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Modulation and Vectorial Summation of the

Spinalized Frog’s Hindlimb End-Point Force

Produced by Intraspinal Electrical Stimulation
of the Cord

Michel A. Lemay, Member, IEEEJames E. Galagan, Neville Hogan, and Emilio Bizzi

Abstract—The ability to produce various force patterns at the reaching movements. Although various problems have plagued
ankle by microstimulation of the gray matter of the spinal cord  the design of clinical walking systems (see [6] for a review), re-
was investigated in spinalized frogs. We evaluated the recruitment cruitment and coordination of the muscles necessary to produce
properties of individual spinal sites and found that forces increase . .
linearly with activation level in the low-force range studied, while an efflc_len_t_and well-behaved gait p_attern haye bgen two O_f the
the structure of the force pattern remains invariant. We also mea- Most significant. Control of end-point behavior via activation
sured the responses produced by coactivation of two spinal sites of individual muscles is possible, but the complexity of the
activated at two pairs of stimulation levels. Responses were mea-hardware and software necessary to perform the task increases

sured at the mechanical level by recording forces at the ankle; and, gjgnificantly. Some scheme must be devised to coordinate the
at the muscular level by recording the electromyographic (EMG) - .

activity of 11 hindlimb muscles. We found that for both pairs of act|on_ of the controllers around each joint [7]. ) )
activation, the forces under coactivation were the scaled vectorial ~ Various research groups have shown that the spinal cord is
summation of the individual responses. At the muscular level, rec- highly organized [8]-[12] and is involved in the coordination
tified and integrated EMGs also summated during coactivation. of the various muscles necessary for multijoint movements.
Numerous force patterns could, thus, be created by the activation Studies in various lower vertebrates and mammals have shown

of a few individual sites. These results suggest that microstimula- th it f tral tt t CPGs) f it
tion of the circuitry of the spinal cord (higher order neurons than (1€ €xistence of central pattern generators ( s) for gait;

the motoneurons) holds promise as a new functional neuromus- SPinal networks of neurons whose organization can produce
cular stimulation (FNS) technique for the restoration of multi-joint ~ rhythmic timed activation of the muscles involved in swimming

movements. or gait [13]-[15]. Training programs with spinal cord injured
Index Terms_E|ectromyography (EMG)’ functional electrical individuals have shown that (through treadmill exerCiseS) the
stimulation (FES), interneurons, spinal cord stimulation. walking pattern of humans can be improved, suggesting that

CPGs exist in humans [16], [17].
Giszter and colleagues in frogs [18], Tresch and Bizzi in
rats [19], and Lemay and Girill in cats [20] have shown that
UNCTIONAL neuromuscular stimulation (FNS) of theelectrically activating regions of the spinal cord occupied by
paralyzed musculoskeletal system has been used in spitigher order neurons produces a coordinated convergent pattern
cord injury to restore function to the upper and lower extrenaf forces at the limb’s end point. These fields are of a few
ities [1]-[5]. However, difficulties arise when a multijointdistinct types, but have been shown to sum vectorially (in frogs
system with redundant kinematics and multi-articular musclasd rats) producing intermediate fields [19], [21]. In this paper,
must be controlled such as for the restoration of gait or ife demonstrate that the field’s strength can be modulated
by the parameters of excitation, but that the structure of the
fields remain essentially the same. We also show that vector
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the functional potential of the technique as a substitute to t 2) apparatus
damaged neural system. The evidence gathered in this anil immﬁ';rill’iggtion
can also be used to guide the design of experiments in m

complex but less robust animal preparations.

microelectrode .
stimulation

force zone
transducer

Il. METHODS

A. Surgical and Field Reconstruction Technique 500 um

Bullfrogs (rana catesbianpwere spinalized by transecting electromyograms
the cord at the level of thealamus scriptoriusThe lumbar area  py measurement grid ¢) Measured yinterpolated field
was exposed by removing the spinal arches of the fourth, fift XY forces and equilibrium

and sixth vertebrae. Motor responses were elicited by micrc
timulating the spinal cord in what we estimated to be the latel
and intermediate neuropil zones. Cord penetrations were mi
150-50Q.m from the midline at depths of 400-120f. Depth
was measured from the number of microdrive turns from tt
point of electrode entry visualized with a microscope. The vi
lidity of the stereotaxic coordinates were verified in a numbe
of animals by marking electrode locations with electrolytic le
sions (10i:A, 15 s), and visualizing them in a post-mortem his-

tology analysis (details in [18]). In the animals tested, the Igig. 1. Experimental setup and field measurement technique. (a) Schematic
sions were located in the lateral and intermediate neuropil zorpbibe hardware and_animal setup_as well as the region of_ electrode penetrations.
of the spinal cord gray matter (see Fig. 1). The stimulus cohe "08,% I8 herontaly by side ciamps and a pec lap (ot hown).
sisted of a train of cathodic current impulses delivered viarécorded via intramuscular electrodes. Forces are evoked by microstimulating
high-impedance stainless steel electrode [impedance: 11,0 Nhe spinal gray via a microelectrode inserted dorsally. The graphic on the right
tip diameter: 0.5-im (o insulation), manufacturer: Fredericklesyetss e serl and termediate newropd sones of ne gray mater whre
Haer & Co., ME]. The mechanical forces at the ankle were megnd the locations at which the forces evoked are measured. (c) Forces in
sured using a six-axis force transducer (ATI 310) sampled tb__eg_ horizontal pIaneX_—Y) measured at the locations _shown in (b) a_nd_ the
50 Hz. We limited our analysis to the-y plane, which corre- chracr o e sre2 o iangles, (0 inerpolated filé forces witin o
sponded approximately to the horizontal plane, i.e., the planei®§ive a representation of the force orientation and magnitude throughout the
motion during swimming behavior [see Fig. 1(a)]. Fields repreiorkspace (see text for details) (adapted from [18]).

senting the force vector orientations throughout the workspace

were constructed by measuring forces at several different spétriangles and comparing the field obtained with this different
tial locations [as in Fig. 1(b)], constructing a tessellation of theiangulation to the one obtained with the original. Differences
points, and interpolating each vector within a triangle by a lineésund were minimal: typically less than 10% of the vectors dif-
interpolation based on the three measured corner vectors. Téved by more than FQ with a maximum deviation of 20in
forces at each of the triangle’s corners yielded one force vecthe worst case.

(F«, Fy), as well as one positior:(y) coordinate. Combining  The two-dimensional interpolation procedure is a simple
the three corners of the triangle yielded six unknowns and sxtension of the univariate interpolation of one-dimensional

equations, i.e., data. In univariate interpolation the data points are joined by
straight-line segments and the value between points is given

Foi=a1,101+a1,2y1 +a1,3 by the equation of the line joining the two points. In our
F,1 = a2 121 + ag 2y1 + az.3 case, the forces within a triangle are interpolated from the

forces measured at the vertices. The interpolating functions

F.o=ai 1224+ a +a . . . . . .
#2 T 01,152 T 61,252 7T 41,3 are continuous since neighboring triangles share two vertices,

Fy2 = 02,172 + 02,202 + az;3 but not smooth since the, ; parameters may change abruptly
Fo3 =ai, 123+ a1,2y3 + a3 from one triangle to the next (similar to the line segments for
F,3 =a 173+ a2 2y3 + a 3. (1) the univariate case).

The six parameters;_;, were calculated by equating the force8- Recruitment Properties of Single Spinal Site Stimulation

measured at the corners of the triangles taihg F,; given by We investigated the effects of four stimulation parameters:
the previous equations, witty andy; equal to the spatial loca- pulse amplitude (PA); pulse duration (PD); stimulation fre-
tions of the triangle’s corners. Forces within a triangle were estjuency (SF); and, train duration (TD) on: 1) force magnitude,
mated by using the; ; parameters associated with that triangleand 2) field structure. One of the activation parameters was
asin Fig. 1(d). We constructed our triangulation to minimize thearied between just subthreshold values, to values producing
distance between the interpolated point and the triangles’ vapproximately 1-2 N, which we estimated to be about 20% of
tices. We routinely verified the appropriateness of our spati@aximal force (based on jumping experiments [22]), while the
sampling density by dividing the workspace into a different sether parameters were kept at constant values known to produce
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respectable responses. Higher forces could be produced BMGs were measured using Teflon coated stainless steel
tended to cause motion of the cord and were typically avoidegolar electrodes (A-M Systems Inc. cat no. 7935) implanted
to prevent electrode movement. Only one parameter was variedhe muscles of interest. Implantation was performed by: 1)
for a particular stimulation site. PA was varied between Odpening the skin; 2) separating the muscles gently by blunt
and 7uA, TD was varied between 100-500 ms, PD betweatissection (except for the deep ones where the electrodes were
100-600us, and SF between 5-80 Hz. The pulse amplitudeplanted by palpating the muscles and location was verified
range was chosen to limit the diameter of the direct stimulatigost-experimentally); and 3) threading the electrodes directly
sphere to less than 100m [23], [24], although the actual into the muscles. Raw EMGs were amplified, sampled at 1000
volume stimulated might have been larger due to the activatibiz, rectified, and integrated.
of neural fibers. On one occasion, we were able to further
increase the stimulation without causing cord motion (field ff4 I1l. DATA ANALYSIS
of Fig. 3). . _—

WS an)alyzed the effects of these four stimulation parameteAr's Linear System Definition
on the time history of the forces; and, on the equilibrium position For a system to be linear it must be closed under addition and
and structure of the active fields, i.e., the fields reconstructégalar multiplication
from the total recorded force minus the passive force. The struc-
ture of the fields were analyzed both for change in force vector L{ciur + coup) = cr L(ua) + c2L(uz) 2)
orientation and change in the vectors’ relative magnitudes, i.e., . . .
whether the largest vector in a field at one stimulation level wé{@ereL(“) is the output of the sys_tem to an mpzm_tand_c IS
at the same position for the same stimulation site activated gcalar constant. In order for the interneuronal circuitry to be

different stimulation level. Details of the analysis are present gear, we must show that the field’s response modulates linearly
in the next section. with stimulus strengthfl(cu, ) = ¢L(u4 )] and that vector sum-

These experiments were carried out on five frogs at 17 Sti(g_ation holds under modulation of the individual field’s strength
t

ulation sites. Effects of SF were studied at five sites, and thos&€ (2)]- The experiments described in Section II-B evaluate
of PA, PD and TD at four sites each. e scalar multiplication condition but say nothing about the ad-

dition condition, while the Section II-C experiments evaluate

C. Dual Sites Activated at Two Different Levels of Stimulatiofn€ addition and multiplication conditions for two inputs at two

: . . . levels.
We investigated the modulated summation of two sites

producing field; of different kinds to verify Whe_ther IinearB_ Single-Site Recruitment Curve
vector summation (shown by [21]) held up at different acti- ) ] o .
vation levels—thereby, allowing us to produce multiple force The recruitment properties of the stimuli effects during
patterns with a few basic types. While Mussa-lvaldi and hidngle-site stimulation were quantified by studying the rela-
colleagues showed that a third type could be produced WHH”Sh'p between the active force ma_gnlt_ude at each position
two sites, we wanted to demonstrate that you could produfethe workspace and the charge, which is the measure of the
four fields with two by modulating the activation to each sitedmount of electrlpal stlmulathn _dehvered to the tissue (m units
In order to do this, two sites producing different patterns &f coulombs)."lfms relationship is the muscle for'ce recrlwtme'nt
forces were found and the individual responses of each sf&/Ve: In traditional FNS (nerve or muscle) this relationship
to two levels of stimulation were measured. The two sit€&hibits a low—slope region, followed by a linear region as
were then costimulated with one site being activated at tREmulation increases and, finally, a plateau when saturation is
higher stimulation level and the second at the lower stimulati§ached [25], [26]. In this study, the peak—force magnitudes at
level. The levels of activation given to each site were thefCh Position were normalized to the maximum force at that
switched and a second costimulation measurement was tak¥$ition and polled together to give one curve of normalized
Fields were reconstructed by measuring the force responf¥§€ vector magnitude as a function of charge. Since we
throughout the workspace as described above. did nqt reach satur_atlon _and our |n|t_|al Iow-sI(_)pe region was
These experiments were conducted on nine frogs over 11 g&strglned, the relat|onsr_1|p could be fitted to a Ilngar mode_l gnd
periments at 22 stimulation sites. During one experiment, WRat fit was evaluated using the standard correlation coefficient

used only one high—low combination of stimulation parameters,
therefore, we have results for 21 combinations of stimulationpa- )
rameters. C. Field Structure Comparison

To investigate the nature of force field costimulation at Fields’ structures were compared for both angular and mag-
the level of muscle activation, we measured EMG activityitude deviations. Sets of force vector angksandg;, mea-
in 11 hindlimb musclesréctus internus, adductor magnussured throughout the workspace for different stimulation levels,
semimembranosus, semitendinosus, iliopsoas, vastus interiisisgle site) and/or for different sites (dual sites), were compared
rectus anternus, gastrocnemius, biceps femoris, sartorius; constructing the differencesf,; = ¢; — ¢,; and, computing
vastus externydn eight of the above experiments and in onéhe mean angle and angular deviation [27] to obtain a measure
additional experiment where a single stimulation combinatiasf the similarities in the angular directions of the vectors mea-
was used and the two fields were of the flexion withdrawalured at different activations, but at the same spatial location.
type—for a total of 16 combinations of stimuli parameterslo compare for possible differences in the relative magnitude
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of fields at different stimulation levels, we measured the rati@®stimulation must be the sum of the isometric forces produced
of normalized force vector magnitude at the sample locationsdaring stimulation of each site individually. Under the assump-
the workspace. Normalization was to the maximum force vecttion that isometric force is linearly related to the muscle’s recti-
measured in the workspace at that activation level and diffdied and integrated EMG activity (a valid assumption under iso-
ences in relative magnitude indicate that forces are not of theetric condition and low force levels [29], [30]), this predicts
same magnitude at the same location once the field’s maximdimat the rectified integrated EMGs under costimulation should
force level is accounted for. For the costimulation experimentte the sum of the rectified integrated EMGs during the indi-
we did not normalize the vectors since, in that case, we warnglual responses.
interested in comparing actual magnitudes between the costimThe EMGs for each muscle in each trial were rectified and
ulation response and the sum of the individual responses. litgegrated, and the rectified integrated EMGs during the indi-
ally, this ratio should be 1.0 since the force vector of the novidual stimulation trials were then summed and plotted against
malized/nonnormalized fields should be identical if the field#he rectified integrated EMGs during costimulation. To mini-
present the same relative magnitude. We limited our analysisize the effects of crosstalk, only muscles where the EMGs
vectors whose force magnitude was at least 0.1 N to avoid cowere above a threshold were analyzed. This threshold was 10%
paring force vectors with signal to noise ratios less than four.of the peak of the largest sampled EMG among all the muscle
EMGs in a given trio of individual and costimulation responses.
D. Summation Hypothesis during Costimulation of Individuairhe value of 10% was determined experimentally by implanting
Sites Activated at Two Different Levels of Stimulation two neighboring muscles with EMG electrodes, denervating one
Using the above measures to compare fields, we evaluated@he comparing the EMG response to cutaneous stimulation of
hypothesis that the field obtained via costimulation was a scalé intact muscle to the one in the denervated muscle. We found
linear summation of the individual responses obtained, i.e. that the crosstalk was less than 10% of the peak EMG in the in-

tact muscle.
Faown high — S[FA ow +Fp high]
and IV. RESULTS
FanighBlow = S[Fanigh + FBlow] (3) A. Single-Site Recruitment Modulation
where Active force magnitude was modulated by all four parameters

Falow andF4 1,  represent the fields obtained with lower@S Shown in Fig. 2, which shows the time course of force mag-
and higher level of stimulation for site nitude for one position in four different fields/activation sites,

A: with one of the four activation parameters being varied. The

figure also shows that the time course of the forces can be of

different types. Some force responses die away almost immedi-

ately, e.g., responses with PA modulation, while others present

either a pulse and plateau type of response, BI§.= 600 us,

or a pure plateau response; for exampl® = 300 us. The
lateaus extend beyond the 1 s of data collection, and typically

§5t for 2-3 s. Such plateaus are not encountered during mo-

quired to be eql_JaI to one. Mussa-l\_/aldl and coII_abora_tors h fheuron or nerve activation [31], [32], and as such are an indi-
shown that the fields sum up vectorially for two sites stimulate tion of a sustained neuronal network firing

a_\t one activation level [21]. Our_aim was t(_) see if the summa- o average (over all sampled positions) normalized (to
tion could be modulated by varying the activation of each indiz, aximum force at that spatial location) force magnitude
vidual site. We limited ourselves to two stimulation level Combbersuscharge is shown in Fig. 3 for all 17 fields. The average
nations to minimize fatigue, and chose high—low combinatioRgre|ation coefficient of the curves at all locations to a linear
in order to maximize the angular differences between summatgdyas >0.9 in 16 of the 17 sites. The one exception was
responses. Since our hypothesis called for linear gradationfaf \where the SF was increased to a level which caused an
the force magnitude with stimulation amplitude (with no changgncharacteristic change in the orientation of the forces. For
in the force direction), we were concerned that a low—low ane range of forcesd(1 — ~3 N) and stimulation parameters
high—high combination would produce summed vectors witudied (see Sections Il), we conclude that force recruitment
similar orientations for both costimulation responses. We evalvia microstimulation of the gray matter interneurons is linear.
ated the fields at the time of maximum amplitude (i.e., the tiniEhe time course of force production may vary from site to
of peak force amplitude) but, in a few instances, we verified thsite, with some sites presenting an extended response, while
summation throughout the force response time course and foutlers terminate rapidly. The orientation of the active force
that the scaling coefficient did not vary significantly througtvector was constant throughout each stimulating trial as already
time. demonstrated in [18].

Fgiow andFpuign  represent the same for site B;

I'Alow B high represents the field obtained via costim
ulation of site A with the higher stim-
ulation level and site B with the lower
level and vice versa faF a Ligl B 1ow-

s is obtained via least squares and for a linear system is

E. EMGs during Costimulation Experiments B. Field Structure when Modulating the Activation of a Single

Using a theoretical analysis, Galagan and colleagues [28] p%te
dicted that if vector summation holds during costimulation of Fields at different stimulation levels were compared by com-
two sites, then the isometric force produced by a muscle duripgting theA#; and the ratios of normalized force vector mag-
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Fig. 2. Time course of the active force magnitude at one location in the 02 04 06 08 10 12 14 16 1.8
workspace and the effects of the four stimulation parameters for four different ’ ' ' Sbaling ratib ' ’ '

stimulation sites. The bars indicate the time stimulation was on and the
responses are from single trials. As seen by [18], the time course of the o )
response was of three types: pulse—a rapid onfoff behavior (e.g., puldd- 4. (@) Distribution of the angular differences between vectors measured

amplitude), a pulse and plateau, a peak in force followed by a long Iastiﬁ?the same position but at different levels of activation for each of the 17

(2-3 ) plateau (e.g., 0.6 ms pulse duration), and a plateau (e.g., 0.4 ms pgiéBulation sites. Aimost 80% of the differences are betwedf® to +10°,
duration). mean angle is 13 and the angular deviation (the equivalent of the standard

deviation in linear statistics) is 11°.8(b) Distribution of the magnitude ratio
between vectors measured at the same position but at different levels of
activation for each of the 17 stimulation sites. The mean magnitude ratio is 1.1
with a standard deviation of 0.5.

ture of ff4). These populations are the difference angles and
magnitude ratios obtained when comparing fields at each sam-
pled position for different activation levels (see Section I1I-B).
The mean angular difference was?ahd the angular deviation
(the equivalent of the standard deviation in linear statistics) was
11.8. A x? goodness-of-fit test revealed that the angular dif-
ference population fitted a von Mises distribution (the circular
statistics equivalent of the normal distribution, see [27] for fur-
ther information on circular statistics) with a mean angle of 1.3

0.6

o
~
|

normalized force magnitude
o .
N
|

r>0.9 (16/17 fields) and a parameter of concentratien= 23.9. For a sample size
T 7T T of nine (the typical number of positions measured), the mean
0 1 2 3 4 o 5 angular difference and 95% confidence interval wieBg + 7°
charge (coulombsx10™) (95% CI). To summarize, less than 10% of the angular differ-

Fo 3 A ived § ud ted locatian ences between vectors obtained at the same spatial location but
injected charge for 17 Spinal sites. The cosficent of comelaton@o 2t different activation levels were greater thart 20id almost
all cases but ff4, a site where the stimulation was increasedipast 10-5  80% were within 10. Vectors maintained the same orientation
coulombs, causing the field structure to change. The only significant differenggth activation modulation.
between the average slopes of the lines for the four parameters of stimulatio - - ; iat
(PD. PA TD O SF) svas bgtween PD and PA (Fisher's SLSD’ Pval0E004). "The m2ean magnitude ratio was 1.1 with a standard deviation
of 0.5. x* goodness-of-fit tests revealed that the ratios of nor-
malized force vector magnitudes fitted a normal distribution.
nitudes (described in Section II) at the sampled locations. Thising the standard deviation of this sample as our estimate of
entire population of difference angles and magnitude ratios dhe population variance.(= 1039, a large sample), we calcu-
presented in Fig. 4(a) and (b), respectively (excluding the stitate that the 95% confidence interval for the magnitude ratio is
ulation levels that caused apparent changes in the field strict+0.1 (95% Cl with sample size of nine), which includes 1.0,



LEMAY et al. SUMMATION OF SPINALIZED FROG'’S HINDLIMB END-POINT FORCE 17

FIELDS COSTIMULATION DISTRIBUTION OF ANGULAR DIFFERENCE IN SUMMATED FIELDS
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W 15%
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= 7p significantly correlated » 99% C.1. ANGULAR DIFFERENCE (%)
®Fmag ratio not significantly 15N . . o .
different than 1 Fig. 6. Histogram of the distribution of the absolute angular differences
Site A / SiteB,  .....- . for the experiments exemplified in Fig. 5. Absolute angular differences
g 17 SRR shown are between (a) two individual fields (in light gray, n:264); (b) the
PD high 11/ PDlow - . - i 2
§ 7 .l actual costimulation response and the closest |r_1d|y|§iual response (thick line,
\S*&\ 77 n:143); and (c) the scaled vector sum of the individual responses and the
&\\\% v actual costimulation response (in dark gray, n:183). The height of each bar
“\\;\g\\.&:}}:%ﬁ ,,,,,,, represents the percentage of vectors whose angular difference (for the vectors
Ioraa e shown in the upper right graph) falls within the range the bar occupies on
- ‘ﬁ ) the abscissa. The 99% CI was calculated based on a sample size of nine (the
Apignt Biow Apight Biow / typical number of positions at which a field was measured) extracted from
actual 2 éé% predicted ﬂéé the population represented in Fig. 4(a). Ap_pr(_)ximatgly 70% of _the angular
\ ﬂf | differences between actual and sudx] fall within that interval, while 50%
\Q&\% g,ﬁ, - \\‘Q} vhels of the angular differences between the actual costimulation response and the
%%\\ \Qé?gg — \g‘:\\‘\} s closest individual responsenfn(|©|, |©2|) do. Those populations’ mean
\Q:kﬁ};;;_ﬂ N angles are not statistically different from zero, I is more significantly
> concentrated near zero.

Fig.5. Vector summation of force vectors when costimulating sites at differe PR ; ; _
activation levels. The top panel shows the individual fields obtained when sﬁémbmaﬂons' Fig. 5 presents an example of linear summa

A was stimulated at the lower PD and site B at the higher one, and the aciti@n of the force vectors and of modulation of the sum by
(site A and B activated simultaneously) and predicted (from linear summatioparying the stimulation parameters of each individual site. As

fields obtained from costimulation of the two sites. The bottom panel shows tpr .
results when the levels of activation were switched. Similarity between fields ?n be seen from the graph, the predICted and actual sums

indicated by a black arrow indicating no difference in average angular deviatid€ very close to each other yet different from the individual
across the measured vectors (no evidence of directness based on Rayleiglfitgigs for the top combination of activation levels. The statis-
[27], statistical significancex = 0.01), and a white arrow indicating that the .. . : .

force magnitude ratio across positions is not different thantégt,oc = 0.05). tical analysis ‘_Jse,d, was a RaY'e'gh test ‘@ai: 0.01), which

Note that in the top panel, the actual and predicted fields were similar to ed@$ts for the significance of directness, i.e., whether the data
other, but dissimilar to the other fields. In the bottom panel, the actual agge concentrated around a point, in this caseSince the test

predicted fields were similar but the actual field was also similar to site A alo i o .
since the forces produced by site B are low. The fields produced by the t@\%nm very powerful we made the decision to use a 99% con

combinations of activation levels (top and bottom panel) were different froffdence level before rejecting the hypothesis of randomness.
each other, showing the possibility of creating a variety of fields by modulatir8or the bottom combination of activation levels the results

the contribution of each original site to the summated response. are similar. In that case the response at site A is much larger
o o than at site B, and the actual costimulation response is sim-
the necessary ratio if we are to conclude that activation affegt to site A's response (minus the equilibrium point) in ad-
the magnitude but not theostruc_ture of the fields. dition to being similar to the predicted sum. Nevertheless, the
_ Only three of the 17 (18%) stimulation sites showed an eqyjgyre shows that by modulating the activation of each site, it
librium position in the active fields, and the equilibrium positiory, ;5 possible to create two costimulation responses that were
did not vary with the activation level. Two of the sites showed giarent (AG = 2.3° + 54°, P-value= 0.04), but similar to
single equilibrium point that over three orfourstimulationIevelﬁc]e linear summation of t,he two individuais responses
?tallé/ehd (\;wthm a 3.I%n.d ’ mm d|atr1neter, re;gectlvely. The_t::'r Fig. 6 presents the distribution of the absolute values of the
1€ld ha ftlwo $qU|| ”%r%g?\'lmst at werr(]a mn_’llhapart wit I 8ngular differences for all the summed fields evaluated. The an-
region ot low _orces(< ’ ) between the two. These resulty oy differences between two force vectors at each of the posi-
are further evidence that the structure of the field remains ibns in the workspace for each of the summation experiments
changed with variation in the activation level. is depicted on the figure. The figure includes distributions for
. . . . o . the differences between the individual sites’ responses, between
g' t.Sutmg]a:'?rn Dgr_:c?g Cc:itlmullatlcf)nsgf In|<j|t\(|dual Sites the actual costimulation response and the closest individual re-
clivated at Two Difierent Levels of stimulation sponse, and between the actual costimulation response and the
As mentioned above, costimulation was evaluated in 11 esum of the individual responses. The°1#% confidence in-
periments over nine frogs, given a total of 21 costimulatioerval shown in Fig. 6 was constructed using the distribution of
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Fig. 7. Histogram of the distribution of the force vectors magnitude ratios fé#9- 8- Analysis of the relationship between actual EMGs of 11 hindlimb
the experiments exemplified in Fig. 5. Magnitude ratios shown are betwe@}yScles during costimulatiorersusthe sum of the EMGs during stimulation

(a) two individuals fields (in light gray); (b) the actual costimulation respons@ the individual spinal sites. EMGs of each muscle at each position were
and the closest individual response (thick line); and (c) the scaled vector s{ftified and integrated over time. The rectified and integrated EMGs produced
of the individual responses and the actual costimulation response (in didactivation of the individual spinal sites (for each muscle at each position)
gray). In this case, the height of each bar represents the percentage of vedt§i§ then summated and compared with the rectified integrated EMGs (of each
whose force magnitude ratio falls within the range the bar occupies on t@!Scle at each position) produced during costimulation of the spinal sites (a).
abscissa. The distribution of the magnitude ratio between costimulation sh@&xample of the correlation between the sum of individual stimulation EMGs
summated responses ,{E, Sum/F,..,Co) presents the highest proportionand the actual costimulation EMGs for one trio of single and costimulation
of ratios in the 0.8—1.2 range: 54%. That proportion drops to 16% fégSPonses is givenin b, for all muscles studied at each position measured. The
the magnitude ratio between the individuals fields,,(EA/F,..,B), and correlation coefficient for that particular combination of stimuli was 0.9. The

the minimum ratio between the costimulation response and the individ@erage correlation coefficient for the 16 costimulation stimuli pairs studied
responsesuin(F,, y Co/F., A-B). was 0.87 £ 0.07. We conclude that linear summation of force output is

achieved via summation of the individual drives to the muscular system.

and
the angular differences between fields at different stimulation
levels (Fig. 4) as the parent population, and calculating the in-
terval based on a sample size of nine (number of spatial pogje found that the residuals (distance between the actual and
tions to construct a field) with a mean of zero. Approximateljitted costimulation responses) were no better than for the scaled
70% of the angular differences between actual and 8 ( vectorial summation. We also evaluated a winner-take-all hy-
Fig. 6) fall within that interval, while 50% of the angular differ-pothesis (i.e., costimulation response fitted to a scaled version of
ences between the actual costimulation response and the cloggshest fitting single site response) and found that the residuals
individual responserhin(|©1|, [©2]), Fig. 6] do so. Mathemat- were higher than for the vectorial summation or weighted sum-
ically, the mean angles of both populations of vectors are not sgaation models. Simple linear addition of the individual sites’
tistically different from zero, bu®; is more significantly con- force vectors is, therefore, an adequate representation of the
centrated near zero. Angular deviation € is 15°, while itis  force output during costimulation of individual sites.
25° for min(|©|, [©2]). The average difference between the two scaling coefficients

Fig. 7 gives the magnitude counterpart of Fig. 6. The distfor a pair of costimulation levels 8052 + 0.238 standard de-

bution of the magnitude ratio between costimulation and sugation (SD) . This difference is not significantly different from
mated responses presents the highest proportion of ratios inzBgy (P-value= 0.49, paired¢-test), indicating that the same
0.8-1.2 range: 54%. That proportion drops to 16% for the magtaling coefficient holds for the two pairs of activation levels.
nitude ratio between the individual fields, and the minimum
ratio between the costimulation response and the individual @- EMGs During Costimulation Experiments
sponses. The distribution of the magnitude ratio between cos-

. i : The correlation coefficients of a linear least square fit of sum-
timulation and summated responses is also the only one whose . I

. L . mated to actual integrated EMGs for all muscles at all positions
mean and median are within 0.1 of 1.0, the expected ratio unde . . S
summation inthe workspace for the 16 costimulation stimuli pairs were cal-

The scaling coefficients s [of (3)] average and standard de\(;lglated as demonstrated in Fig. 8. The average correlation co-

ation arel.2 + 0.2. Although this average is strictly speaking‘:’_fﬁcient i50.87 £ 0.07, indica_ting that Galagast ".’“"S pr_edic— .
different than 1.0 (P-value 0.0003, student-test), it is no dif- 10N holds true [28]. Summation of force output is achieved via
ferent than Mussa-Ivaldit al’s average in their original study; SuUmmation of the individual drives to the muscles. These re-

1.1 4 0.4 (larger standard deviation) [21]. Based on these fagults imply that numerous muscles will be coactivated during
tors, we conclude that summation respects strict linearity. ~Movements composed using coactivation of spinal sites. The
To verify the validity of the scaled vectorial summation hycoactivation may lead to rapid muscle fatigue, although the re-
pothesis we also evaluated a weighted sum model, i.e. cruitment order of the muscle fibers activated by the stimulated
spinal sites is unknown at this time. Muscle fibers may be re-

FatowBuigh =51Falow + 52FBLiguS cruited in a physiological manner (slow fatigue resistant fibers

FAnighBlow = 51 Fanigh + $2FB10w- 4)
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first, followed by the faster less fatigue resistant ones) by the i#2] who repeated similar intraspinal stimulation experiments
traspinal microstimulation, which would delay the onset of musut used focal iontophoresis to deliver microvolumes (spread

cular fatigue. estimated at 150-27@m radius) of N-methyl-D-Aspartate
(NMDA, a compound know to activate only somas and
E. Summary dendrites) into the same spinal cord regions of spinalized

Results in Sections IV-A and -B demonstrate that the systdfR9s- Similar force patterns were found for the chemical
in the force range studied is linear under multiplication. Muficrostimulation as the ones produced by electrical micros-
tiplication of the stimulation parameter results in a multiplicaimulation. To distinguish between interneurons and dendrites
tion of the field output. Force increases linearly with stimuls2f motoneurons as the two possible elements activated by
tion, but the field structure is maintained. Reference [18] alreadyVDA, tetrodotoxin (TTX) was applied focally at sites
demonstrated force increase with higher stimulation level, gSPonding to NMDA. TTX is a pharmacological agent that
the quantitative nature of the relationship was not studied. R40cks cell spiking, but still allows dendrite activation. If
sults Section IV-C shows that the system is also linear und8f force patterns were mediated by interneuronal activation,
addition. The force vectors summate vectorially. In summar&;ﬂx application should abolish the response evoked by
force magnitude can be graded continuously and vectorial suff¥IPA, but if the fields are the results of motoneurons’
mation holds with no change in the scaling coefficient when tfi§ndrite activation the TTX should not have such an effect.
activation is modulated. These two results combined indicdgeSults demonstrated that application of TTX abolished
that a continuum of fields can be produced by coactivation B¢ forces produced by NMDA and that washing out the
a few selected sites at varying levels of activation. By demofid X With @ bolus of saline returned the responsiveness to
strating that summation is maintained over varying levels of atiMDA delivery. The NMDA results are a strong indication
tivation we are expanding the results of [21] and demonstratifigfit the force patterns are not due to activation of remote
that the fields’ sum may be modulated by varying the individu&€!lS" @xons, or motoneurons’ dendrites activation. Further
field’s activation level. Furthermore, we demonstrated that tff¥idence against a strictly afferent reflex mechanism is

mechanism responsible for the phenomenon is simple sumRg2vided by the fact that the same force pattern can be
tion of the individual muscle drives. elicited by stimulating the same spinal region in chronically

deafferented animals (both in the frogs [18], [47] and rats
[19]). The results of the aforementioned controls strongly

support the hypothesis that the force patterns are due to the
A. Motoneurons Versus Interneurons activation of interneurons.

Current clinical FNS systems are based on stimulation of Selective intraspinal electrical activation of motoneuron
the last-order neurons, i.e., the motoneurons, although it H@Pls has been demonstrated ([33], [34], [48]) and is a possible
been known since Sherrington [44] that part of the substadfernative to interneuronal stimulation, although, the added
tial repertoire of movements observed in vertebrates is preenefits of the coordination provided by the spinal circuitry
grammed at the level of the 5pina| cord, and can thus furWOU'd be lost with this method. A greater Selectivity in muscle
tion after injury to higher portions of the cord. Thus, as eXactivation would be expected, a selectivity similar to the
pressed more recently by Burke, “One of the major cha®ne provided by intramuscular electrodes of nerve cuffs on
lenges facing clinical neurobiologists is how to exploit théhdividual nerve branches. The benefits of this approach over
untapped reserves of coordinated movement contained in fRescle or nerve stimulation are that: 1) electrode breakage is
spinal cord circuits of patients with a functionally isolated0ssibly reduced since electrodes would be implanted in an
spinal cord [45].” The work presented here investigated tigea subjected to far less strain and movement than nerves or
recruitment properties of the end-point force patterns elicitéauscles and 2) the regions containing the motoneurons is fairly
by stimulating interneuronal regions in the gray matter of tHgnall which should allow the activation of every hindlimb
frog spinal cord. Locating the electrode into interneuronal r&uscle with electrodes implanted in a small region.
gions does not guarantee that only the interneurons are acti- ) ) ]
vated since axons of distally located cells, or motoneurofis Linearity and Nonlinearity
dendrites (which, in the frog, extend into the dorsal regions This paper presents evidence in support of a linear model
[46]) may be electrically activated. Although, the specificitypf end-point force recruitment with intraspinal microstimula-
of the neuronal structure activated by microstimulation is lowion delivered into dorsal interneuronal regions. Two linear pro-
a number of studies indicate that interneurons are indeed actisses were demonstrated: linearity of recruitment, and linear
vated by the stimulation and that the organization is not preammation of force superposition during costimulation. These
duced by motoneurons pools organization or afferent reflexesll be discussed separately.

In the original study describing this spinal organization, The first linear relationship is between the end-point force
Giszter and collaborators [18] used sulforhodamine (a dyahd the stimulation level delivered intraspinally. In clinical FNS
to demonstrate that the spread of motoneuron activatiapplications, stimulation is for the most part delivered intramus-
during expression of a force pattern was two orders ofilarly, or via nerve activation. The relationship between force
magnitude larger than what would be expected from direahd stimulation level is typically sigmoidal in shape, showing
activation of motoneurons by the electrode. An even moeesub-threshold region where no force is produced although
convincing observation is the work of Saltiel and colleagueharge is being delivered; followed by a region of linear increase

V. DISCUSSION
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in force with stimulation, then a plateau as the muscle forstructure of the force pattern at higher stimulation was akin to
output saturates despite the increase in stimulation level. Thig change in output force measured when spillover of activa-
relationship is typical of the muscle studied in isolation, i.e., déion to a neighboring muscle occurs. The increase in stimula-
tached from the surrounding tissue. When the muscle is studtazh level probably activated neighboring neural tissue, thereby,
in situ (within the limb), spillover to other muscles may occurcausing the uncharacteristic change in the active force pattern.
This leads to a decrease in force output with increasing stimiis with intramuscular electrodes, the electrode location prob-
lation level, the absence of a force plateau, or further increasaly plays an important role in determining how much stimula-
in force output after a plateau phase—as an agonist muscleiaés can be delivered to a site before the activation threshold of
recruited. neural elements with a different function is reached.

We found a linear increase in force output with increases The second linear relationship demonstrated was the summa-
in stimulation for the low-force range studied. In a studyion of the individual responses to stimulation when two spinal
of intraspinal microstimulation of the motoneurons poolsites were coactivated. We demonstrated that the relationship
Mushahwar and Horch [33] found a similar linear relationshipolds when the activation level of two spinal sites is modulated
in the low—force range as well as force plateaus at higher foread that the response is mediated by a summation of the mus-
The presence of a linear relationship, therefore, is not thatlar activity produced by the individual responses. The force
surprising and the absence of a plateau merely indicates thatmation principle indicates that a variety of responses can
full muscular recruitment was not achieved. Although the fordee created by coactivating spinal sites producing different force
range studied here appears small when compared to maximegponses at varying levels of activation. The EMG summa-
force output, it is within the range used during normal locomaion principle indicates that the limits of the phenomenon would
tive activities such as swimming [22]. The relative (to maximuraccur if muscle activation saturation is reached during costimu-
during jumping) force levels reported here are similar to thation trials. Saturation in any of the muscles would preclude
relative levels obtained by other investigators using singgimmation of the end-point force responses obtained during
electrodes implanted in more ventral regions of the cat spirthk nonsaturating individual responses. Summation would hold
cord [33], [34]. Tai and colleagues obtained extension torquesgen if the recruitment of an individual site was nonlinear, as
of about 0.6 Nm [34] (compared with 4.6 Nm produced durinipng as the summation of the muscle drives would not cause
jumping [35]), while Mushahwar and Horch [33] reported peakaturation in the muscular output.
muscle forces of 1.3% to 73% of maximal twitch force obtained Prior research has shown that the spinal circuitry exhibits
by whole nerve stimulation with the majority of the forcesiumerous nonlinear phenomena: plateau potentials (i.e., pro-
generated being in the lower portion of that range. Despite dpnged depolarized states) [38], variation in the stretch-reflex
erating in a similar force range, Tat al. [34] found nonlinear gain as a function of the step cycle [39], and even reversal of
recruitment curves between isometric extension torques amdlex gain (from inhibitory to excitatory) depending on the gait
stimulation level, while Mushahwar and Horch obtained linearycle phase [40]. The current finding of a linear summation in
relations for the lower-force range followed by a force plateahe force output produced by activation of different spinal sites
for electrodes producing larger forces [33]. While Mushahwas, therefore, a somewhat surprising simple outcome. Mussa-
and Horch stimulated exclusively in laminae IX (motoneuronisaldi and colleagues [21] initially demonstrated the linear sum-
pools), some of Takt al's penetrations were more medial intomation phenomenon in the frog, followed by Tresethal.'s
laminae VII and VIII (regions that include the Renshaw cellimilar findings in the rat [19]. Our results expand on theirs
which could account for the nonlinear recruitment curves. Oby demonstrating that the property is preserved when the ac-
recruitment curves are, therefore, similar to the ones obtainightion to each site is modulated, giving us the ability to pro-
in motoneuron pools, although muscles are coactivated widhlice force patterns that are a graded combination of the original
dorsal stimulation, while single muscles can be activated wifields. The initial study also reported a striking nonlinear phe-
motoneuron pool stimulation. Greater forces may be obtainalslemenon where the response to coactivation of two spinal sites
in both cases by costimulating sites producing similar types whs identical to the stimulation of one of the single sites. The
responses, or by increasing the stimulation level applied to BMG patterns for this phenomenon, termed “winner-take-all,”
electrode floating relative to the cord. Activation of adjacenhdicated that the muscle activation during costimulation was
neural tissue may occur with the second option as discusseentical to the muscle activation during the single site stimula-
below. tion producing the force responses expressed during costimula-

The movement space covered by our measurements fullyn of the two sites (Galagan, JE; personal communication).
covers the hindlimb’s workspace during swimming and reflex A number of recent intraspinal microstimulation studies in-
withdrawal and cross-extension reflexes [36], [37]. Movementiicate that a number of other phenomena may occur when elec-
in the vertical plane are typically not analyzed in motion studiggcal stimulation is delivered at multiple locations. With a set of
since they are small (see the two cited studies), therefore, domr electrodes spaced 0.5 or 1.0 mm apart in the rostrocaudal
linearity results apply throughout the workspace used duriirection and implanted in the ventral portion of the lumbar en-
motion and are not subject to the caveats imposed by a limitedgement, [41] obtained results where costimulation produced a
measurement range as are the force magnitude results. response that showed either enhancement (up to 500%) or sup-

The most dramatic break in the linearity of the force recruipression of the knee torque with respect to the individual re-
ment we observed (field ff4 of Result Section IV-A) was nasponses. At one workspace location (as in their study), vectorial
related to force magnitude, but to orientation. The change in tteemmation of end-point force vectors would translate into sum-
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mation of single joint torques, while a winner-take-all responggoperty mismatch between the electrode materials used in cur-

would translate into a costimulation torque response equalrant clinical applications and the cord typically produce elec-

the torque obtained for stimulation at one of the electrodes. Bdtbde movement and subsequent cord damage [55], Mushawar

cases are different than the ones obtained in this laboratory, eaed Prochazka [53] have successfully implanted multiple single

though the results are expressed in terms of knee joint respona® electrodes in the cat spinal cord and obtained whole limb

instead of end-point response. movements from stimulation of these electrodes over extended
Since summation has been observed in a mammal [1Pgriods of time (over one year). Such progress on both the tech-

the differences are more likely attributable to differences imical and basic science aspects of intraspinal microstimulation

electrode location rather than to differences in animal speciebould eventually lead to human applications.

Linear summation of end-point force vectors in the mammal

was observed for stimulation in laminae | through V, while the VI. CONCLUSION

results of [41] were obtained for stimulation in what appears to

be ventral laminae VII through IX. The inhibition phenomenon

may be related to Renshaw cells activation (located mostlytfﬁn of spmql mtern_eurons IS Ilnearly moduLated by the param-
ventral laminae VII [11]), while the enhancement respons«?%ers of activation |n_the range studied (20% of maximal forqe
might be related to other interneurons being activated gtput), while the orientation and pattern of the forces remain
suggested by [41]). As described in the previous section, t éthe most part unaffected. Furthermore,the_ force _Ie_v_els arein
organization reported in the present work as well as in related”, range of forces useo! fpr regular Iocomotlv_e activities (e.g.,
work [18], [19], [21], [42], [43] is purported to be programmedsw'mm'ng)' an_d are sufficient tq produce motion. Results also
at the more dorsal interneuronal level. The results obtainl?*'dggeSt that sites can be coactivated to produce fields that are

for stimulation in more ventral locations seem to support tt‘?‘é:aIEd vector sums of the fields produced by activation of the

fact that the linear organization is specific to the more dors'gﬂd'v'dua.l 5|t'es ".’m.d thg summation property holds when each
s activation is individually modulated.

interneuronal regions, although, the phenomena obsen?étt?
during ventral microstimulation are representative of the cord

The strength of the force fields produced via electrical activa-
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