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Modular organization of the spinal motor system is thought to
reduce the cognitive complexity of simultaneously controlling the
large number of muscles and joints in the human body. Although
modular organization has been confirmed in the hindlimb control
system of several animal species, it has yet to be established in the
forelimb motor system or in primates. Expanding upon experi-
ments originally performed in the frog lumbar spinal cord, we
examined whether costimulation of two sites in the macaque
monkey cervical spinal cord results in motor activity that is a
simple linear sum of the responses evoked by stimulating each site
individually. Similar to previous observations in the frog and
rodent hindlimb, our analysis revealed that in most cases (77% of
all pairs) the directions of the force fields elicited by costimulation
were highly similar to those predicted by the simple linear sum of
those elicited by stimulating each site individually. A comparable
simple summation of electromyography (EMG) output, especially
in the proximal muscles, suggested that this linear summation of
force field direction was produced by a spinal neural mechanism
whereby the forelimb motor output recruited by costimulation
was also summed linearly. We further found that the force field
magnitudes exhibited supralinear (amplified) summation, which
was also observed in the EMG output of distal forelimb muscles,
implying a novel feature of primate forelimb control. Overall, our
observations support the idea that complex movements in the
primate forelimb control system are made possible by flexibly
combined spinal motor modules.
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o execute voluntary movement, the central nervous system

(CNS) must convert the desired movement into signals that
control muscles and thus the actual position of the body in space.
Large numbers of possible movements (i.e., large degrees of
freedom, DOF), nonlinear dynamics, and sensory delays in the
musculoskeletal apparatus make voluntary movements a com-
putational challenge. How the CNS accomplishes this conversion
is a long-standing question in the field of motor control. A hi-
erarchical and modular organization of the CNS for controlling
movement might simplify this process. In this scheme, a limited
number of output modules in the spinal cord would control
different but overlapping sets of muscles and joints, thereby
decreasing the number of variables directly controlled by the
cerebral cortex. By recruiting different output modules simulta-
neously but independently, the CNS might take advantage of this
modular structure and achieve the flexibility necessary to control
a variety of behaviors at a lower computational cost than is ac-
crued by controlling each muscle independently (1-3). Bizzi and
colleagues (1, 4, 5) pioneered the original experimental evalua-
tion of this hypothesis, showing that hindlimb movement gen-
erated by costimulation (simultaneous stimulation) of two sites
in the frog lumbar spinal cord could be explained by a simple
linear sum of the responses evoked by stimulating each site in-
dividually. Based on this seminal work, they further hypothesized
that the supraspinal structure might control the large number of
DOF by activating and combining different motor “modules” in
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the spinal cord (3, 6, 7). Subsequent work in the frog (8-10),
rodent (11, 12), and cat (13) confirmed these results. In this
paper, we tested whether the same scheme exists in the primate
forelimb-control system.

Today, the concept of modular organization is used as a basis
in studies of human movement (14, 15). Indeed, a number of
different human joint movements and muscle activities have
been characterized based on this idea (i.e., muscle synergy) (16,
17), and it has even spread to fields of clinical research (18, 19)
and robotic engineering (20-22). Although these studies im-
plicitly assume that the concept of modular motor control de-
rived from frogs and small mammals also applies to humans, few
studies have attempted to directly determine whether such
control is present in the primate spinal circuitry. We recently
reported that cervical spinal interneurons in monkeys coactivate
multiple finger muscles (23) with several time-varying profiles
(24) and that these coactivations could correspond to muscle
synergies in primate hand muscles (25). These findings seem to
support the idea that primate forelimb movement is also con-
trolled through modular organization and raise the possibility
that efficient control of the primate limb is accomplished via
brain activation of different sets of spinal cord modules (26, but
see refs. 27 and 28), as previously seen in the legs of frogs (5) and
rodents (11).

To test this idea, we reproduced the original experimental
paradigm in the cervical spinal cord (for control of forelimbs
rather than hindlimbs) of anesthetized monkeys, measuring the
direction and magnitude of the force field generated by
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costimulation as well as the electromyography (EMG) output (1,
4, 5). We tested the effect of electrically stimulating pairs of
intraspinal sites both individually and simultaneously by com-
paring the evoked force fields measured at the wrist joint as well
as the activity of several forelimb muscles. As in the lumbar
spinal cord of other species (5, 11, 12), we found that the di-
rectionality of the force field evoked after simultaneous stimu-
lation could be explained by linearly summing the force fields
generated when each intraspinal site was stimulated separately.
We further confirmed a comparable linear summation in the
EMG output of proximal forelimb muscles as the potential
source of the force fields’ linear summation. Additionally, we
unexpectedly found supralinear facilitation of force field mag-
nitude, which has not been reported in previous studies. We
discuss a potential source and functional significance of this
supralinear facilitation.

Results

Force Patterns Evoked by Coactivation of Two Intraspinal Sites Show
Linear Summation in Direction. Previous research on the frog spinal
cord (1, 4, 5) has shown that costimulation of two spinal cord
sites results in a force field that is the simple linear sum of the
fields evoked when each site is stimulated individually. To de-
termine if these effects are also seen in primates, here we ex-
amined isometrically measured X-Y force responses at the wrist
in seven different hand positions that were induced by micro-
stimulation of the monkey spinal cord (Fig. 1 A-D). This allowed
us to obtain the force fields associated with each intraspinal site
(Fig. 1 E and F).

An example of force fields evoked by an electrode pair
(monkey TE, 4-mm depth) is shown in Fig. 2 A-D. When ana-
lyzing the direction of the observed resultant force fields from
the costimulation of this pair of intraspinal sites (Fig. 2D, Fop),
we found that although it did not match the field resulting from
stimulation of either site individually (Fig. 2 4 and B, F4, cosine
similarity = 0.63; Fg, similarity = 0.76), it was closely predicted by

the field expected by simple summation of the two (Fig. 2C, Fg,
similarity = 0.91; similarities summarized in Fig. 2F). Across all
costimulations, we found that the similarity between force fields
observed after costimulation and those predicted by the linear
sum was high (>0.90) in 77% (23/30) of intraspinal site combi-
nations and that the average similarity for all 30 cases was 0.92 +
0.015 (SE). While in many of the cases [16/30 here and 24/41 in
the frog (5)], the response to costimulation was highly similar
(>0.90) to the response to stimulation at one of the individual
sites, in most cases [24/30 here and 33/41 in the frog (5); Fig. 2F]
the force fields elicited by costimulation were more similar to the
linear combination of the two evoked fields than to either indi-
vidual evoked field. Importantly, this was true for both the
“winner” and “loser” sites (“winner” similarity: 0.85 + 0.03;
“loser” similarity: 0.58 + 0.06; P < 0.005 for both comparisons).
For comparison, the similarity between the costimulation field
and the linear sum of the component fields in the frog (5) was
0.938 + 0.045, while that of the “winner” site was 0.905 + 0.068.
Therefore, the force field directionality produced by simulta-
neous spinal-site stimulation can be explained by linearly sum-
ming the force fields generated by each site. This replication of
past findings in other species suggests that primate forelimb
control is accomplished by the flexible combination of spinal
cord modules.

Muscle Responses Also Show Linear Summation. The underlying
assumption of the proposal that modular organization is based
on the linear sum of force field directionality is that the force
vectors represent spinal recruitment of motor output. Thus, a
given spinal locus generates its force vector output by recruiting
and/or changing the activity of (a set of) muscle(s), generating
torques at the shoulder and elbow, and creating a measurable
force at the wrist. If so, our linear-summation findings imply that
(at least) two intraspinal loci can concurrently and independently
recruit sets of muscle fibers representing different force field
directions.
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Fig. 1.

Method for measuring force fields. (A) A monkey was anesthetized and laid prone on a horizontal table. The posture of the left limb was changed by

manually fixing the left wrist at one of seven points on a square grid with 8-cm spacing (red dots). The shoulder was stabilized with two vertical poles (gray
circles) [adapted from Yaguchi et al. (60)]. (B) The wrist was fixed at each point using a swiveling U-shaped hand holder with an integrated force sensor. (Cand
D) The forces recorded in the mediolateral (or X) (C) and anteroposterior (or Y) (D) directions during stimulation (gray shades) of a specific intraspinal site (or
combination) at a specific hand position. The colored lines each represent the measured force during a single pulse train; the black line is the mean force
response over multiple trials (n = 6). (E) The magnitude and direction of the force vector in the X-Y plane at a single location were determined by finding the
total area of force magnitude and its corresponding direction. The black circle shows the location at which the force vectors were obtained for the example in
C and D. (F) The estimated force field from E was further visualized by interpolation.
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Fig. 2. A representative example of the linear sum of force fields evoked by microstimulating pairs of intraspinal sites. (A and B) Force patterns evoked by
stimulating two intraspinal sites (A, site 2 and B, site 11, monkey TE, 4-mm depth). Note that the vector profiles of the force fields (Fa and Fg) are different. (C)
Expected output (Fg,) based on the assumed linear summation of Fa and Fg. (D) Actual observed field (Fo,) evoked by stimulating sites A and B simultaneously
(costimulation). Red arrows illustrate the measured force vectors at seven different wrist positions and black arrows show the interpolated vectors, giving a
smoother visualization of the forces. (E) Similarity for a representative example. Bars indicate the cosine similarity that the field resulting from costimulation
(D) had with those generated at site A (A, Fa) and B (B, Fg) and with their linear combination (C, Fg,). The SI, in this case, was —0.16. (F) Similarity for the
population (n = 30 site parings). Bars indicate the mean (+ SE) cosine similarity that the fields resulting from costimulation had with those generated at
"winner” sites (Fw;, the sites that had the higher similarity of the two individually stimulated sites) and at “loser” sites (F.,, the sites that had the lower
similarity), and with the field expected by their linear combinations (Fe,). **P < 0.001, ***P < 0.0001.

To test this possibility, we first compared force vector re-
sponses with simultaneously evoked EMG responses in 185
intraspinal site-muscle pairs that exhibited significant (>3x SD
of the background signal; see Methods) EMG responses for a
given muscle at all seven wrist positions. An example is shown in
Fig. 3 A-C. In this example (elbow muscle, lateral head of the
triceps brachii [TLA]; Fig. 3B), the magnitude of the responses
varied among the different arm configurations. Furthermore, the
mean EMG amplitude seemed to covary with the force direction
(Fig. 34). Indeed, we found a significant correlation between
force vector direction and EMG magnitude (Fig. 3C; r = 0.89,
P < 0.05). We analyzed all 185 intraspinal site-muscle pairs, and
the results are summarized in Fig. 3D. We found that the degree
of correlation varied across muscles, with the highest correlations
in an elbow extensor (TLA) and a shoulder extensor (spinal
deltoid, DES) (hereafter referred to as the “top-two” muscles)
and smaller correlations in the finger and wrist muscles. Making
the same comparison between different groups of muscles, we
found that force direction was highly correlated with EMG
magnitude for elbow and shoulder muscles and significantly less
so for wrist and finger muscles (P < 0.05). The correlation for the
top-two muscles (black bar, Fig. 3E) was significantly higher than
that for the other shoulder and elbow muscles (P < 0.05).
Therefore, we can conclude that force field directionality as
measured at the wrist in this study was generated predominantly
by the elbow and shoulder muscles, rather than the wrist and
finger muscles. This result is corroborated by anatomical evi-
dence that the shoulder and elbow muscles are the prime con-
tributors to end-point force at the wrist, although the wrist
muscles also can act synergistically with elbow muscles to influ-
ence motor output (29, 30).

Having confirmed that elbow and shoulder muscles were
driving force field directionality when stimulating a single site,
we tested whether costimulation generated total motor output
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that was a linear sum of individual motor outputs. We selected
costimulation site pairs from the site-muscle pairings used in
Fig. 3 and computed the EMG vectors (two individual and one
costimulation; see Methods) among the different muscle groups
(all 12 muscles, wrist/finger set, elbow set, shoulder set, and the
top-two muscles; Fig. 3E). We then compared the cosine simi-
larity for these vectors (i.e., costimulation EMG vs. the linear
sum of single-sitte EMGs) with the cosine similarities observed
for the force fields. An example of this EMG vector analysis is
shown in Fig. 4 A-D. Single-site stimulation of two intraspinal
loci evoked a significant response in a shoulder (DES) and an
elbow (TLA) muscle (the top-two group) with different magni-
tudes (Fig. 4 A and B). A two-dimensional representation of the
vector space highlighting the activity of these two muscles can be
seen in Fig. 4C, with the linear sum of the EMG vectors for site
A (blue) and site B (cyan) represented in orange. We then
compared the observed EMG vector after costimulation at these
two locations (red in Fig. 4D) with the linear sum (orange in
Fig. 4 C and D). For this particular pair of sites, the cosine
similarity for the EMG vector was 0.94. A similar analysis, done
in multidimensional space (according to the number of muscles
in each group), was repeated for the 185 intraspinal site—-muscle
group pairs, and the results are summarized according to each
muscle group (Fig. 4E).

Because the EMG magnitude measure used in our vector
analysis is always nonnegative, EMG vector direction is re-
stricted. Determining whether the calculated cosine similarity
between the costimulated EMG vector field and its individual
site components is greater than chance levels is thus critical.
Importantly, the level of chance similarity may depend on the
number of muscles included in the vector. Therefore, in addition
to the actual cosine similarity, we also calculated the chance-
level similarity for random groupings of equal numbers of mus-
cles. We then used these chance levels to correct the overall
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Fig. 3. Correlation of EMG responses with force direction. (A) An example of force direction measured in monkey TE in response to stimulation of intraspinal
site 2 (depth: 4 mm) at seven hand positions, ordered by the force vector direction (positions 3, 6, 1, 4, 2, 5, and 7 from Fig. 1A. Arrows illustrate the direction;
bars represent the direction in radians (with east as 0). (B) An example of average rectified EMG amplitude from the lateral head of the triceps brachii (TLA)
over the stimulation period, recorded at the same time as the force in A. (C) The direction of the force vector (A) and the EMG response amplitude (B) were
significantly and positively correlated (r = 0.89, P < 0.05). (D) The mean (+ SE) of the absolute correlation coefficients between the mean EMG amplitudes in
response to stimulation at a single intraspinal site and the directions of the simultaneously induced force vectors, computed for each muscle. The numbers at
the base of each bar are the number of relevant combinations found for each muscle across all intraspinal stimulation sites and hand positions, where a
significant response (rectified EMG amplitude surpassed 3x SD) in all seven positions was required to be included in this test. (F) Same data as D, divided into
groups of related muscles (number of muscles in each group indicated). *P < 0.05.

muscle group similarity measures, thus accounting for the dif-
ferent number of muscles in each group when determining
statistical significance (Methods).

We found that cosine similarity was highest for the TLA and
DES muscle-pair group (top-two similarity: 0.91 + 0.02 SE; mean
chance similarity: 0.29), followed by the significantly lower
shoulder-muscle group (similarity: 0.75 + 0.03; chance level:
0.26; vs. top-two and corrected for different chance levels: P <
0.01). The similarities were even lower in the elbow- (similarity:
0.5 + 0.05; chance level: 0.25) and wrist/finger-muscle groups
(similarity: 0.5 + 0.05; chance level: 0.24), both of which were
significantly lower than that in the shoulder-muscle group (P <
0.05 for both). The lowest computed similarity (but still signifi-
cantly higher than chance) used EMG vectors representing all
muscles (similarity: 0.44 + 0.06; chance level: 0.23). The cosine
similarity for the top-two muscle group was comparable to that
for the force field directionality (Fig. 2 and Table 1; 0.91 + 0.02
vs. 0.92 + 0.015, P > 0.05). Importantly, all cosine-similarity
measures for the costimulated EMG vector fields were signifi-
cantly higher than the chance level of similarity for the number
of muscles included in the vector. Furthermore, as with the force
field analysis, we compared the similarity for the top-two EMG
vector field during costimulation (Egx) with those for the fields
generated when each site was stimulated separately (Fig. 4F).
We found that the mean similarity for both “winner” sites (Ewi,
0.84 + 0.03) and “loser” sites (Epo, 0.65 + 0.04) was lower than
the similarity between the observed and linear-sum expectation
for costimulation (0.9 + 0.02, paired ¢ test, P < 0.05 and P <
0.005, respectively). Based on the results depicted in Figs. 3 and
4, we conclude that the force field elicited by costimulation is
highly similar to the linear sum (Figs. 2 and 4 E and F and Ta-
ble 1) because it arises predominantly through the linear sum-
mation of EMG vectors for the muscles that contribute the most
in shaping the force field direction (in this case, the shoulder
muscles and the elbow extensor). This result also suggests that
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the cosine similarity for the observed costimulation force field
direction indeed represents a physiological process in the spinal
cord that shapes the balance within the specific muscle sets so
that it best fits the motor plan (i.e., direction). Furthermore,
these findings support the idea that a large variety of motor
outputs can be achieved via a linear combination of spinal motor
modules (2, 3, 29, 31), which has recently been suggested to
occur in primate proximal muscles (32) and confirmed in primate
distal muscles (25).

Supralinear Summation in Force Field Magnitude. A force field can
be characterized by the directions and magnitudes of its com-
ponent vectors (4, 5). We have thus far shown that the direc-
tionality of a field produced by costimulation can be predicted
from the simple linear summation of the component fields and
that the underlying mechanism can likewise depend on the
summation of muscle-group activity (synergies). In addition to
direction, we also examined force field magnitude using non-
normalized force vectors, as shown in Fig. 5 A and D. For this
example pair of intraspinal stimulation sites, although the vec-
tor’s direction after costimulation (red arrow) resembled the
linear sum (orange) of individual vectors during single stimula-
tions (blue and cyan), we found that the vector’s magnitude after
costimulation was far larger than the simple linear sum (six times
larger). Had all of the vectors in this resultant field displayed the
same facilitation, the scaling coefficient, ¢ (Methods), would have
also been 6, suggesting that costimulation leads to supralinear
facilitation of force field magnitude. Across all costimulations,
the vector scaling coefficient ranged from 0.019 to 152.4, with a
value of 1 indicating an exact linear summation. To have a less
skewed measure of facilitation (or depression), we defined a
scaling index (SI) as the natural logarithm of ¢ (with a value of
0 now representing a simple linear summation). In this case, a ¢
of 6 corresponds to an SI of 1.8. A similar comparison was made
for all 123 cases summarized in Fig. 5 G, Left. The mean SI was

Yaron et al.
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timulation and single stimulation of “winner” sites (E,;, the sites with the higher similarity of the two), “loser” sites (E,., the sites with the lower similarity),
and the linear combinations (Eg,). *P < 0.05; **P < 0.001.

1.54 + 0.12 (SE), suggesting that on average costimulation
resulted in a force magnitude 4.7 times that expected by the
linear sum [compared to 0.88 on average in the original experi-
ments in the frog (5)].

The supralinear summation of force field magnitude suggests
that the motor output from two intraspinal sites might be inte-
grated and magnified by shared premotor systems, a process
commonly known as “spatial facilitation” (33). To address this
possibility, we performed a similar analysis, computing SIs
for the EMG vectors by comparing the magnitudes of EMG

responses for each muscle between single- and costimulation
conditions. Fig. 5 B and C present examples for the flexor carpi
radialis (FCR, wrist muscle) and TLA (elbow muscle), respec-
tively. While the EMG magnitude during costimulation was
similar to the linear sum (SI = —0.19) in the elbow muscle (Fig. 5
Fig. C and F), that in the wrist muscle (Fig. 5 B and E) was much
larger (SI = 1.86; supralinear summation). We performed this
analysis for 210 intraspinal site—-muscle combinations (Fig. 5 G
and H). The average SI for a vector containing all 12 muscles was
0.59 + 0.11 (corresponding to 1.8-fold facilitation), suggesting

Table 1. Comparison with earlier studies
Mussa-lvaldi et al. Tresch and Bizzi
This paper (5) 11) Lemay et al. (34) Caggiano et al. (12)
Animal Monkey Frog Rat Cat Mouse
Limb Arm Leg Leg Leg Leg
Spinal segment Cervical Lumbar Lumbar Lumbar Lumbar
Stimulation Electrical Electrical Electrical Electrical Electrical
Side Ipsilateral Ipsilateral Ipsilateral Contralateral (4) and Ipsilateral
ipsilateral (2)
Preparation Intact Spinalized (acute) Spinalized Decerebrated (acute) Intact
(chronic)
Anesthesia Ketamine and n.a. n.a. n.a. Ketamine and xylazine
medetomidine
Similar to linear sum 25/30 (83%) 36/41 (86%) 6/7 (86%) 0/6 (0%) 27/31 (87.1%) chat
45/58 (77.6%) thy1
Average directional 0.9 + 0.041 0.938 + 0.045 n.a. n.a. 0.90 + 0.05 chat
similarity 0.86 + 0.10 thy1
Facilitation 2.65+ 1.3 1.08 + 0.4 Not specified 1.26 + 0.81 0.84-1.37 (from Figs. 5

and 6)

n.a., data not available in the comparison paper.
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Fig. 5. Summation of force field magnitude and EMG vector magnitude. (A) Examples of force vectors evoked by the stimulation at two sites separately
(blue, intraspinal site 1, depth: 3 mm; cyan, site 14, depth: 3 mm) and the costimulation (red) are displayed together with the expected response assuming a
simple linear sum (orange). The bar plot for each panel represents the force magnitude for each. Note the supralinear summation (facilitation) in the
magnitude (SI = 0.7158) while the direction of the force vector matches the expected linear sum. (B and C) Examples of the EMG responses that were si-
multaneously measured with the force field shown in A. The same color scheme is used for each line and bar plot. An example of the wrist muscle (B, FCR) and
an example of the elbow muscle (C, lateral head of the triceps brachii [TLA]) are shown. Both examples were recorded in the third position (Fig. 1A) from
monkey NE. (D) The bar plot represents the force magnitude for each site and the combinations using the same color scheme in A. Note the supralinear
summation (facilitation) in the magnitude (Sl = 1.8 [c = 6.05]) while the direction of the force vector matches the expected linear sum. (E and F) The bar plots
represent the area of responses over all stimulus trains for the FCR (E) and TLA (F). Note that the actual and expected EMG vector magnitudes are comparable
for the elbow muscle (F) (SI = —0.19, ¢ = 0.83) but not for the wrist muscle (E) (Sl = 1.86, ¢ = 0.83) (see Fig. 4). (G) Box plot showing the distribution of force-
scaling indexes (Left; the contrast in force between the magnitude of responses to paired and unpaired stimulation) or EMG-scaling indexes (Right; the
contrast between vector magnitudes for all muscle responses to paired and unpaired stimulation), for all monkeys, days, and positions (n = 123 for force,
mean SI = 0.976, mean ¢ = 2.65; n = 210 for EMG, mean SI = 0.59, mean ¢ = 1.8). (H) Box plot showing the distribution of EMG SIs for different muscle groups
[the contrast between response-vector magnitudes for muscles in different groups to paired and unpaired stimulation for all intraspinal sites and positions
(n = 748)]. The details for the groups are as follows. Wrist/shoulder muscles: five muscles, n = 209, mean SI = 1.78, mean ¢ = 5.9; elbow muscles: four muscles,
n =207, mean SI =1.0, mean ¢ = 2.73; shoulder muscles: three muscles, n = 158, mean S| = 0.41, mean ¢ = 1.51; top-two muscles: n = 158, mean S| = 0.34, mean
¢ = 1.4. For both G and H, the boxes are centered on the median of the distribution (red line) and its top and bottom edges indicate the 25th and 75th
percentiles of the distribution. The dashed red line represents the mean. Outliers are marked by + signs, and the whiskers show the extent of all data that are
not considered outliers. The notches represent 5% confidence intervals around the medians. *P < 0.05; ***P < 0.0001.

that muscle responses also show supralinear summation, albeit
smaller than that of force field magnitude (Fig. 5D). Next, we
compared the magnitude of the EMG vector for each group of
muscles, similar to what is seen in Fig. 4E. As shown in the ex-
ample (Fig. 5 B and E and Fig. 5 C and F), we found a significant
difference among the muscle groups. The SI for the wrist and
finger muscles (1.8 + 0.13, 5.9-fold facilitation) was significantly
larger than that for the elbow (1 + 0.11, P < 0.001). Shoulder
muscles (0.41 = 0.12, P < 0.001) as well as muscles whose con-
tributions dominated the force field direction (top-two in
Fig. 3E, 0.34 + 0.13, P < 0.001) showed significantly smaller SIs
than those from other groups. Indeed, the median SI in the
top-two- and shoulder-muscle groups was close to zero
(top-two: —0.11; shoulder: 0.09), suggesting that summation for
response magnitude in the proximal muscles was almost linear.
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Comparing the SI for each muscle group with that for the force
field magnitude (mean = 0.96, red horizontal line in Fig. 5H)
indicated that elbow- and shoulder-muscle SIs were comparable,
but that the SI for the wrist/finger muscles was much larger than
that for the force field magnitude.

The results described in Fig. 5 can be summarized as follows.
First, supralinear summation observed in the force field magni-
tude was confirmed in the EMG vectors. Second, the extent of
supralinear summation in the EMG vector fields differed
depending on the muscle group; it was larger in distal muscles
and smaller in proximal muscles. Third, when present, supra-
linearity for the proximal muscles was comparable to or smaller
than that for force magnitude.

Given the low SI for the proximal muscles (nearly linear,
Fig. 5H), one may wonder how a supralinear summation in the
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force field magnitude (Fig. 5G) was generated, because we have
shown that the elbow and shoulder muscles were driving force
field direction (Fig. 3). This question can be addressed by making
a direct comparison between the SIs of the costimulated force
fields and those of the EMGs, similar to what is shown in Fig. 3.
An example is shown in SI Appendix, Fig. S1 A-C. In this ex-
ample (elbow muscle TLA; ST Appendix, Fig. S1B), the SI for the
responses varied among the different arm configurations. Fur-
thermore, for this specific muscle, the mean EMG amplitude
seemed to covary with the force SI (SI Appendix, Fig. S14). In-
deed, we found a significant correlation between force vector SI
and EMG SI (SI Appendix, Fig. S6C; r = 0.7, P < 0.05). We
analyzed all 110 intraspinal site combinations of muscle pairs and
summarize the results in SI Appendix, Fig. S1D. We found that
the degree of correlation varied across muscles, with the top-two
muscles (i.e., TLA and DES) among the highest three correla-
tions (SI Appendix, Fig. S1D). Making the same comparisons
between different groups of muscles, we found that the SIs for
force magnitude and EMG magnitude were highly correlated
with each other in the top-two and elbow-muscle groups, and the
degrees of correlation for these two groups were significantly
higher than what was observed for the wrist/finger muscles (P <
0.01 and P < 0.05, respectively). Therefore, the supralinear
summation of force field magnitude might be ascribed to the
supralinear summation of EMG output from primarily proximal
muscles, even if their individual EMG SIs were smaller than
those of the distal muscles.

Other Factors That May Influence the Direction and Magnitude of
Force Fields and Their Summation. Unlike the original experi-
ments in frogs and smaller mammals, in monkeys we found that
even though muscle output, and thus the magnitude of the force
field, could be modified during costimulation, EMG unit vectors
(representing possible motor synergies) and the direction of the
output force fields were often maintained. To ensure that our
measurements were not the result of artifacts created by our
experimental setup, we examined whether electrode depth (S
Appendix, Supplementary Information Text and Fig. S2), stimulus
current (SI Appendix, Supplementary Information Text), wrist
position in the workspace (SI Appendix, Supplementary Infor-
mation Text and Fig. S3), reafference signal from the hand and
fingers (SI Appendix, Supplementary Information Text and Fig.
S4), prior stimulation history (SI Appendix, Supplementary In-
formation Text and Fig. S5), and the depth of anesthesia (SI
Appendix, Supplementary Information Text and Fig. S6) affected
the recruited fields and the system’s response to costimulation.
As we found that none of these factors showed systematic in-
fluence on the recruited field and responses to costimulation, we
concluded that both the linear summation of the directionality as
well as the supralinear summation of the magnitude could be
unique properties of the primate cervical spinal cord.

Discussion

In this study, we measured the isometric wrist end-point force
fields evoked by microstimulation delivered simultaneously to
two discrete sites (costimulation) in the primate cervical spinal
cord and compared them with those evoked by stimulating each
site independently. We found that the direction of force fields
generated by costimulation can be explained by the linear sum of
those generated by independent stimulation (Figs. 2 and 4), with
a comparable linear summation in the EMG vectors of the
shoulder and elbow muscles (Figs. 3 and 4). In contrast, the
magnitude of the force fields averaged 2.6 times greater than
what was predicted by a simple linear summation (Fig. 5). While
we found an increase in motor output from the elbow and
shoulder muscles, the distal muscles in particular showed
supralinear facilitation of output during costimulation. (Fig. 5).
Interestingly, the two muscles with the highest synergistic
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similarity during costimulation (DES and TLA) also showed a
near-linear summation of EMG-measured activity. Based on the
observed linear sum of directionality in both EMG vector field
and force output field, these results suggest that primate fore-
limb control could be achieved by combining multiple spinal cord
modules, represented in the current study as the motor activity
evoked by individual intraspinal site electrical stimulation.

This confirmation in the primate cervical spinal cord of the
original results found in the lumbar cord of frog (1, 4, 5) and
other species, despite several differences in the experimental
setup (Table 1), strongly suggests that the control of limb
movements by the flexible combination of spinal modules is ro-
bustly conserved in the cervical and lumbar spinal cord of most
vertebrates, and therefore possibly in humans. The supralinear
summation of motor output magnitude during costimulation,
which has never before been reported, could be a unique feature
of cervical spinal cord control in primates.

Linear Summation of Force Field Direction: Comparison with Earlier
Studies. The primary motivation for this experiment was to re-
produce in the monkey the original findings from the frog, as
reported by Bizzi and colleagues (1, 4, 5): The force field
recruited by costimulation of spinal loci is a simple vector sum of
the two independently recruited force fields from those same
sites. To discuss the possibility that the control of forelimb
movement in monkeys, and therefore possibly higher primates, is
also achieved by the flexible combination of spinal motor mod-
ules, we constructed an experimental setup that was comparable
to the original study, including similar stimulus parameters for
evoking end-point force vectors.

Based on the observed force field output, we reached a con-
clusion similar to that of the original investigation in the frog
spinal cord (1, 4, 5): Fields evoked by costimulation are highly
likely to be similar to the linear summation of the two individual
fields (here, 77%, similarity index >0.9). In Table 1, we sum-
marize the results and experimental setups of the earlier reports.
Remarkably, high directional similarity has been reported in
studies using several different species, including frogs (5), mice
(12), rats (11), and monkeys (this study) despite variation in
experimental protocols. For example, stimulation has been op-
tical (12) or electrical (5, 11) (this study), the stimulated location
has been in the cervical (this study) or lumbar (5, 11, 12) parts of
the spinal cord, and animals have been anesthetized (12) (this
study), acutely spinalized (5), or chronically spinalized (11). The
consistent finding among these various experimental conditions
that costimulation yields force directions that are highly similar
to the linear sum of the component fields strongly supports the
idea that a flexible combination of spinal modules for controlling
movement is conserved throughout (at least) higher vertebrates.
These findings in the cervical spinal cord mean that, rather than
being confined to the hindlimb, this modular control could be a
general feature of the forelimb and/or necessary for complex
action sequences such as target reaching or throwing.

One exception is the report on the cat lumbar spinal cord,
which found no cases (0/6) of directional linear summation
during costimulation (34). However, in addition to the ipsilateral
side, the intraspinal stimuli in that study were also applied to the
contralateral side in four of six spinal cords. In contrast, stimu-
lation in all of the other studies was limited to the ipsilateral side.
Direct interaction between the sides of the spinal cord (35) is a
well-known function of commissural interneurons (36). There-
fore, the finding by Lemay et al. (34) might suggest that direc-
tional control of limb output force by linearly summing the
component force field directions represented by multiple intra-
spinal sites could be restricted to unilateral, but not bilateral,
control of force output.
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Linear Summation of Force Field Direction: The Link with EMG Field
Direction and Muscle Synergy. We also found a link between force
vector direction and its corresponding EMG amplitude vector
(Figs. 3 and 4), consistent with earlier reports in the lumbar
spinal cord (11, 37, 38). Confirmation of this link in the cervical
cord is crucial because it suggests that the linear sum of force
field direction is a consequence of activity in the neural corre-
lates of muscle synergy (31), as illustrated in Fig. 6. Here, let us
assume that different force fields are produced by two different
sets of motoneurons/muscles and that their excitability is regu-
lated by excitatory premotor interneurons (12, 23-25, 39, 40).
Stimulating the axon (either ascending or descending) that
projects to a premotor interneuron (INa) recruits a group (syn-
ergy) of motoneurons/muscles (Syn-a) (25, 40) (A). This muscle
synergy creates a specific EMG balance within the recruited
muscles that is represented as the EMG vector (EVa). A given
EMG vector should then be transformed into the force vector
(FVa) via joint torque. This step is supported by our finding that
the link between force and EMG vector field was dominant in
the proximal muscles and that this link was the prime factor in
determining the end-point force at the wrist (Fig. 3). Therefore,
the correlation we found between FVa and EVa (Fig. 3) suggests
that the force field direction evoked from a single intraspinal site
could reflect the muscle synergy of proximal muscles that is likely
represented by local premotor INs (25, 39, 40).

When two sites are activated simultaneously (Fig. 6B), the two
sets of premotor neurons (INa and INb) representing two muscle
synergies (Syn-a and Syn-b) and their EMG vectors (EVa and
EVb) are recruited simultaneously. As we saw in Fig. 4, in some
cases, the EMG vector generated by costimulation (EVab) is
predicted by the linear sum of two component EMG vectors
(EVa + EVb), suggesting that the two EMG vectors were
summed linearly to generate the EMG vector during coac-
tivation. Consequently, the link between the force field and
EMG field during costimulation indicates that the linear sum of
force field directionality during coactivation of two intraspinal
sites reported in this paper and others reflects the recruitment of
spinal interneurons that represent muscle synergies.

Finally, the link between end-point force direction and EMG
vector direction was found predominantly in the proximal
(mainly shoulder) muscles (Figs. 3 D and E and 4E). A similar
link has been also reported in the proximal muscles of the hin-
dlimb (hip flexor and extensor) (4, 11). Therefore, modular
control of the spinal motor output is likely a shared feature for
controlling proximal muscle activity of both arm and leg move-
ments for most vertebrate species.

Linear Summation of Force Field Direction: Functional Significance.
The significance of our findings in the primate cervical spinal
cord is threefold. First, it confirms the possibility that, as hy-
pothesized, spinal motor modules are indeed the building blocks
for constructing movements (2, 7, 39) in primates. Previously, we
found that spinal interneurons could coactivate a functionally
relevant set of hand muscles (23) with a relevant firing pattern
(24) and that they could be a part of the neural substrate for
hand muscle synergies (25). Those results strongly supported the
idea that primate spinal interneurons might serve as control
modules for constructing activity from multiple muscles during
voluntary movement. Here, by finding the linear summation of
force field direction during costimulation, we can now suggest
that primate limb movement is controlled by a flexible combi-
nation of spinal motor modules, which are represented by sets of
premotor interneurons. Second, our findings on the modular
control of motor output in the cervical spinal cord suggest that a
variety of hand and arm movements can be constructed in the
same manner (16, 32). A hallmark of modular organization in
the motor system is that it would reduce the DOF required to
control multiple muscles. Although this hypothesis has been
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Fig. 6. Independent amplitude and direction coding of movements in the

primate spinal cord: a hypothesis. (A) Single-site stimulation: stimulation
activates interneurons (INa) and the axons of neurons projecting to them (a).
As a result, motoneurons and muscles innervated by INa (Synergy-a; Syn-a)
are recruited during stimulation. This muscle synergy creates a specific EMG
balance within the recruited muscles, which is represented as the EMG vector
(Eva; red arrow). A given EMG vector should then be transformed into the
Force vector (FVa; black arrow). (B) Costimulation in the frog and/or lumbar
spinal cord. Stimulation activates two sets of interneurons (INa and INb) and
the axons of neurons projecting to both of them (a and b). As a result,
motoneurons and muscles innervated by INa (Syn-a) and INb (Syn-b) are
recruited, and the corresponding EMG vectors represented by Syn-a (EVa:
red arrow) and Syn-b (EVb: blue arrow) are generated independently and
simultaneously. Thus, the linear sum of EVa and EVb (EVab) is observed and
transformed to the output force vector (FVab; black arrow). (C) Cos-
timulation in the primate and/or cervical spinal cord. Stimulation activates
interneurons (INa and INb) and the axons of neurons projecting to both of
them (a and b). In addition, both stimuli acting in concert affect the re-
cruitment of a separate set of interneurons (INc) as a result of spatiotem-
poral summation. INc is a purported group of neurons that cofacilitate INa
and INb. The excitability of INa and INb can therefore both be increased
equally, resulting in a supralinear output from the same inputs from a and b,
whereby a larger number of motoneurons and their corresponding muscle
fibers are activated. Consequently, the observed EMG vector (EVab) and
force field vector (FVab) are much larger in amplitude (cyan arrow), but the
direction is similar to that of the linear sum (B). Thus, directional control can
be achieved by activating commands a and b, while separately amplitude
control can be realized by independently activating command c. See Dis-
cussion for details.

examined exclusively in the hindlimb, the reduction in DOF
should also benefit the control of the primate forelimb, allowing
more complex movements at a lower computational cost.
Noteworthily, we found linear summation of motor output, as
evidenced by a vector analysis of the EMG signal (Methods), in
both the distal and proximal muscles of the forelimb, with the
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summation being more linear in the proximal muscles (Fig. 4E).
Therefore, both hand and arm movements are likely to be gen-
erated by the flexible combination of spinal motor modules.
However, because the evidence for modular control of the
proximal muscles of the primate arm is currently much more
incomplete compared to that for the distal finger muscles
(23-25), generation of arm movements using proximal muscle
motor modules requires further investigation. Third, considering
the similarity between macaque and human neuroanatomical
structures (41-43), as well as their functions (44-46), our results
suggest that limb movements in humans might also be generated
by the combination of multiple motor modules. Interestingly,
epidural stimulation of the lumbar segment in patients with
spinal cord injury has been reported to recruit a small number of
muscle synergies (47), and the contribution of each synergy for
generating total EMG patterns was flexibly altered according to
various rhythmic patterns. Moreover, neuromodulation thera-
pies using spinal cord stimulation successfully recruited muscle
synergies in the rat (48) and generated synergistic movements in
human patients (49), by which we can infer the existence of
spinal motor modules in humans.

Strong Supralinear Summation of Force Field Magnitude: A Unique
Feature of Primate or Cervical Spinal Cord? In contrast to the force
field direction vectors, we found strong supralinear summation in
force field magnitudes after costimulation (Fig. 5 4 and D). We
also found corresponding supralinear summation in the magni-
tude of the EMG vectors, particularly in those of distal muscles
(Fig. 5 B, E, and H).

Linearity in the summation of force field magnitude during
costimulation has been reported in two previous studies (5, 34);
both measured the force field above the ankle joint after stim-
ulating the lumbar spinal cord. Although it was slightly larger in
the cat (Table 1), both studies showed a simple linear summation
of force magnitudes, which is a clear contrast with the present
study. A promising clue for untangling this discrepancy is that in
the current study the SI for EMG vector magnitude depended on
the muscle group (Fig. SH). We found similar supralinear SIs in
the force field (Fig. 5G) and EMG vector of elbow muscles
(Fig. 5H). In contrast, the SI for the shoulder muscle was closer
to linear (mean: 0.41 + 0.12, median: 0.09) with higher direc-
tional similarity to the simple linear sum (Fig. 4E). Therefore, a
reasonable assumption is that we would have observed simple
linear summations in both force field direction and magnitude if
the force fields had been generated exclusively by the proximal,
shoulder muscles. The sublinear or mostly supralinear summa-
tion of vector magnitude, as a logical consequence, can be as-
cribed to the action of more distal, elbow, and wrist muscles. This
hypothesis of a proximal—-distal bias in the nonlinearity of force
field magnitude is further supported by the finding that the most
distal wrist/finger muscles exhibited the greatest supralinearity of
vector magnitudes by far (Fig. 5H). A proximal-distal bias for
nonlinear magnitude can also explain the differences between
previous findings and what we report here. For example, a linear
sum of both the direction and magnitude of the end-point force
field might indicate that this bias is less dominant either in the
motor modules for leg muscles in the lumbar cord or in the frog
and rodent spinal cords in general. Conversely, this proximal—
distal bias could be a unique feature for either spinal modules of
the cervical cord (yet to be examined in other species), the pri-
mate cord in general, or specific to the primate cervical cord.

A neural mechanism underlying the supralinear summation of
magnitude is hypothesized in Fig. 6C. As already discussed, the
direction of the EMG vector represented in each premotor
neuron can be summed linearly and is indirectly correlated to the
force field direction (Fig. 6B). However, nonlinear magnitude
facilitation could be explained by supposing a large number of
upstream interneurons (INc) that are shared to an equal extent
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by INa and INb. Costimulation might indirectly increase the
excitability of INa and INb (Fig. 5 B and C) by recruiting a large
number of INcs via spatial facilitation, the hallmark of the
convergent spinal interneuronal system (33), thereby magnifying
the activity of INa and INb proportionately and creating the
observed supralinear magnification of EMG and force vectors
without changing the overall directionality (either in physical
space for the force field or in EMG vector space for the motor
response). The nonlinear magnification during costimulation can
also be expected owing to supralinear summation of EPSPs when
the excitatory synaptic input to INc from both INa and INDb is
temporally facilitated (50, 51).

Based on this hypothesis, what is unique about the motor
module for the primate or cervical cord compared with the sys-
tems previously studied? One possibility may be the larger
number of interneurons like the purported INc. For example, the
total number of neurons in a single spinal cord lumbar segment
of the turtle was estimated at 47,504 (52), while an equivalent
estimation in monkeys (Macaca fascicularis) is 1,920,000 (53).
Therefore, the number of spinal lumbar neurons in turtles and
other “lower” animals could be far less than that in macaque
monkeys. Additionally, the total number of neurons (per length)
in the cervical and lumbar cords seems to be comparable in the
rodent (54) but is slightly larger in the cervical cord (compared
with the lumbar cord) in both nonhuman primates and humans
(53). Therefore, if the number of interneurons like INc in Fig. 6C
increases in parallel with the total number of neurons in the
primate cervical spinal cord, then supralinear magnitude sum-
mation (facilitation) might be expected.

What is the advantage of having supralinear summation in
amplitude be unique to the distal muscles of the forelimb, es-
pecially in nonhuman primates and possibly humans? Deter-
mining how the brain and spinal cord control hand and wrist
movements is challenging, primarily because of the anatomical
complexity and the high DOF therein. While our finding that
linear summation of force direction is conserved in the spinal
cords of nonhuman primates should indicate that spinal modules
can be used to simplify the process of planning hand paths in
space, the spinal mechanism for the supralinear magnitude am-
plification can have an independent role. For example, bringing
a cup of water to your mouth is achieved by the same overall
kinematics whether the cup is full or empty. However, the force
required to support the weight of the cup depends on how much
water it contains. Separately changing the commands sent to
each module is one strategy the CNS could utilize, but this re-
quires that the coherence between modules also be maintained;
otherwise, the movement kinematics will be altered. Boosting the
muscle forces across an already-computed path through a sepa-
rate channel of interneurons avoids this risk. Cortical coding of
movement direction has been shown to occur earlier than that of
movement amplitude in both primary, premotor, and parietal
cortexes (55). Because most corticospinal cells from the motor
and parietal cortex terminate in the intermediate spinal layer
(56), we speculate that this cortical command independently
controls movement amplitude and direction by activating dif-
ferent sets of spinal interneurons.

Finally, we must point out that differences in experimental
constraints among this and previous studies (Table 1) might
underlie the different levels of summation for force field mag-
nitude among species or in different parts of the spinal cord. For
example, the reduced preparation (i.e., spinalization or decere-
bration) could induce acute and/or chronic changes in spinal
circuitry, but as a trade-off the intact preparation needs anes-
thesia, which affects the excitability of spinal neurons to
some extent (57). Therefore, a future experiment specifically
designed to evaluate multiple species or an experiment that in-
cludes interlimb comparison under a comparable setting (e.g.,
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intact, nonanesthetized preparation) is needed to confirm our
hypothesis.

Methods

Three male rhesus macaques (monkey TE, 4.1 kg; monkey TS, 5.0 kg; monkey
NE, 10.1 kg) were used in this study. All procedures were performed in ac-
cordance with the NIH Guide for the Care and Use of Laboratory Animals (58)
and were approved by the local ethics committee for primate research at the
National Institute of Neuroscience (Japan).

Surgery. Each monkey underwent two separate surgical operations, one for
implanting EMG wires in the muscles of the forelimb and one for implanting
the electrode array into the cervical spinal cord. The spinal array surgery was
performed 2 to 4 wk after the EMG wire surgery. During surgeries, monkeys
were anesthetized (sevoflurane 1.5 to 2.5% in 2:1 O,/N,0) and artificially
ventilated. Respiration rate was adjusted to keep end-tidal CO, within 30 to
35 mmHag.

EMG Implant. The skin and underlying tissue were removed from an area
posterior to bregma on the skull of the monkey and a T-bolt and several small
screws were inserted for use as an EMG ground and to secure the headpiece,
which protruded from the dental cement. Bipolar EMG electrodes con-
structed from braided stainless-steel wires (AS632; Cooner Wire) were tu-
nneled subcutaneously to their target muscles in the left arm and pulled
through small puncture openings in the skin over each target muscle, and
their ends were inserted into each muscle using hypodermic needles
through the same puncture (59). Implant sites were confirmed by intra-
muscular electrical stimulation. The wire connectors were then cemented in
place on top of the skull. A resin tube was added to the headpiece to sup-
port the head for later experiments in a seated position. EMG electrodes
were implanted in three shoulder muscles (pectoralis major [PEC], clavicular
deltoid [DEC], and spinal deltoid [DES]), four elbow muscles (biceps long
head [BIC], brachioradialis [BRD], triceps long head [TRI], and the lateral
head of the triceps brachii [TLA, monkeys TE and NE only]), two wrist muscles
(extensor carpi radialis [ECR] and flexor carpi radialis [FCR]), and three finger
muscles (adductor pollicis [ADP], flexor digitorum superficialis [FDS], and first
dorsal interosseous [FDI]).

Spinal Array Implant. An incision was made along the midline of the back and
the C3-T2 vertebrae were exposed bilaterally from the spinous process to
the lateral masses. A laminectomy was performed from C4 to C5 and the
dura matter removed to expose the dorsal surface of the spinal cord. A
screw was inserted transarticularly into each lateral mass. The screws on
each side were reinforced by tying them together with stainless-steel
wires and then covering them with dental resin, which was allowed to
set. A floating microarray electrode array (FMA; MicroProbes) was
implanted. The array consisted of 12 (monkeys TS and TE) or 32 (monkey
NE) shanks, which were 3 mm (monkey TS), 4 mm (monkey TE), or a
mixture of 2, 3, and 4 mm (monkey NE) long. They were arranged in a
3 x 4 (TS, TE) or 4 x 8 (NE) offset grid with an intershank spacing of
7.5 mm (TS, TE) or 2.5 mm (NE). The impedance of each electrode
ranged from 0.5 to 1.2 MQ. The array was implanted in the C6-C7 re-
gion such that the effective stimulation field would excite muscles from
the shoulder to the intrinsic muscles of the left arm. A rectangular
chamber was cemented to the vertebrae to protect the implant
connector.

Experimental Procedures. Recording sessions were performed 7 (monkey TE),
72 (monkey TS), and 49, 56, and 72 d (monkey NE, each day using different
electrode depths) after FMA implantation. Before starting each recording
session, monkeys were anesthetized using ketamine (initial dose: 3.0 mg/kg,
intramuscularly [i.m.], supplemented at 2.3 to 3.8 mg/kg/h) and medetomi-
dine hydrochloride (initial dose: 100 pg/kg, i.m., supplemented at 30 to
50 pg/kg/h). At this time, they were also given ketoprofen (initial dose:
3.0 mg/kg) as an additional analgesic. During all experimental procedures,
the depth of anesthesia was strictly maintained by veterinary staff, who
continuously monitored multiple vital signs (heart rate, respiratory rate,
blood pressure, and oxygen saturation) to confirm that sufficient pain
management and consistent anesthetic depth was achieved. Each monkey
was laid in a prone position on a table with the left arm outstretched and
the origin for the force field (0,0) defined as the sensor location closest to
20 cm left of the base of the coracoid process (Fig. 1A). Two padded poles
were placed around the upper left (ipsilateral) arm at the shoulder joint to
stabilize the position of the trunk during the experiment. The left wrist was
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secured just proximal to the styloid process of the radius in a specially
designed swiveling U-shaped holder with an integrated multiaxis force
sensor (Fig. 1B; Nano17; ATI Industrial Automation) and further reinforced
by putting a custom-fit form inside the holder and wrapping the holder and
wrist together with surgical tape (Micropore; 3M) to prevent any subtle
movement of the joint within the holder due to intraspinal microsimulation.
The hand distal to the U-shaped holder was kept in a neutral position
without any restriction and without contacting any surface. Under this
setup, the limb was immobilized above the wrist in all six DOF. We allowed
limited hand and finger movement to reduce their effect on the force
measured at the transducer. The U-shaped holder could then be fixed at one
of seven points on a square grid with an 8-cm interval (Fig. 1A). Among the
seven wrist positions, the joint angle was immobilized between 16.1° + 14.2°
and 74.9° + 9.1° for the shoulder or between 46.4° + 4.2° and 150.3° + 24.0°
for the elbow (mean + SD for three monkeys), covering on average 42.3%
(+8.7%) of the sweep area of the arm from alongside the body to perpen-
dicular to the body, as enclosed by the wrist. The right arm and hand were
fully extended and placed next to the body, parallel to the body axis. Both
legs were also fully extended.

Before each recording session, we tested the threshold current required to
evoke forelimb motor responses for each electrode in the FMA and selected
the four FMA electrodes with the lowest thresholds. For monkey NE, different
sets of four electrodes were used for the three recording days, with each set at
different electrode depths (2, 3, and 4 mm). Threshold currents were defined
as the minimum current necessary to induce any detectable twitch of limb
and finger muscle or a measurable force at the wrist as evoked by an
intraspinal microstimulation (ISMS) train of 25 biphasic (negative-
positive) pulses (400-us duration at 50 Hz) at the start of the recording
day. During each recording session, the monkey’s arm was manually
moved through a randomly ordered series of predefined locations on a
custom-designed pegboard. A single ISMS train was composed of 25
bipolar pulses (400 ps each; total time: 500 ms at 50 Hz) of current just
above the threshold.

This current was 35 to 60 pA (monkey TE), 160 to 490 pA (monkey NE), or
250 to 250 pA (monkey TS). At each hand position, we repeated the fol-
lowing stimulus sequence six times, activating each pairwise combination of
the four electrode sites recorded in that session in series: first, a 500-ms ISMS
train (25 pulses) to each electrode site of each possible pair of electrodes
with a 500-ms gap between each stimulation and a 3-s pause before con-
tinuing to costimulation. Then, 500-ms ISMS trains were delivered simulta-
neously to both sites of each possible pair, with a 3-s interval between pairs.
After all six cycles through the pair combinations were completed at one
wrist position, the U-shape wrist holder was moved to another point on
the grid.

The output from the 500-ms ISMS to the upper limb was evaluated using
both the end-point force at the wrist as well as EMG signals from the im-
plants in the shoulder, elbow, wrist, and finger muscles. The x and y axis
forces (mediolateral and anteroposterior, respectively) were recorded with a
resolution of <0.01 N using an ATl Nano17 six-axis transducer. Evoked EMGs
were amplified (x1,500 to 5,000) and bandpass-filtered (5 Hz to 3 kHz) using
a multichannel differential amplifier (AB-611J and SS-1611; Nihon Kohden)
and digitized at 10 kHz (128-channel neural signal processor, Blackrock
Microsystems).

Data Analysis.

Force. The process through which the force fields generated by the ISMS were
characterized at each intraspinal site is described in Fig. 1 C-F. The
force vector at a particular location in the field was defined as the
mean force amplitude and X-Y direction at the time of stimulation
(Fig. 1 C=E). The force field composed of the different recording po-
sitions on the wrist was then interpolated using the three nearest
known force vectors to obtain a more continuous field (F) (5). We
defined a field F as a collection of force vectors sampled from N hand
positions (x1xz...Xy).

To assess the effect of costimulation, we compared the expected force field
due to linear summation (Fgx = Fa + Fg, where F4 and Fgare force fields
generated by independent intraspinal stimulation to sites A and B, respec-
tively) and the observed force field generated by simultaneous stimulation
of the same two sites (Fpp). We computed the directional similarity between
force vectors and scaling coefficients using a method similar to that de-
scribed in the original papers (1, 4, 5). We first used the definition of the
total inner-product operation between two fields, defined as the sum across
all inner-product operations between the two sampled force vectors in each
of the N hand positions. Let Fg,(x;) and Fop(x;) denote two collections of force
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vectors sampled at N locations, x;, Xz, . . . Xy. We define the inner
product, <Fg,, Fop>, between these two sampled fields as

N
(Fex,Fo) = 3 Fe(Xi) - Fob (X)), [

i=1

where “+" stands for the ordinary inner product of two Cartesian vectors.
The similarity between the fields is defined as the cosine of the angle be-
tween them—the inner product of the two fields divided by the norms of
the fields, defining the norm as

IFIl = (F. FY'/2, [2]

and thus the cosine similarity is the cosine of the angle between two sampled
fields, Fg, and Fop:

(Fex,Fob)

T [31
[IFex]l - IFob I

Cosine Similarity = cos(Fgy, Fob) =
In the original work, they assumed that the field observed during dual-site
stimulation would be the linear sum of the two-component fields, with
maintained directionality. However, the magnitude of the field could be
scaled up or down. Therefore, they defined the observed field as

Fob = c[Fa + Fg] = c[Fex], [4]

or, more simply, a scalar applied to the hypothesized simple linear summation
of the component fields. With this definition they then were able to give the
least square expression for the scaling coefficient c:

_ {Fex,Fon)

- (FEX,FEX>’ [5]

by substituting Eq. 4 into Eq. 1.

We also used the scaling coefficient to compare the scaling of single
vectors instead of force fields. All of the equations work in the same way, with
an N of 1 making the equation

Viex V.,
c—< ex, Vob)

= , 5a
(VEX, VEX> [ ]

where Vg, and Vg, are vectors from a specific intraspinal site combination
and hand location. As noted in Results, the scaling coefficient ¢ ranged
from near zero (0.06) to nearly 150, with a perfect linear sum being repre-
sented by a value of 1. To have a measure that was more symmetrically dis-
tributed about this linear sum (to match the hypothesis that the resultant field
would be the simple linear sum of the two component fields) and to recenter
this value to zero, we defined the Sl as the natural logarithm (In) of scaling
coefficient c:

Sl = In(c). [6]

In cases in which we compared force amplitude, SI was similarly calculated,
with ¢ being defined as the ratio of observed force magnitude during cos-
timulation to the expected linear sum of magnitudes observed during
single-site stimulation, and the magnitude “m" defined as

m=+/x2+y2, [71

where x and y are the means of the force responses for these axes over the
course of stimulation.

EMG. After recorded EMGs were software-filtered (fourth-order Butterworth,
10 to 1,000 Hz), evoked EMG responses were identified and measured as

1. E. Bizzi, F. A. Mussa-lvaldi, S. Giszter, Computations underlying the execution of
movement: A biological perspective. Science 253, 287-291 (1991).

2. E. Bizzi, V. C. Cheung, A. d'Avella, P. Saltiel, M. Tresch, Combining modules for
movement. Brain Res. Brain Res. Rev. 57, 125-133 (2008).

3. S. F. Giszter, Motor primitives—New data and future questions. Curr. Opin. Neurobiol.
33, 156-165 (2015).

4. S.F. Giszter, F. A. Mussa-Ivaldi, E. Bizzi, Convergent force fields organized in the frog's
spinal cord. J. Neurosci. 13, 467-491 (1993).

5. F. A. Mussa-lvaldi, S. F. Giszter, E. Bizzi, Linear combinations of primitives in vertebrate
motor control. Proc. Natl. Acad. Sci. U.S.A. 91, 7534-7538 (1994).

6. A. d’Avella, E. Bizzi, Low dimensionality of supraspinally induced force fields. Proc.
Natl. Acad. Sci. U.S.A. 95, 7711-7714 (1998).

7. E. Bizzi, A. D'Avella, P. Saltiel, M. Tresch, Modular organization of spinal motor sys-
tems. Neuroscientist 8, 437-442 (2002).

Yaron et al.

follows. First, the background level of the signal from 30 to 10 ms before the
stimulation (baseline period) was computed using all trials recorded for each
intraspinal site-muscle pair and each posture; second, trials with a significant
response (>3x the SD of the background signal) were selected if any peaks
or troughs continuously exceeded this voltage for >1 ms within the 20 ms
after stimulation onset (the detection window); third, the area of the rec-
tified signal during the time of stimulation, excluding the time of any
stimulus artifact, was calculated and used in the analysis.

To find the contribution of each muscle to force direction, we measured

the correlation between EMG and force. We calculated the direction of the
force vector in response to the first stimulation train in each intraspinal site
and seven wrist positions, with “east” (the direction from the positioning
grid toward the animal) as 0, thus force directed “north” is positive and
“south” negative. We calculated the absolute correlation between the force
output direction in each of the seven arm configurations for each stimula-
tion site and the corresponding EMG magnitudes for each of the 11 muscles.
Site—-muscle combinations were included only if all wrist positions exhibited
a significant response.
EMG field. To assess the effect of costimulation on muscle activation so that it
would be comparable to the effect on force fields, we defined EMG “fields”
across the possible arm configurations for a group of M muscles as a col-
lection of M-dimensional vectors in N hand positions (x1xz ... xy), with each
value in the vectors corresponding to the mean magnitude of the response
to the first stimulation train for one muscle. For example, the “elbow” group
comprised four muscles (BIC, BRD, TLA, and TLN), thus generating an EMG
field with four-dimensional vectors. The values of each vector corresponded
to the mean magnitude of responses in each respective muscle. This group of
vectors representing muscle output at the various arm configurations was
then used to calculate the similarity and SIs using the same equations that
were used to calculate the force fields.

To estimate the chance level for a given group, we applied a bootstrap
analysis by picking sets of muscles at random for each position in the grid (and
varying the selected random muscles between the two costimulated sites and
across the grid). This analysis was repeated 10,000 times for each dimensional
size. For example, we bootstrap selected two random muscles to match the
vector size of the top-two muscle group, and we selected 12 muscles for the
full vector. This generated a range of chance-level similarities for compari-
son. We set the 95th percentile of this distribution as the significance limit.
Therefore, if the cosine similarity was higher than 9,500 of the similarities
calculated using the same number of randomly selected muscles, we con-
cluded that it was higher than what was expected by chance. Because the
chance level varied depending on the numbers of muscles, when we com-
pared muscle groups composed of different numbers of muscles, we sub-
tracted from each of the groups the mean chance level for the appropriate
number of muscles and then applied the stated statistical test.

Data Availability. All study data are included in the paper and S/ Appendix.
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