top-three meid@d principal components captured a substantial
303 amount of the mechanical-related muscle variand@o(Bigure 6K) but captured less of the muscle
304 variance for either visual perturbation (goal 5&#rsor 58%).

305 We computed the overlap index between muscle regsoend found results that were similar
306 to M1 activity (Figure 6L). There was a high oegrlbetween the goal and cursor-related activities
307 (0.82) that was comparable to the within-pertudratistribution (0.93), though still significantly

308 smaller (p=0.02). We also found a partial oveblapveen the mechanical-related activity and the
309 visual-related activities (mechanical and goal QriBchanical and cursor 0.62), which were

310 significantly greater than the shuffle distributi@verlap=0.13, p<0.001). Collectively, these asety
311 indicate that different patterns of muscle activitgre needed to correct for each perturbation type
312 which could explain the partial overlap observethieen the mechanical- and visual-related M1

313 activities.

314

315 OQverlap is still present when examining other mosendirections

316 One concern is whether we adequately charactekitdesiresponses to each perturbation type
317 as we sampled from only two perturbation directidrigs seems unlikely as previous work has shown
318 that a greater proportion of M1 neurons respondimmalky to perturbations that involve either

319 combined shoulder flexion and elbow extension (@karim extension for corrections away from body)

320 or combined shoulder extension and elbow flexiohal-arm flexion for corrections towards the
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body; Cabel et al., 2001; Scott et al., 2001; Kerret al., 2006; Lillicrap and Scott, 2013). Nored#iss,
we verified that sampling from more perturbatiorediions yielded virtually the same overlap.
Monkeys completed separate blocks of the samalatach (Figure S6A) and also blocks of a sagittal
reach starting from near the body and reachingdistant goal (Figure S6B). For the sagittal reach
the perturbations required a corrective movemaeattdhher flexed the shoulder and elbow joints
(Figure S6B solid lines) or extended the shoulder elbow joints (dashed lines). The perturbations
for the lateral and sagittal reaches yielded fartysbation directions for each perturbation tyj'ée
found response ranges were correlated betweernripatittn types with the strongest correlation
between goal jumps and cursor jumps (Figure S6@dponse range for sagittal reach shown only,
Monkey M|A n=82|45). For the sagittal reach, attixelated to goal jumps tended to be larger than
activity related to cursor jumps or mechanical ba@ritically, we found the overlap between goal-
and cursor-related activities was substantial (Mgnd|A=0.72|0.75, Figure S6D, F) and was close to
the within-perturbation distribution (0.80]0.8%)puigh it was still significantly smaller
(p=0.01|<0.001). The overlap between the mechhretated activity with either visual-related

activity was smaller than the within-perturbatiastdbution (mechanical with goal = 0.50|0.49;
mechanical with cursor = 0.48|0.45; within-pertuidra p<0.001 for all). However, it was still
significantly greater than the shuffled distributigp<0.001).

M1 is ~3 times more sensitive to proprioceptiventlissual feedback

So far, we have compared visual perturbationsitistdntaneously jump the position of the goal
or cursor, with mechanical perturbations that gadigidisplaced the limb over 100-200ms (Figure 1H).
While cursor and target jumps are standard expat@mhéechniques to assess visual feedback
(Georgopoulos et al., 1983; Dimitriou et al., 20AB)es et al., 2014; Franklin et al., 2016; Stavisky
al., 2017), the different spatial and temporal ahtaristics of these perturbations make it diffical
directly compare M1'’s sensitivity to proprioceptied visual feedback errors. For a direct
comparison, we compared M1'’s sensitivity to the maeical loads with cursor perturbations that slid
along a pre-specified trajectory (cursor slide FegoA-B). The cursor’s trajectory on cursor-slidals
was highly similar to the limb’s trajectory follomg a mechanical load for the first 200ms with an
average goodness of fit{Rof 0.95 and 0.93 for Monkeys M and A, respecti@ligure 7C). We
found movement times for the mechanical loads wgeificantly shorter than for cursor slides
(Figure 7D; Mann-Whitney U test, Monkey M: U=14641%:230, p<0.001, Monkey A: U=2454, n=98,
p<0.001).
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We included cursor-jump trials to identify neurdhat were sensitive to visual stimuli
(kinematics not shown). Note, we only used cupssturbations to limit the number of trials as aurs
and goal jumps evoked highly similar activity patteand only differed in magnitude by ~15% (Figure
5A, D). We recorded from 60 and 68 neurons frormké&y M and A, respectively. We found 57|57%
(n=34|39) and 43|60% (26|41) responded to the mezdidoads and cursor jumps, respectively, and
40|44% (24|30) responded to both perturbationsfowed the cursor slide evoked a more gradual
response in M1 as compared to the mechanical loactorsor jump (Figure 7E, H). Response ranges
indicated that activity related to the cursor skees ~65% smaller than activity related to the
mechanical loads (Figure 7F, 1), whereas actiatgted to the cursor jump was 21% smaller than
activity related to the mechanical loads (Figure JYG Muscle activity in response to the cursfes|
also gradually accumulated (Figure 7K). Cursateshnuscle activity was 85% smaller than activity
related to the mechanical loads (Figure 7L), whemeasor-jump muscle activity was 64% smaller
(Figure 7M). Collectively, these results suggedt &thd muscle display 2.9- and 6.6-times greater
activities, respectively, for deviations of the Hagenerated by a mechanical disturbance as compared

to a similar-sized visual disturbance.
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Discussion

We explored how visual and proprioceptive inforroatrelated to the limb and goal are
represented in M1. We found many neurons in M1aedpd to sensory feedback about the limb and
goal. Importantly, these different feedback souwere organized in M1 such that they largely tadet
the same neurons and generated the same popuaterstructure.

Vision and proprioception had rapid and potenuiefices on M1 processing. We found a small
majority of neurons responded to proprioceptivégp8edback consistent with previous studies
(Rosén and Asanuma, 1972; Conrad et al., 1975; haghal., 1976; Wong et al., 1978; Fetz et al.,
1980; Lemon, 1981b; Fromm et al., 1984; Hummelshediad., 1988; Bauswein et al., 1991). We also
found a similar percentage of neurons that respbtmlgisual feedback of the limb (52%) and goal
(55%). Both visual and mechanical disturbancesired corrective responses of about 3-4cm and the
corresponding activity in M1 was comparable in $@éhe activity that initiated the 8-10 cm reach.
Proprioceptive feedback influenced M1 activity vith50ms of a disturbance, whereas visual
feedback influenced M1 activity within ~80ms ofiatdrbance. The longer delay for vision is partly
due to processing time of the retina as the lag@aiculate nucleus, an area immediately downstream
of the retina, responds to visual input within ~ZIms (Maunsell et al., 1999). In contrast, muscle
spindles respond to a muscle stretch within ~3mbdter et al., 1999) and the conduction delay to
first-order thalamic nuclei are approximately 6iftiemon and van der Burg, 1979). Thus, sensory
feedback has a potent influence on M1 processirenwisponding to external disturbances and it is
likely that sensory errors generated during nateathing also have a potent influence (Creveceeur
al., 2012; Crevecoeur and Kurtzer, 2018; Takel.e2@18).

Interestingly, the timing for proprioceptive feedkavas noticeably longer than previous
studies that demonstrate M1 responds within ~20rmasneechanical load (Evarts and Tanji, 1976;
Wolpaw, 1980; Fromm et al., 1984; Boudreau and Igraid01; Pruszynski et al., 2014; Omrani et al.,
2016). This may reflect task differences as previstudies have applied loads during posture, \aisere
the present study applied loads during reachingriatively, the present study recorded M1 neurons
using floating micro-electrode arrays and sampldgl neurons on the gyrus of M1 (rostral M1). In
contrast, previous studies including our own stsidezorded M1 neurons using single electrodes that
sampled neurons from the gyrus as well as the ozastal portion of M1 residing in the central sulcus
Previous work suggest that there are gradientgdlmrostral-caudal axis of M1 for anatomical and

physiological features (Crammond and Kalaska, 12060; Cisek et al., 2003; Rathelot and Strick,
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2009; Witham et al., 2016). Thus, faster timingymeside in neurons sampled from the caudal
subdivision of M1.

Importantly, our results support the convergengmliyesis for how M1 responds to different
sources of sensory feedback. First, each feedtiagice targeted a highly overlapping population of
neurons. Second, neurons maintained their seligcéiad response range for corrections across the
different perturbation types. Lastly, we found sy similarity in the population structure as pipal
components trained on one perturbation type cagtaibstantial amount of variance for the other
perturbation types. The high similarity in the plapion structure emerged near the time when
perturbation-related activity emerged suggestiag tihese feedback sources converged rapidly in the
network. Thus, sensory feedback about the limbgamad converge onto the same circuit in M1 and
give rise to similar population-level structure.

The high convergence of sensory feedback sugdestaiteas upstream of M1 are responsible
for combining these information sources. Frontal parietal cortices are likely involved with state
estimation where proprioceptive and visual feedlaekintegrated into a common limb estimate
(Desmurget and Grafton, 2000; Shadmehr and Krakda06B; Scott, 2012; Takei et al., 2021). These
areas receive proprioceptive and visual feedbatik suibpopulations of neurons that are responsive to
both sensory modalities (Rizzolatti et al., 1981981b; Snyder et al., 1998; Bakola et al., 2010;
Omrani et al., 2016; Gamberini et al., 2017). Saveeurophysiological investigations have also
indicated that these same areas are involved witlergting a movement vector by combining limb and
goal feedback (Snyder et al., 1998; Buneo et @022Pesaran et al., 2006; McGuire and Sabes, 2011;
Bremner and Andersen, 2012; Piserchia et al., 20¥fjle this movement vector is commonly
assumed to reflect a spatial representation, it ieghgct a more complex neural space including
information related to arm geometry (Scott etE97).

Consistent with upstream state estimation is thhtktivity was largely unaffected by the
transient removal of cursor feedback. Other gralgs found that the motor system was insensitive to
the removal of cursor feedback, but interpretes &isi evidence that reaching involves a ballisteesph
where feedforward motor commands transport the tomards the goal with little influence from
sensory feedback (Woodworth, 1899; Meyer et aB81%uway and Schwartz, 2019). However, our
perturbations show that M1 is still highly sensstio proprioceptive and visual feedback inconststen
with this ballistic interpretation. The insensityvto cursor visibility likely reflects that the otor
system also uses internal and proprioceptive fegddtzacompensate for missing visual information

consistent with multi-sensory state estimation Y€ceeur et al., 2016). This compensation strategy i
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likely necessary as shifts in the gaze positionkdimks can disrupt the visibility of the hand chgi

motor actions. Further, we found a small increagke distance the reach endpoint was from thé goa
when cursor feedback was removed suggesting opdytaal compensation by these alternative
feedback sources.

Although convergence upstream of M1 is likely, éhare two reasons why convergence may
also arise from local processing in M1. Firstjféedence vector by definition is a relative metaicout
how far the limb is from the goal and thus canrmmtate M1 about the current limb configuration.
Information about the limb configuration is necegdar control to account for state-dependent
properties of the limb (e.g. intersegmental dynamiiollerbach and Flash, 1982; Sober and Sabes,
2003; Kurtzer et al., 2008; Pruszynski et al., 308Econd, M1 receives direct and substantial syput
from S1 and the interpositus nuclei of the cereime/lareas which are likely involved with state
estimation and exhibit activity patterns independerhe goal (Vilis et al., 1976; Strick, 1983; @mi
et al., 2016). Local convergence of sensory feddbay arise in M1 by initial processing in layer8 2
as these layers rapidly respond to proprioceptivevasual feedback (Lemon, 1981a; Chandrasekaran
et al., 2017; Heindorf et al., 2018). Alternativedonvergence may arise from integration by the
dendrites of layer 5 M1 neurons. Further studresequired to understand how sensory feedback
signals are combined in frontoparietal circuitdudang M1.

Our results also highlight differences betweenaxirons for mechanical and visual
perturbations at the muscle and M1 levels thatigegotential insight about the relative contribuati
of M1 in feedback processing. M1 and muscle aatisitvere larger for the mechanical loads than
sliding cursor perturbations that followed a simkanematic trajectory. This difference in magnigud
may reflect a combination of two factors. Firsg thotor system may only use visual feedback to
update internal estimates of the kinematic varghled thus corrections are generated to counter the
kinematic error only. In contrast, proprioceptieedback may be used to update estimates of kinemati
and dynamic variables including the external load #hus corrections are generated to counter both
the kinematic error and the external load. Secardliding cursor perturbation introduces a conflict
between visual and proprioceptive feedback whick have attenuated the accompanying corrective
response. Multi-sensory integration theories suggpesmotor system should weight proprioceptive
and visual feedback to form a common limb estimatk a recent study suggesting proprioceptive
feedback should be weighted more given its shdetxys compared to vision (Crevecoeur et al.,

2016). In contrast, we removed cursor feedbackeaohanical load trials and thus there was no
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conflict between vision and proprioception. Furtsiidies are needed to probe what state variables
are updated by each sensory modality and the atiegrrules used by the motor system.

There was also a noticeable difference in theivelahagnitudes for visual and mechanical
perturbations between M1 and muscle activities.sdiactivity was 6 times larger for the mechanical
loads than cursor slides, whereas M1 activity wag 8 times larger for mechanical loads than cursor
slides. This suggests that M1 only contributes%%9 the total motor output for mechanical loads
with the remaining output likely generated by sutical circuits including brainstem and spinal cord
(Mewes and Cheney, 1991; Soteropoulos et al., 20&gagr et al., 2015; Soteropoulos and Baker,
2020). However, this estimate on the cortical abatron to motor corrections has many assumptions.
First, the activity we recorded in rostral M1 isased to be representative of descending cortical
control, in general. Further studies are cleartyuned to verify whether the relative difference is
reflective of regions such as caudal M1 in the bafithe central sulcus where proprioceptive and
cutaneous responses tend to be greater (Portdreamoh, 1993). Second, it is assumed that neural
responses for visual and mechanical disturbanaasiloate similarly to descending signals or output-
potent spaces (Kaufman et al., 2014; Stavisky.e@l7). This assumption seems reasonable as the
population-level structure was largely similar bedénw mechanical and visual perturbations. Findlly, i
IS likely that we underestimated the subcorticaitabution to mechanical loads as the comparison
between mechanical and visual perturbations assiuiedas the only circuit involved with
generating visual responses. Visual responses sayraolve subcortical circuits including the
superior colliculus (Alstermark et al., 1987; DaydaBrown, 2001; Pruszynski et al., 2010; Corned an
Munoz, 2014; Cross et al., 2019; Kozak et al., 200fhile comparisons of the visual and mechanical
responses at the muscle and neural levels progigesentially important approach to probe cortical
versus subcortical contributions to feedback coimas, further studies are clearly required to addr
the assumptions inherent in these estimates.

The presence of feedback processing at corticatabdortical levels highlight that the motor
system is hierarchically organized with feedbacknattiple levels and transcortical feedback through
M1 being the highest level for online continuoustcol (Porter and Lemon, 1993; Schweighofer et al.,
1998; Loeb et al., 1999; Todorov et al., 2005; &nd Todorov, 2009; Merel et al., 2019). Current
theories inspired by engineering principles haveptet a serial approach focused on the
transformation of information (e.g. cartesian spageint torques; Kalaska and Crammond, 1992;
Buneo et al., 2002; Todorov et al., 2005) or a ntexdapproach where each level provides a distinct
role (e.g. motor planning by motor cortex, feedbaghtrol by subcortical circuits; Kawato et al. 879
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494  Schweighofer et al., 1998; Loeb et al., 1999; Metdll., 2019). Alternatively, multiple levels may
495 contribute to generating feedback responses, bbui distinct roles captured by engineering

496 principles. From this perspective, the contributigrM1 would be to provide the extra motor

497 commands necessary to attain a behavioural gdakthdjusted based on the expected contributions
498 provided by lower feedback pathways. This coulchemelude a reduction in motor output when

499 needed to compensate for increased contributiams iower circuits (e.g. gain scaling, Pruszynski et
500 al., 2009). Unravelling the relative contributiaofdifferent levels of the motor system during

501 voluntary control remains an important and chalieg@rea of study.
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M ethods

The study involved two monkey®lacaque mulatta, males, 17-20kgs) and was approved by the
Queen’s University Research Ethics Board and Anidaake Committee. Monkeys were trained to
place their upper limb in an exoskeleton robot é€m, Kingston Ontario).

Lateral reaching task. Monkeys were trained to make goal-directed rem@ltele countering
unexpected perturbations to the limb or goal. h&tlbeginning of a trial, the monkey placed and held
their hand inside a start target (red square, keagtl width 1.2cm,) for 750-1500ms. Then, a goal
target (white square, length and width 1.6cm; jomfiguration in middle of reach: shoulder 30°,
elbow 87°) appeared lateral to the starting pasitiwat indicated the spatial location of the goal a
provided the cue to initiate the reach. The reatharily involved a shoulder and elbow extension
motion and for Monkeys M and A, the goal targetsengaced 10cm and 8cm from the start target,
respectively. Monkeys had 1400ms to reach the gméimaintain their hand inside the goal for 500ms
to receive water reward. We included trials whaseal feedback of the hand (white circular cursor,
diameter 1.6cm) was provided for the entire trigdadion and trials where visual feedback of thechan
was removed 2cm into the reach and re-appeared2@@en. On random trials, we applied one of
three perturbation types, goal jumps, cursor juropspechanical loads. Mechanical loads consisted o
torques applied to the shoulder and elbow jointsvmopposite directions, one that flexed the stieul
and extended the elbow and the other that extetieeshoulder and flexed the elbow. Shoulder and
elbow torques were equivalent in magnitude and We28Nm and 0.24Nm for Monkeys M and A,
respectively. Visual feedback of the hand was edgswoved for 200ms after the mechanical load was
applied. Cursor jumps consisted of displacementise cursor’s position perpendicular to the axis
connecting the start and goal targets (reach kigsye 1A). Two cursor-jump directions were
included that displaced the cursor away from oratals the body and the size of the displacement was
4cm and 3cm for Monkeys M and A, respectively. IGaaps were identical to cursor jumps except
that the goal’'s position was displaced. All pdarations were applied 2cm into the reach. In akbédc
trials, monkeys performed 8 unperturbed reachds wisual feedback of the hand, 4 reaches with
visual feedback of the hand temporally remove®@fi®ms and 6 perturbation trials (2 directions x 3
perturbation types). Monkeys completed 10-25 daoka recording session.

Anterior reaching task. For a subset of sessions, monkeys also compledeties to a goal
located directly in front of the shoulder (antenieach). These reaches followed the same timing
parameters as the lateral reaches denoted abamad.atd cursor jumps were still in the directioatth

was lateral to the reach axis, which now resulbgdimps that were lateral or medial to the body.
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Mechanical loads were the same magnitude, howexertiney either flexed the shoulder and elbow
joints or extended the shoulder and elbow joifisa recording session, monkeys completed 10-15
blocks of the lateral reaches followed by 10-15xkoof the anterior reaches or completed the amteri
reaches first followed by the lateral reaches. Gitgkering of the blocks were counterbalanced across
sessions.

Cursor didetask. In a separate set of experiments, we probed thwtsdty of M1 activity to
proprioceptive and visual stimuli when the tempawad spatial characteristics were matched.
Monkeys completed the same lateral reaching tagktive same mechanical load and cursor jump
perturbations. However, we also included a cus8de perturbation where the visual location of the
cursor would traverse a trajectory similar to ttagetctory the limb would take following a mecharica
load. We estimated the trajectory by fitting timeld position on mechanical load trials to a sigmoid
function (a/(exp(-(t+b)/c), whertes time andh, b, c are fit parameters) from 50ms before the load till
200ms after the load onset. The sigmoid fit patamsevere estimated using trials from a previous
day’s recording session.

Estimating visual onsets. There is an approximate 20-40ms latency in teealidisplay
between when a command is sent to jump the cursgwad and when it appears on the screen. On a
trial-by-trial basis, we estimated the visual latgby fixing two photodiodes to the screen. WHen t
goal or cursor jJumped, two white squares would ajgpear that were positioned on the screen
coincident with the photodiode placements. Jungetswere estimated as the average onset of the
two photodiodes, or the onset detected by a spigitodiode when the other photodiode signal was
poor. On trials where a cursor and goal jump didaccur, the white squares still appeared atanges
point in the reach so that we could align the unybed trials.

Neural recordings. In each monkey, floating micro-electrode arré@&-¢hannel, Utah arrays)
were surgically implanted into the arm region afary motor cortex. Surgery was performed under
aseptic conditions and the arm region was identifie visual landmarks. During surgery we used a
dura substitute (GORE PRECLUDE Dura Substitute,.\@&re and Associates Inc) that was placed
over the array and the dura was re-attached (GORSiure, W.L. Gore and Associates Inc). Spike
waveforms were sampled at 30 kHz by either a 128wucél neural signal processor (Blackrock
Microsystems, Salt Lake City, Utah) or a Grapeypnacessor (Ripple Neuro, Salt Lake City, Utah).
Neural recordings were collected over 5 separat@déng sessions in Monkey M and 3 separate

recording sessions in Monkey A.
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565 Muscle recordings. In Monkey M, we surgically implanted a 32-chanct@onic EMG system
566 (Link-32, Ripple Neuro, Salt Lake City, Utah). $haystem had 8 leads (impedance 20 kOhms) that
567 could be inserted into the muscle with each leadhiged separate contacts for recording muscle

568 activity. Each lead was connected to an internatgssor that was surgically implanted under the ski
569 and located near the midline of the back at thethmdacic level. We implanted brachioradialis,

570 Dbrachialis, the lateral and long heads of the ps¢céiceps (long head), pectoralis major, and emmter
571 and posterior deltoids. During a recording sessaaorgxternal transmitter was attached on the sken o
572 the internal processor and maintained in positypa Imagnet in the processor. The internal processo
573 received power from the transmitter and transmittedEMG signals transcutaneously. The signal was
574 transmitted to the Grapevine processor, bandpieset (15-375Hz) and recorded at 2 kHz. EMG
575 recordings were collected over 3 separate recorsksgions in Monkey M.

576

577 Data Analysis

578 Kinematic analysis. Kinematic signals were low-pass filtered with"adsder, zero-phase lag
579 Butterworth filter (cut-off frequency 10Hz). Thadpoint of the reach was defined as the first time
580 point after the peak hand speed that was lesslib#nof the peak hand speed. Movement time was
581 defined as the time duration between when the molafethe start target and first entered the goal
582 target. We quantified the goodness of fit)(Bf the cursor slide trajectories¢(R to the mechanical

583 limb (Pmnecn by taking the limb position from 0-200ms aftee fherturbation onset and subtracting off
584 the mean limb positions for each. We then calcdlgtie B = 1-||RusPmect /|| PrectlF where ‘|| || is the
585 Frobenius norm.

586 EMG recordings. Muscle activity was down sampled to 1kHz. Fagieen lead, we computed
587 the differential signals between the two most pr@ticontacts and the two most distal contacts

588 resulting in two differential signals from eachasted muscle. The differential signals were resifi
589 and smoothed with a Butterworth low-pass filterwaero-phase lag at a cut-off frequency of 50Hz.
590 Muscle activity was aligned to perturbation ongethe equivalent onset on unperturbed trials aatl tr
591 averaged. For muscle activity related to mechamiegturbations, we subtracted the activity on

592 unperturbed reaches without visual feedback fragratttivity on mechanical perturbation reaches. For
593 activity related to the visual perturbations, wepdoged the same method except using activity on
594 unperturbed reaches with visual feedback. The leggareferred perturbation direction was

595 determined for each perturbation type by calcuiptive activity with the largest perturbation resgmn

21


https://doi.org/10.1101/2021.05.01.442274
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.01.442274; this version posted May 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

596 within the first 300ms of the perturbation onséttivity was normalized by the mean activity in the
597 first 300ms after the perturbation onset for eacisate signal.

598 Pre-processing neural recordings. Spike timestamps were convolved with a kernel

599 approximating a post-synaptic potential (1ms riget 20ms fall time; Thompson et al., 1996) to

600 estimate the instantaneous activities. Activitiese aligned to perturbation onset following theea
601 procedure as for muscle activities

602 ANOVA analysis. For each neuron/muscle we applied a 3-way AN@AA time epoch (levels:
603 baseline epoch -100-0ms, perturbation epoch 0-3)(rasgurbation direction (two levels) and

604 perturbation type (levels: mechanical loads, gaailgs and cursor jumps) as factors. Neurons/muscles
605 were classified as “perturbation responsive” iréhe@as a significant main effect for time, or any

606 interaction effects with time (p<0.05, Bonferroorection factor=4). Neurons/muscles classified as
607 significant were then subjected to separate twoANR@VAs for each perturbation type with time and
608 direction as factors. Neurons/muscles were clasis#s responsive for a given perturbation tye if
609 significant main effect or interaction effect wasifd (p<0.05, Bonferroni correction factor=2).

610 Responserange. The response range for a neuron was calculatezhfdh perturbation type

611 separately by taking the activity related to the@ction towards the body and subtracting the dgtiv
612 related to the correction away from the body. f@selting activity was then averaged over the

613 perturbation epoch.

614 Total least-square (TLS) regression. TLS regression was used to find a linear retestiip

615 Dbetween the response ranges from two perturbatpest(Figure 5). Ordinary least square (OLS)
616 regression has been used in previous studies (Coachand Kalaska, 2000), however, this method
617 assumes one set of response ranges is the indepeadable (i.e. no sampling noise; denote asd) a

618 thus only tries to find a line that minimize thecgrbetween the dependent variable (y) and the line

619 (minimizeX(y; — yi”"e)z). In contrast, TLS regression does not assumevangbles are independent

620 and finds a line of best fit that minimizes theat@rror between each data point and the line (maa

621  Y(y; — yi”"e)2 + (x - x}ine)z). TLS was performed by first subtracting the meangach response
622 range ¢, x) followed by singular value decomposition to fithe slope (m). The left singular vector
623 with the largest singular value was retained aedstbpe of the line of best fit was given as thiora
624 Dbetween the coefficient for the data on the y-axisr the coefficient for the data on the x-axitieT
625 equation of the line of best fit is thg#™ = m - x'"¢ + b whereb = m - ¥ + y. The significance of
626 the slope was determined by shuffling the pertiobatlabels and re-calculating the slope. This was
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repeated 1000 times and a probability value wasutated as the number of shuffled samples with
slope smaller than the actual slope.

Onsets. The onset of perturbation-related activity wstsneated by calculating the mean and
standard deviation of the perturbation-relatedvagtduring the baseline period (100ms before
perturbation onset). The onset was then definddeaBrst time-point to exceed the baseline mean b
three standard deviations (positive or negative@consecutive time points. This method was used
to calculate the onset for individual neurons,riaral population activity and the muscle popufatio
activity. For individual neurons, the onset wasyardlculated once per neuron in the perturbation
direction that elicited the largest absolute respdnom the unperturbed trials during the pertuopat
epoch.

Average population activity. An average population response was calculatedtimate the total
change in the network in response to the pertwbsiti We determined each neuron’s preferred
corrective movement by averaging its activity otrex perturbation epoch. The corrective movement
with the absolute largest change in activity frdra tnperturbed activity was then defined as the
preferred corrective movement. If the change ilvaigtwas negative for a neuron in its preferred
corrective movement, we multiplied its time setiganegative one. This reduced the cancelling but o
activity when averaging across the population afraes.

Principle components analysis. Principal components analysis (PCA) was useadewtify the
low-dimensional subspace for the perturbation-eelatctivity. For each perturbation type, we avetage
each neuron’s perturbation-related activity in meerlapping 10ms windows to yield 30 time points
for each perturbation direction. The activity ath neuron was soft normalized by its range (+§)sp/
by finding its maximum and minimum activities dugithe perturbation epoch over all perturbation
types (mechanical loads, goal jumps, cursor jumpite, the same normalization constant was
applied to each perturbation type. We then conttduseparate matrices for each perturbation type
that were of size NxDT, where N is the number afroas, D is the number of perturbation directions
(2) and T is the number of time points (30). Theamactivities in each row was then subtracted.
Singular value decomposition was used to identig/rinciple components of the matrix, and the top-
10 principle components were kept.

We used a cross-validated approach to draw a aum@ate comparison between the amount of
variance captured between perturbation types.akgwven perturbation type, we randomly assigned
trials into equally sized groups and the same [@sing steps were applied as above. One group was

used to calculate the principle components (Trdimddle the left-out group was used to calculat th
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amount of variance captured by those principle comepts. These principle components were also
used to calculate the amount of variance accouotdaly the other two perturbation types after
randomly down-sampling trials to match the left-gtdup. This procedure was repeated 1000 times
for each perturbation type.

Overlap index. We quantified the overlap between the subspageslculating the overlap
index from Rouse and Schieber, (2018)

tr(212,)
12111220 7

WhereZX;andZX, are the covariance matrices for perturbation tylpasd 2¢r is the trace operator, and

overlap =

||l is the Frobenius norm operator. Activity was pregessed the same way as for the PCA analysis.
The overlap index was computed between each paiertdirbation types.

The overlap index can range from 0, indicating werlap between subspaces, and 1 indicating
perfect overlap between subspaces. Confidencevaldevere generated by randomly selecting half of
the trials for each perturbation condition and gklting the subsequent overlap. This was repeated
1000 times for each comparison between perturbyjoes.

We generated two null distributions for comparis@ne distribution estimated the overlap
between two independent samples from the samerpation type (within-perturbation distribution).
For a perturbation type, we split trials into tvegually sized groups and then calculated the qverla
between these two groups following the same praeeasiabove. This was repeated 1000 times for
each perturbation type and overlap values wereeplool' he second distribution compared how
overlapping two samples were when the neuron lakeds shuffled. For a perturbation type, we again
split trials into two, equally sized groups. Theiran labels were then randomly shuffled in one grou
and the overlap was then calculated between thgtawups. This was repeated 1000 times for each
perturbation type and overlap values were pooled.
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FiguresL egends

Figure 1. Example kinematics. A) Example hand paths of Monkey M reaching farsow-on (top)

and cursor-off trials (bottom). B-D) Example haraths for goal jumps (B), cursor jumps (C) and
mechanical loads (D). Solid and dashed lines attefpations requiring corrections towards and away
from the body, respectively. E) The average hamed on cursor-on and cursor-off trials. F-H) The
change in the lateral hand velocity for goal jurfs cursor jumps (G), and mechanical loads (H).
Note, for the mechanical loads the change in |akenad velocity starts at 0Oms due to the displacgéme

caused by the loads.

Figure 2. Example neuron activities. A) Activities from four example neurons (firstuiorows) and
muscle activity (bottom row) during reaches forsmuron (black) and cursor-off trials (grey). Grey
area demarcates when vision was removed. B-D) fiaege in activitiesAActivity) for the same four
example neurons and muscle activity in respongiegtgoal jumps (B), cursor jumps (C) and
mechanical loads (D). Solid and dashed lines agoreses to perturbations requiring corrections

towards and away from the body, respectively.

Figure 3. Proprioceptive feedback altersM 1 activity earlier than visual feedback. A) The average
activity across neurons for Monkey M. Arrows iratie when a significant increase from baseline was
detected. Only neurons with significant activity & least one perturbation type were included. B)
The onset across individual neurons for each geation type presented as a cumulative sum. C-D)
Same as A-B) except for Monkey A. E-F) Same as A&R)ept for muscle activity from Monkey M.

Figure 4. Each perturbation type influences overlapping neurons. A) Venn diagram showing the
number of neurons observed (Obs) in each cladddokey M. The diagram also shows the number
of expected (Exp) neurons assuming an independknbdtion. Chi reflects the classes contribution
to the totaly® value ([Obs-Exg{Exp). B) Venn diagrams classifying neurons usinty owo
perturbation types for Monkey M. C-D) Same as AeRgept for Monkey A.

Figure 5. M1 neurons have similar response ranges across pertur bation types. A) Comparison of
the response ranges between activities for theaymhtursor jumps. Black circles: neurons respensi
to all three perturbation types. Grey circles:meas responsive to at least one perturbation tygas

the Pearson’s correlation coefficient. Dashed Inedlect the line of best fit identified using tbleast

33


https://doi.org/10.1101/2021.05.01.442274
http://creativecommons.org/licenses/by-nc-nd/4.0/

968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.01.442274; this version posted May 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

squares regression (slope indicated in quadrant®))Same as A) except comparing mechanical loads
and goal jumps. C) Same as A) except comparindnamcal loads and cursor jumps. D-F) Same as

A-C) except for Monkey A. G-1) Same as A-C) exclgtmuscle activity from Monkey M.

Figure 6. Activity patternsoverlap across perturbation types. A) Variance accounted for by the top
goal-jump principal components for Monkey M. Vagarfor the goal-jump trials was calculated for
the training set (open) and for the left-out tri@sd). Circles and bars denote the median an8the
and 98 percentiles of the distributions. B-C) Same agoh)xursor jumps and mechanical loads. D)
Overlap index between perturbation types (cleas)oand the shuffle and within-perturbation
distributions (filled bars). Bars denote the mediad 5' and 9% percentiles of the distribution. E-H)
Same as A-D) except for Monkey A. I-H) Same as Aekyept for EMG from Monkey M.

Figure 7. M1is more senstive to mechanical than visual perturbations. A) For Monkey M, hand
paths for the mechanical loads (red traces) andutsor’s path on cursor slide trials (cyan tracd)
In the lateral direction (see A), the change initpms of the hand and cursor on mechanical load and
cursor slide trials respectively. C) Thé &ross sessions comparing how well the cursce slid
trajectory fit the limb trajectory on the mecharicad trials (Monkey M|A n=7|3). Yellow diamonds
reflect the mean. D) Movement times for all mechahlioad and cursor slide trials. Arrows denote
medians. E) The average activity across neuronsaoh perturbation type. F) Comparison of
response ranges between mechanical loads and slidgor Presented the same as in Figure 5. G)
Same as F) except for comparing mechanical loatthsowrsor jumps. H-J) Same as E-G) except for
Monkey A. K-M) Same as E-G) except for muscle attiv

Supplementary Figure 1. Movement times and endpoint distance from goal across monkeys. A)
Movement times for Monkey M for cursor-on and cusfi unperturbed reaches. Movement time was
defined as the time between when the hand lefstdre target and when the hand first contacted the
goal target. Trials have been pooled across alrdeng sessions. Arrows denote the median of the
distributions. Distributions for cursor-on and cursff trials were not significantly different (two
sample t-test: t(471)=1.6, p=0.12). B) Same a®Apérturbation trials. C) Same as A) except fer th
distance the reach endpoint was from the goalriBigtons for cursor-on and cursor-off trials were
significantly different (t(471)=3.6, p<0.001). Dame as C) for perturbation trials. E-H) Same as)A-D
for Monkey A. E) Distributions for cursor-on andrsar-off trials were not significantly different
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1000 (t(279)=1.9, p=0.06). G) Distributions for cursar-and cursor-off trials were significantly diffeten
1001 (t(279)=4.0, p<0.001).

1002 Note, Monkey M had longer movement times than Mgrkeue in part to Monkey M completing a
1003 10cm reach and Monkey A completing an 8cm reach.

1004

1005 Supplementary Figure 2. Placement of arraysin M 1. Both monkeys had floating micro-electrode
1006 arrays implanted in the arm regions of M1. Appnaxie location of array is indicated by the black
1007 square. Acronyms: CS central sulcus, SPS supearoeptral sulcus, AS arcuate sulcus, SAS spur of
1008 arcuate sulcus, A anterior, P posterior.

1009

1010 Supplementary Figure 3. M1 activity is largely unaffected by removing cur sor feedback. A) For
1011 Monkey M, comparison of the mean activities dunimgperturbed reaches for cursor-on (abscissa) and
1012 cursor-off (ordinate) trials. Activity was averaggom 100-250ms after the cursor feedback was
1013 removed. Each circle denotes one neuron. Dashedditects the line of best fit identified usingaio
1014 least squares regression (slope indicated in fopdener). B) Same as A) except for the standard
1015 deviation across trials. C-D) Same as A-B) excepMonkey A. E-F) Same as A-B) except for EMG
1016 from Monkey M.

1017

1018 Supplementary Figure4. Perturbation-related activity is comparable to activity during baseline
1019 reaching. A) Activities of the same four example neuron&igure 2 during unperturbed reaches
1020 aligned to movement onset (5% max hand speed)defharea denotes the movement epoch (-50-
1021 250ms). B) Scatter comparing the absolute magnifideovement-related activity with the magnitude
1022 of the perturbation-related activity. C) Cumulatswans of the difference in the magnitudes of the
1023 movement-related and perturbation-related acts/dieross cells.

1024

1025 Supplementary Figure5. Overlap time course. A) Time series of the overlap index between goal
1026 and cursor jumps (black solid line) for Monkey Mctivity was binned every 20ms. The time series
1027 was also repeated for the shuffle distributiondkldashed line) and the within-perturbation

1028 distributions for the goal-related (green line) andsor-related (blue line) activities. B) Samé\as
1029 except comparing mechanical loads with goal ju@)sSame as A) except comparing mechanical
1030 loads with cursor jumps. D-F) Same as A-C) excepiMonkey A. G-l) Same as A-C) for EMG

1031 signals. Prior to overlap calculation, EMG signatse filtered with a low-pass®rder Butterworth
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filter (cut-off 50Hz). Note, the substantial ovgrlaefore perturbation onset is in part due to thalls
subspace spanned by EMG signals

Supplementary Figure 6. Overlap across perturbation typeswith increased perturbation

directions. A) Monkey M’s lateral reaches following goal jumfieft), cursor jumps (middle) and
mechanical loads (right). Same as Figure 1B-D.&8h&as A) except now for Monkey's M anterior
reaches. C) Response ranges comparing perturlbgties for the anterior reaches. Data presented the
same as in Figure 5. ‘n’denotes the number afrod neurons. D) Overlap index presented the same
as Figure 6. E-F) Same as C-D) for Monkey A.
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