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refined locomotion after complete spinal cord injury
Closed-loop neuromodulation of spinal sensorimotor circuits controls
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R E S EARCH ART I C L E
NEUROTECHNOLOGY
Closed-loop neuromodulation of spinal sensorimotor
circuits controls refined locomotion after complete
spinal cord injury
Nikolaus Wenger,1* Eduardo Martin Moraud,2,3* Stanisa Raspopovic,2,4 Marco Bonizzato,2

Jack DiGiovanna,2 Pavel Musienko,1,5 Manfred Morari,3 Silvestro Micera,2,4† Grégoire Courtine1†‡
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Neuromodulation of spinal sensorimotor circuits improves motor control in animal models and humans with
spinal cord injury. With common neuromodulation devices, electrical stimulation parameters are tuned man-
ually and remain constant during movement. We developed a mechanistic framework to optimize neuro-
modulation in real time to achieve high-fidelity control of leg kinematics during locomotion in rats. We first
uncovered relationships between neuromodulation parameters and recruitment of distinct sensorimotor
circuits, resulting in predictive adjustments of leg kinematics. Second, we established a technological plat-
form with embedded control policies that integrated robust movement feedback and feed-forward control
loops in real time. These developments allowed us to conceive a neuroprosthetic system that controlled a broad
range of foot trajectories during continuous locomotion in paralyzed rats. Animals with complete spinal
cord injury performed more than 1000 successive steps without failure, and were able to climb staircases of
various heights and lengths with precision and fluidity. Beyond therapeutic potential, these findings provide
a conceptual and technical framework to personalize neuromodulation treatments for other neurological
disorders.
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INTRODUCTION

Regulation of dysfunctional neuronal circuits with electrical neuromodu-
lation therapies has broadened the spectrum of treatment options for
neurological disorders (1, 2). For example, deep brain stimulation of basal
ganglia has become a commonmedical practice to alleviate motor symp-
toms of Parkinson’s disease (3–6). Experimentally, epidural electrical
stimulation (EES) and intraspinal stimulation of the lumbosacral and
thoracic spinal segments have enabled improved motor control capa-
bilities in rodents and humans with spinal cord injury (SCI) (7–9) and
Parkinson’s disease (10, 11). In these experiments, empirical knowledge
and visual observations guided the tuning of electrical neuromodula-
tion parameters. After manual adjustment of pulse width, amplitude,
and frequency, stimulation of the brain and spinal cord remained con-
stant. Such an approach is likely suboptimal to mediate maximum ther-
apeutic effects in patients (1, 2). Indeed, preliminary evaluations have
suggested that nonregular temporal patterns (5, 6) and closed-loop ad-
justment (4, 12) of deep brain stimulation augment the therapeutic
impact of neuromodulation.

The ability to modulate the parameters and timing of EES of lum-
bosacral circuits to improve motor control after SCI remains unclear.
Various studies have shown that tuning frequency, amplitude, and pulse
width of EES can modulate specific aspects of standing, stepping, and
isolated movements in both animal models and humans (8, 13–15).
1International Paraplegic Foundation Chair in Spinal Cord Repair, Center for Neuropros-
thetics and Brain Mind Institute, Swiss Federal Institute of Technology (EPFL), Lausanne
CH-1015, Switzerland. 2Translational Neural Engineering Lab, Center for Neuroprosthetics
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‡Corresponding author. E-mail: gregoire.courtine@epfl.ch

www.ScienceTra
However, to our knowledge, a comprehensive mapping of the functional
relationships between stimulation parameters and limb kinematics
that could be leveraged to achieve closed-loop control of EES has
not been conducted.

Several limitations have restricted the development of closed-loop
control systems for neuromodulation (16). First, efficient control pol-
icies require a mechanistic understanding of the relationships between
stimulation features, the recruitment of specific sensorimotor circuits,
and the resulting functional effects. Second, closed-loop control of neuro-
modulation relies on the availability of a stable and robust feedback
signal to tune stimulation parameters. Third, implementation and op-
timization of closed-loop control algorithms necessitate advanced tech-
nological platforms combining feedback and feed-forward loops that
match the natural flow of information in the modulated neural systems.
Here, we sought to address these issues simultaneously to modulate
lumbosacral circuits through closed-loop EES.

Previous studies using EES to improve standing and walking in
severely paralyzed subjects have operated under the assumption that
the stimulation primarily increases the general level of excitability
within spinal circuits (8) and activates central pattern generators (13).
However, EES is also able to recruit specific afferent pathways con-
nected to distinct sensorimotor circuits, which, in turn, generate well-
defined responses in legmuscles after each pulse of stimulation (17–19).
We first capitalized on this understanding of EES mechanisms to es-
tablish a mapping between EES parameters, neuromodulation of sen-
sorimotor circuits, and adjustments of leg movements. Second, we
developed robust algorithms to extract a useful feedback signal from
spatiotemporal characteristics of leg kinematic during locomotion.
Third, we established a versatile technological platform with embedded
control policies that interfaced feedback signals and feed-forwardmodels
operating in real time. These integrated developments allowed us to
conceive a closed-loop neuromodulation system that controlled a broad
range of leg movements during natural locomotion in paralyzed rats.
nslationalMedicine.org 24 September 2014 Vol 6 Issue 255 255ra133 1
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RESULTS

Modulation of EES parameters tunes specific aspects
of leg movements
We first characterized the impact of EES amplitude, pulse width, and
frequency on the modulation of leg kinematic, ground reaction force,
and muscle activity in adult rats that received a complete transection
of the mid-thoracic spinal cord (fig. S1). After 5 weeks of recovery, all
of the tested rats (n = 5) dragged both hindlimbs along the treadmill
belt when supported bipedally in a robotic body weight support sys-
tem (Fig. 1A). The combination of serotonin agonists (5HT1A/2/7) and
EES delivered at S1 and L2 spinal segments (Fig. 1B) promoted con-
tinuous and alternating stepping movements of the legs. Frequency, am-
plitude, and pulse width of EES were adjusted to cover the entire range
of values that promoted functional movements.

Increments of EES frequency led to a graded and consistent mod-
ulation of gait patterns in all the tested rats within a range of 20 to
90 Hz (Fig. 1, C and D). To characterize this modulation and identify
the most relevant features reflecting tuning of leg movements with
EES frequency, we computed 147 kinematic, force, and electromyo-
graphic (EMG) variables that provided a comprehensive description
of the locomotor state (listed in table S1). We subjected these com-
bined parameters to a PC analysis. Stepping patterns associated with
each EES frequency were differentiated along PC1, which explained
nearly 50% of the total variance in the data sets (Fig. 1D). Analysis of
factor loadings on PC1 revealed that step height was the more robust
variable (factor loading, 0.97) to capture the modulation of leg move-
ments during changes in EES frequency (fig. S2). There were linear
correlations between EES frequency and step height that were repro-
ducible within a session (Fig. 2A), over weeks (Fig. 2A), and among
rats (Fig. 2B), despite idiosyncratic gait patterns. Tuning EES frequen-
cy over the useful range of values (shaded areas in Fig. 2A) mediated a
threefold increase in foot elevation, which allowed rats to cover step
heights ranging from 2.9- to 6.8-cm mean across rats.

Increase in EES amplitude (Fig. 3, A to C) mediated adjustments of
lower limb kinematics similar to those observed with changes in EES
frequency, including a significant, albeit limited increase in step height
(2.8 to 3.9 cm) (Fig. 3C). Changes in limb kinematics were less system-
atic when adjusting pulse width (Fig. 3, D to F). Moreover, increase in
EES amplitude and pulse width induced coactivation of leg muscles
(Fig. 3, A and D), which led to a rapid saturation of stepping move-
ments, and thus limited the relevance of these parameters for neuro-
modulation strategies.

EES frequency modulates specific sensorimotor circuits
We next sought to identify the physiological principles underlying the
modulation of step height with EES frequency. EES primarily recruits
proprioceptive afferent fibers (17, 19, 20). Here, we found that the re-
cruitment of proprioceptive fibers engages monosynaptic and poly-
synaptic reflex circuits, which elicited well-defined motor responses
in leg muscles after each pulse of EES (Fig. 4A). We dissociated these
responses functionally based on their respective latencies (medium-
and late-latency responses). In turn, phase-dependent modulation of
these responses in flexor versus extensor muscles resulted in alternat-
ing bursts of EMG activity, enabling continuous locomotion in other-
wise paralyzed rats (Fig. 4B and fig. S3, A and B).

EES-induced motor responses remained locked to each pulse of
stimulation across the entire range of tested EES frequencies (Fig. 4,
www.ScienceTra
B and C). Consequently, increment of EES frequency induced a graded
increase in the number of medium- and late-latency responses in leg
muscles (Fig. 4, C and D, and fig. S3C). At the lower frequencies, both
responses independently contributed to the elaboration of muscle ac-
tivity in both flexor and extensor muscles (fig. S3D). At higher fre-
quencies, the monosynaptic input likely reached motoneurons at the
same time as the polysynaptic input from the preceding stimulation.
Temporal convergence of monosynaptic and polysynaptic inputs onto
Fig. 1. Modulation of EES frequency tune foot trajectory during loco-
motion. (A) Rats with complete SCI were positioned bipedally over a

treadmill belt using an adjustable body weight support system. In the inset,
markers were positioned over leg joints, including the limb endpoint. (B) EES
was applied along the midline of L2 and S1 spinal segments. Serotonin ago-
nists (5HT) were administered systemically before stepping. (C) Representa-
tive, color-coded stick diagram decomposition of hindlimb movements
during stance (black), drag (cyan), and swing (gray), together with 10 succes-
sive trajectories of the limb endpoint. The red dot indicates the maximum
step height. The black arrows represent the direction and intensity of the
limb endpoint trajectory at swing onset. (D) Principal component (PC) anal-
ysis applied on all 147 gait variables (table S1) measured over 10 successive
gait cycles during EES frequencies ranging from 20 to 90 Hz, with a 5-Hz
increment for a representative rat. Least-square elliptic fits are drawn to em-
phasize frequency-dependent modulation of gait patterns. The bar graph
reports the score for each EES frequency along PC1. Data are means + SEM.
a.u., arbitrary units.
nslationalMedicine.org 24 September 2014 Vol 6 Issue 255 255ra133 2
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motoneurons eventually led to a single, medium-latency response,
which accounted for the increase in the amplitude of this response
with larger EES frequencies (fig. S3, C and D).

The graded increase in the number and amplitude of motor re-
sponses led to a linear enhancement of the overall bilateral EMG ac-
tivity in extensor and flexor ankle muscles (Fig. 4E and fig. S3D). In
turn, the concurrent modulation of ankle extensors in the stance leg and
flexor muscles in the swing leg accounted for the progressive tuning of
step height when adjusting EES frequency (Fig. 4E). These results in-
dicate that tuning of EES frequency mediates a progressive and repro-
ducible modulation of monosynaptic and polysynaptic reflex circuits,
which promotes predictive adjustment of leg movements during loco-
motion in rats.

Closed-loop EES achieves high-fidelity control
of leg movements
Linear tuning of step height with increase in EES frequency opened
the intriguing possibility to automate leg movement control in real
time through closed-loop modulation of EES frequency. To test this
hypothesis, we designed a technological platform that combined (i)
online monitoring of kinematics, ground reaction force, and muscle
activity in real time; (ii) signal-processing algorithms to reconstruct
locomotor states, including limb endpoint trajectory, gait phases, and
whole-body position; and (iii) a computational infrastructure to em-
bed control policies in the feedback loop to adjust EES frequency based
on current and desired stepping behaviors (Fig. 5A, fig. S4, and movie
S1). Optimization of communication protocols and information-
processing time allowed the entire loop to operate in less than 20 ms
(see Materials and Methods), which was appropriate for real-time con-
trol of neuromodulation during gait despite the fast rhythm of
stepping in rats (cycle duration, 810 ± 156 ms, SD).
www.ScienceTranslationalMedicine.org 24 Sep
We used this real-time platform to im-
plement a closed-loop control policy ca-
pable of adjusting step height in real time
during locomotion. The continuous flow
of kinematic information was discretized
per gait cycle and merged into a single
variable (step height) that was used to au-
tomatically adjust EES frequency during
the next gait cycle (Fig. 5A). The control-
ler adjusted stimulation to maintain the
maximum elevation of the foot within a
reference band, whose upper and lower
bounds (±5 mm) were selected to account
for the intrinsic variability of step height
during continuous locomotion (4.6 ± 0.9mm,
SD). This single-input single-output (SISO)
control structure integrated parallel loops
combining adaptive feed-forward predic-
tion and feedback correction (Fig. 5A and
fig. S4).

The feed-forward model was derived
from the linear correlation between step
height and EES frequency recorded for
each rat at the beginning of each session
(Fig. 2). The slope and intercept values of
the model were iteratively updated after
each gait cycle to account for time-varying
changes in stepping behavior. A proportional-integral (PI) feedback
loop complemented the feed-forward model predictions to minimize
the discrepancy between the desired and actual step height (movie S1).
This architecture achieved a high degree of control over a broad range
of step heights during both steady and constantly changing locomotor
states (Fig. 5, B and C).

To quantify the degree of step height control, we designed a com-
prehensive suite of testing paradigms, in which the reference band was
displaced through a range of fixed increments or decrements after each
step, or after a series of steps (Fig. 5C). These tasks tested the perform-
ances of the controller during steady-state (fig. S5A) and dynamic (fig.
S5, B and C) behaviors over the entire range of step height modula-
tions. Despite these multifaceted challenges, the controller successfully
tuned EES frequency to instantly adjust step height to varying reference
bands (movie S2). Precision of step height control significantly in-
creased in variability (fig. S5D) when imposing adjustments that
reached the physiological limits of the studied biomechanical system.

Closed-loop EES prevents rapid fatigue during
continuous locomotion
We next sought to evaluate the ability of closed-loop EES to improve key
aspects of gait performance. Human patients with SCI exhibit a rapid
exhaustion of locomotor output during continuous stepping on a tread-
mill (21), which is also observed in injured rats (22). During noncontrolled
EES (40 Hz), rats with complete SCI showed a progressive decrease in the
amplitude of muscle activity during stepping (Fig. 6, A and B), which led
to a graded decrease in step height until the animals collapsed (Fig. 6C).

Instead, closed-loop control of step height doubled the duration of
stepping before collapse compared to noncontrolled EES (Fig. 6C).
The controller continuously increased EES frequency over time, which
limited the decrease in the amplitude of muscle activity (Fig. 6B), and
Fig. 2. Reproductive modulation of step height with EES frequency within and across days, and
between rats. (A) Relationship between EES frequency and step height for a representative rat tested

30 min apart in the same session 5 weeks post-lesion, and at 7 and 9 weeks post-lesion. The linear
regression (back line) was computed over the range of functional EES frequencies (red dots, shaded
areas). Each dot represents a gait cycle. (B) Plots reporting the linear regressions from five rats recorded
in the same conditions as in (A).
tember 2014 Vol 6 Issue 255 255ra133 3
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enabled rats to maintain step height within the constant reference
band for extended durations despite exhaustion (Fig. 6C and movie
S3). Under controlled conditions, 100% of the tested rats (n = 3) per-
formed at least 1000 successive steps without failure over the duration
of the testing session.

Closed-loop EES enables locomotion across
combinations of staircases
We lastly aimed to illustrate the practical impact of closed-loop EES to
restore walking during more natural locomotor conditions. For this,
we positioned the rats overground in a robotic interface that moved
the rats forward along a runway while providing constant-force sup-
port in the vertical (25% of body weight) and mediolateral (rigid,
100%) directions (Fig. 7A). We interposed staircases of various heights
(1.3 to 3.5 cm), lengths (12 to 25 cm), and numbers (one to four stairs)
along the runway to test the ability of closed-loop EES to modulate
step height to accommodate leg movements during stair climbing.
The reference band was set at a constant height during locomotion
along the horizontal surface until crossing a predefined distance from
www.ScienceTra
the staircase (1.5 cm) where the reference band was raised to an ap-
propriate height (3 cm above staircase height) to pass the staircase.
During noncontrolled EES, rats tumbled against and failed to pass
the lower staircase (Fig. 7A). In contrast, closed-loop EES enabled the
rats (n = 3) to climb all of the tested staircase combinations success-
fully in 99 of 100 successive attempts (P < 0.001 versus noncontrolled
EES, Kruskal-Wallis test) (Fig. 7, A and B, and movie S4).

Automated tuningofEES frequencyduring the stancephasepreceding
the staircase significantly augmented vertical ground reaction forces
proportional to the displacement of the reference band (Fig. 7B),
which generated the adequate foot trajectory to overcome the stair-
case. The same precision of step height control was obtained during
sequences of staircases, which required a continuous adjustment of
EES frequency to pass the successive stairs while stabilizing upward
and downward movements of the body after each step (fig. S6). These
combined results show the ability of the developed neuromodulation
algorithms to achieve real-time adjustment of leg kinematic and ground
reaction forceswith adequate precision to restore complexwalking be-
haviors in paralyzed rats.
Fig. 3. EES amplitude and pulse width mediate limited tuning of leg
movements during locomotion. (A) EES amplitude was gradually

graph reports the score for each EES amplitude along PC1 for all tested
rats (n = 5). (C) Histogram plots reporting changes in step height in re-
increased by fixed increments of 60 mA from the onset of EES-induced
stepping, until saturation. EES frequency was kept constant at 40 Hz. Stick
diagram decomposition of hindlimb movements, successive limb endpoint
trajectories, and alternating flexor (Flex) and extensor (Ext) EMG activity are
displayed for each experimental condition using the same convention as in
Fig. 1. (B) PC analysis was applied on all the gait variables measured in a
representative rat during EES amplitude changes shown in (A). The bar
sponse to modulation of EES amplitude. (D) EES pulse width was gradually
increased by fixed increments of 60 ms in the same rat and under the same
conditions as (A). (E) PC analysis was applied on all the gait variables
measured during EES pulse width changes shown in (D). (F) Histogram
plots reporting changes in step height in response to modulation of EES
pulse width. *P < 0.05, **P < 0.01, repeated-measures analysis of variance
(ANOVA) with Bonferroni post hoc analysis. Data are means ± SEM (n = 5).
nslationalMedicine.org 24 September 2014 Vol 6 Issue 255 255ra133 4
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DISCUSSION

Open-loop regulation of spinal sensorimotor circuits with neuromod-
ulation therapy improves motor control after SCI (7, 8, 14, 23). Here, we
demonstrate that closed-loop neuromodulation yielded superior control
of leg movement compared to continuous stimulation, enabling rats
www.ScienceTra
with complete SCI to perform complex locomotor tasks with precision
and fluidity. Although the current demonstration is in rodents, research
platforms for human spinal cord stimulation (16) and a newly developed
robotic interface (24) provide the technological infrastructure to achieve
immediate translation of our control algorithms into neuromodula-
tion therapies to facilitate robot-assisted training in humans with SCI.
Fig. 4. EES frequency modulates specific reflex circuits. (A) Schematic
of neural structures recruited by EES. In, interneuron; Mn, motoneuron;

of EMG bursts for flexor and extensor muscles at different stimulation fre-
quencies. The red and gray vertical lines indicate EES frequency and its
DRG, dorsal root ganglion; Ib, group Ib fibers conveying force feedback;
Ia and II, group Ia and group II fibers conveying muscle length–related
feedback. A single pulse of EES evokes a medium-latency response (red)
and a late-latency response (blue) in leg muscles through activation of pro-
prioceptive segmental circuits. (B) Sequence of EMG activity recorded in
the contralateral extensor (medial gastrocnemius) and ipsilateral flexor
(tibialis anterior) muscles during continuous stepping at three different EES
frequencies. The lower traces show, for each frequency, motor responses
evoked in extensor (ext) and flexor (flex) muscles at distinct moments of
the gait cycle (i, ii, and iii), but over the same duration. (C) Power spectrum
harmonic multiples, respectively. (D) Color-coded modulation of the ampli-
tude of medium- and late-latency responses in flexor and extensor muscles
over the course of a gait cycle for EES frequencies ranging from 20 to 90 Hz,
with a 10-Hz increment. The white lines indicate the end of stance for each
frequency. (E) Three-dimensional (3D) linear correlation between color-
coded EES frequency and normalized EMG amplitude of contralateral exten-
sor and ipsilateral flexor muscles. Each point represents an individual gait
cycle. The robustness of the correlation was calculated through PC analysis
as the amount of explained variance by PC1. All panels report data recorded
in the same representative rat (representative of n = 5).
nslationalMedicine.org 24 September 2014 Vol 6 Issue 255 255ra133 5
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EES of lumbosacral circuits facilitates locomotion through the re-
cruitment of proprioceptive afferent fibers, which engages two com-
plementary mechanisms (17). First, the propagation of the tonic neural
drive elicited along myelinated afferent fibers activates central pattern-
generating networks (25, 26). Second, each stimulation pulse elicits a
medium- and late-latency response in leg muscles, which corresponds
to the activation of monosynaptic and polysynaptic reflex circuits, re-
spectively (13, 17, 19). Central pattern-generating networks modulate
the gain of these reflex circuits according to the state of the locomotor
system (19, 27). In turn, the successive motor responses compose the
bursts of leg muscle activity during locomotion (17, 19). Here, we found
that spinally evoked motor responses remain locked to the stimulation
rate over a large range of frequencies, enabling fine-tuning of muscle
activity through linear adjustment of stimulation. Likewise, frequency-
dependent modulation of intraspinal microstimulation delivered in
cervical segments near-linearly adjusts the amount of grasp force in
anesthetized nonhuman primates (28). This principle underlies natu-
ral muscle force production, which primarily relies on the modulation
of motoneuron firing rate (29).

We leveraged this mechanistic framework to achieve real-time con-
trol of lower limb kinematics and vertical ground reaction forces dur-
ing continuous locomotion. This control policy allowed paralyzed rats
to produce a broad range of foot trajectories during continuous loco-
motion, and to climb combinations of staircases. Frequency-dependent
tuning functionswere consistent across days and across rats, which sup-
ported the design of algorithms with robust performances. This treat-
www.ScienceTranslationalMedicine.org 24 Sep
ment paradigm engages central pattern-
generating networks (30). In addition,
each pulse elicits monosynaptic and poly-
synaptic motor responses, which are
modulated according to the phase of the
movement. Because the human spinal cord
exhibits similar responses to EES (23, 31),
our approach—frequency-dependent tuning
of muscle activity—could translate into a
neuromodulation therapy to improve mo-
tor control and rehabilitation in patients
with SCI.

Previous closed-loop neuromodulation
therapies for restoring locomotion using
electrical stimulation of muscles (32, 33)
or spinal structures (9) have sought to elab-
orate the motor command extrinsically
through finite-state control of discrete stim-
ulation sequences. This type of control
policies enabled stepping-like movements,
but was not able to modulate muscle ac-
tivity to produce movement over a broad
range of natural gait trajectories. More-
over, rapid muscle fatigue prevented loco-
motor execution over extended durations
(32, 33), which limited the use of this ther-
apeutic strategy for rehabilitation in humans
with SCI (34). Instead, our neuromodula-
tion therapy exploits the intrinsic capaci-
ties of sensorimotor circuits embedded in
the spinal cord to generate coordinated
movements. Thus, we superimposed a
simple control policy onto the ongoing motor program to achieve
continuous, high-fidelity control of leg movements over extended
periods of time.

Our control policy combined feedback signals and feed-forward
models that relied on a global parameter capturing the targeted loco-
motor behavior. For this purpose, we extracted spatiotemporal fea-
tures from lower limb endpoint trajectories. There is evidence that
central nervous system circuits may elaborate an explicit representa-
tion of limb endpoint kinematics (35). Moreover, neurobehavioral
experiments have suggested that the limb endpoint is the primary var-
iable used to coordinate locomotion in animal models (36) and hu-
mans (37). We thus monitored and controlled step height, which was
the most robust parameter to account for frequency-dependent mod-
ulation of gait. In addition, lower limb endpoint is a neurally relevant
variable to encode and organize leg movements. This type of control
policy establishes a framework to design a corticospinal neuropros-
thesis through which neuronal modulations from the motor cortex
will directly modulate electrical spinal cord stimulation to adjust
lower limb kinematics and improve locomotor recovery (38). Current
wearable and implantable motion sensors can generate the necessary
feedback to incorporate automated closed-loop control policies into
neuromodulation therapies for use outside laboratory environments
(39). For this purpose, industrial development of clinically viable
neuromodulation platforms has established the appropriate neuro-
technology to personalize stimulation algorithms based on feedback
signals (16).
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each foot strike, the signal-processing algorithm measured the step height (red dot, hi), which was fed
into the control loop. The control structure integrated parallel loops combining feedback correction (PI
controller) and a predictive forward model. This predictive component was elaborated from the linear
relationship between EES frequency and step height, and was updated at each iteration through an adapt-
ive algorithm (see Materials and Methods). The controller combined the error (ei) correction based on the
current reference (ri), and the prediction to generate the adjustment of EES frequency (fi+1) to adjust the
current frequency (fi) and thus maintain the maximum step height within the user-defined reference band
(ri+1, shaded areas). A saturation function was inserted to constrain EES within the functional range of fre-
quencies. (B) Example of successive step heights and concomitant EES frequencies during a random
sequence of reference band changes for one rat. (C) Mean values ± SEM (n = 15 trials) of successive step
heights for various combinations of steady and constant-changing reference bands (shaded area).
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Current knowledge of human spinal cord properties in response to
electrical neuromodulation (23, 31) suggests that the control policies
developed in our study could translate into clinical applications for
facilitating neurorehabilitation (8, 23). Existing technological platforms
for closed-loop neuromodulation of the human nervous system (16)
can readily be interfaced with real-time kinematic feedback to tune EES
in clinical settings. Moreover, our results in rats (40) compelled the
development of a robotic body weight support system that can provide
patients with adjustable, multidirectional support during overground
www.ScienceTra
locomotion within a large workspace (24). Thus, our developed algo-
rithms can be implemented to facilitate rehabilitation during robot-
assisted locomotion on a treadmill and overground in patients with
SCI. Closed-loop neuromodulation of spinal circuits has the potential
to improve motor control and prevent rapid fatigue during robot-
assisted training in individuals with incomplete SCI, such as ASIA-C
(American Spinal Injury Association grade C) patients, which are es-
sential factors to promote activity-dependent plasticity and recovery
with rehabilitation (8, 41).

In rats with complete SCI, continuous weight-bearing stepping on-
ly emerged in the presence of agonists to specific serotonergic receptor
subtypes. Monoaminergic replacement therapies are necessary to me-
diate locomotor permissive states of spinal circuits deprived of any
source of modulation (42). Consequently, closed-loop neuromodulation
therapies in humans with severe injuries will be contingent on the devel-
opment of safe and efficacious monoaminergic replacement strategies,
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Fig. 6. Closed-loop EES compensates for exhaustion. (A) Stick diagram
decomposition of hindlimb movements and extensor muscle activity for

both noncontrolled and controlled conditions at three different time points:
beginning, middle, and end of the noncontrolled session. Conventions are
the sameas in Fig. 1C. The gray- and cyan-shaded areas indicate the duration
of the stance and drag phases, respectively. The reference (gray band) was
set on the basis of the average step height measured across rats. (B) Histo-
gram plots reporting the durations of stepping until collapse and within the
reference band, and the amplitude of extensor muscle activity (medial gas-
trocnemius, MG) for the three time points shown in (A) during noncontrolled
and controlled conditions for all the rats (n = 3 rats). (C) Representative
examples of successive step heights and EES frequency modulation during
a continuous sequence of stepping under noncontrolled and controlled
conditions. The vertical dotted line corresponds to the saturation timewhen
EES frequency reached themaximumallowed value for the controller, that is,
95 Hz (Fig. 5A). Each data point corresponds to a gait cycle. Data aremeans ±
SEM. *P < 0.05, **P < 0.01, Kruskal-Wallis test.
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Fig. 7. Real-time control of locomotion across staircases. (A) Rats with
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whilemoving the animal forward at a constant speed (9 cm/s). The reference
band was displaced when crossing a virtual line located 1.5 cm away from
each staircase. Stick diagram decomposition of hindlimb movements is
shown together with EES frequency modulation during a representative ex-
ecution along a staircase. Changes in vertical ground reaction forces (GRFs)
when stepping onto the force plate are displayed at the bottom. Shaded
areas indicate the occurrence of stance. The pie plots report the percentage
of trials during which the rats (n = 3 rats) tumbled, touched, or passed the
staircase across 100 successive repetitions under noncontrolled and con-
trolled conditions. (B) Polynomial fit of step height values during locomotion
along staircases of various heights and numbers. The concurrent vertical
ground reaction forces measured during the step preceding and coinciding
with the staircase are displayed at the bottom. Automated tuning of EES fre-
quency significantly augmented vertical ground reaction forces proportional
to the displacement of the reference band (**P < 0.01, ***P < 0.005, Kruskal-
Wallis test for each staircase). Data are averages (n = 3 rats, 20 trials per rat)
and SEM (shaded areas). The pie plots report the percentage of success for
the first and second staircases over 20 successive trials.
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which are under exploration (43), but do not yet exist for general use
in people. However, open-loop electrical neuromodulation of spinal
circuits instantly restored fine control over joint-specific movements
in patients with chronic motor paralysis (23). These results suggest
that the therapeutic effects of neuromodulation therapies that we dem-
onstrated in rodent models (7) also applied in humans with severe SCI.

Neuromodulation therapies of the brain and spinal cord target dis-
tinct neural structures, but share common principles, including the
growing need for closed-loop regulation (1, 2, 44). Our results provide
a conceptual and technical framework for the broad development of
closed-loop neuromodulation therapies to improve function after neu-
rological disorders.
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MATERIALS AND METHODS

Study design
The study was segregated into two experimental groups. Characteriza-
tion of relationships between EES frequency and gait pattern modu-
lation was conducted on a group of five rats that participated in all of
the testing sessions over a period of 3 weeks, starting 5 weeks post-
lesion. After comprehensive analysis of EES characterization and neu-
romodulation algorithm development, we generated an additional group
of three rats that were tested daily over a period of 4 weeks, starting
5 weeks post-lesion. All experiments involving real-time control of EES
were carried out with those three rats. This sample size was selected on
the basis of the robustness of EES modulation effects and to obtain
enough statistical power to demonstrate significant differences between
closed- and open-loop neuromodulation. All the tested rats are pre-
sented in the study. No statistical outliners were excluded. One animal
from the second group had to be excluded from PC analysis owing to
a mechanical failure in one of the four EMG wires; however, this rat
could be included for analysis in all other figures where unilateral
EMG signals were sufficient for data analysis. All measurements were
obtained using objective readouts with high-precision equipment.
Blinding during data acquisition and analysis was not possible because
of the obvious effects of EES modulation.

Animals and animal care
All procedures and surgeries were approved by the Veterinarian Office
Vaud, Switzerland. The experiments were conducted on adult female
Lewis rats (∼200 g of body weight, Centre d’Elevage R. Janvier). Rats
were housed individually on a 12-hour light-dark cycle, with access to
food and water ad libitum.

Surgical procedure and post-surgical care
All surgical procedures have been described in detail previously (7, 40)
and are elaborated in the Supplementary Methods

Locomotor training
Rats were attached to an automated, servo-controlled body weight sup-
port system (Robomedica), and positioned over a motorized treadmill
belt for bipedal locomotion. The animals were trained every other day,
20 min per session for 4 weeks, starting 8 days post-SCI. Locomotor train-
ing was enabled by the combination of EES at S1 and L2, and systemic
administration of agonists to 5HT1A/7 (8-OH-DPAT, 0.05 to 0.1 mg/kg
body weight) and 5HT2A/C (quipazine, 0.2 to 0.3 mg/kg body weight)
receptor subtypes (42). Treadmill belt speed was set at 9 cm/s.
www.ScienceTra
Kinematic, ground reaction force, reflex analysis, and EMG record-
ing procedures as well as data and PC analyses are described in the
Supplementary Materials.

Real-time platform for closed-loop adjustment of EES
The platformwas implementedwithin amultithreadedC++ code (Visual
Studio 2010,Microsoft) runningon aquad coreMicrosoftWindows7 com-
puter. Stimulation patterns were applied via an RZ5 processing unit
(Tucker-Davis Technologies) connected to an MS16 Stimulus Isolator
(Tucker-Davis Technologies). The integrated Vicon recording system
generated raw 3D positions of the markers, which were imported into
the C++ environment in (soft) real time via Ethernet using the DataStream
SDK software.Wedeveloped a customalgorithm for online interpolation
of missing markers through triangulation and relabeling of each marker
to the appropriate joint landmark. All signals were filtered online using
least mean squares adaptive filters. Specific gait events such as foot strike,
toe-off, or predetermined timings during each gait cyclewere automatical-
ly detected using online kinematic classification of limb endpoint trajec-
tories. These timings triggered controller calculations and model updates
(fig. S3). To evaluate the delay of the entire platform, we sent concomitant
pulses at opposite endsof the loop, and calculated the discrepancybetween
both signals after each iteration, for more than 100 successive cycles.

Control structure for closed-loop adjustment of EES
We modeled stepping patterns as a discrete-time, SISO system (stim-
ulation frequency/step height). The continuous flow of kinematic
information was discretized by gait cycles using foot strike events,
which separated consecutive gait cycles and defined the set of sampling
times K = {k1, k2 … kn}. These events triggered the update of the stim-
ulation frequency, which was applied using zero-order hold control un-
til the next event. The maximum step height during each gait cycle
(defined as hi = max(ht), t ∈ [ki−1, ki]) served as feedback signal for
closed-loop corrections. Stimulation values were set identically for both
electrodes and effectively acted as a unique value. The controller used
an adaptive input-output forward model built from the linear correla-
tions between stimulation frequency and step height. Regression esti-
mates (slope a

ˇ

i and intercept b

ˇ

i) were initially set for each subject
based on offline analyses. These values were iteratively updated at every
gait cycle using online adaptive filters (least mean squares):

a

ˇ

iþ1 ¼ a

ˇ

i þ mhiei

where m = 0.1 is the forgetting factor, and ei is the error between re-
corded and desired outputs at time i. This feed-forward control loop
enabled to predict and anticipate the necessary changes in stimulation
output. It was combined with a PI feedback loop to correct for unmod-
eled discrepancies. Values for the proportional (kp) and integral (ki)
corrections were set manually for each rat on the first experimental
session (kp = 0.2 to 0.35, ki = 0.1 to 0.15), and kept constant during
the duration of the recordings. The final stimulation frequency was
computed on the basis of the combined feedback and feed-forward
components to track a user-defined reference value ri+1 for the maxi-
mum foot height during the next gait cycle:

fiþ1 ¼ ðriþ1 − b

ˇ

iþ1Þ=a

ˇ

iþ1 þ ðkpei þ kiEiÞ

where Ei is the cumulative error at time i, and is iteratively calculated
as Ei ¼ i−1

�
i
Ei−1 þ 1

i ei; i > 0= . The reference included a dead band
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(db = 5 mm), which was included above and below the reference value
to account for the inherent variability in stepping when calculating
tracking errors: ei ¼ maxð0; jri − hij − dbÞ. Final stimulation values
were applied within the range of values efficient to promote functional
locomotor movements, spanning from 20 Hz onset to 95 Hz saturation
(movie S1). The amplitude of the current delivered through each elec-
trode was calibrated at the beginning of each experimental session to
obtain optimal facilitation of locomotion at baseline frequency based
on visual observation. The real-time platform and control structure
are represented and further explained in fig. S4.

Treadmill paradigm
Rats were tested in the same conditions as training. Serotonin agonists
were administered 10 min before recording onset. Various experimental
conditions were tested during each session that lasted 60 min. The first
series of experiments evaluated the functional effects of varying ampli-
tude, pulse width, and frequency of EES. For each session, optimal
features for the three parameters of EES to promote robust stepping
patterns were searched through visual observations. After this prepara-
tory phase, two features were maintained constant, whereas the tested
feature was randomly modulated with fixed increments. A minimum of
10 gait successive cycles were recorded for each experimental condition.

The second series of experiments aimed to evaluate the robustness
of the developed control policies. Two testing paradigms were designed
to challenge real-time control of foot height. During the first paradigm,
termed step increment, the reference band was displaced by a fixed
increment (0.5 to 2.5 cm) or decrement (0.5 to 1.5 cm), and main-
tained at this new reference for six consecutive steps. During the sec-
ond paradigm, termed triangular waveform, the reference band was
gradually displaced by a fixed increment (0.5 to 1.5 cm) or decrement
(0.5 to 2.5 cm) at each step until the maximum (7.5 cm) or minimum
(3.5 cm) limit of the locomotor system was met. When reaching the
limit, the direction of the reference band displacement was inversed
(fig. S5).

Locomotor exhaustion
Kinematic and EMG activities were recorded during continuous step-
ping on a treadmill until exhaustion of locomotor movements. For
each rat, recordings stopped when the animal was not able to move
the limb forward; both hindlimbs were dragging along the treadmill
belt. On the first day, stepping was enabled by serotonin agonists and
continuous EES applied overlying L2 and S1 spinal segments at a fixed
frequency of 40 Hz. On the second day, the controller was set to mod-
ulate EES frequency to maintain step height within a reference band
fixed at 4.5 cm. These experiments took place at 7 weeks post-SCI,
when substantial exhaustion of locomotor activity occurs clearly (22).
The duration of stepping within the reference band, and until exhaus-
tion of locomotion, was measured for each rat and condition.

Staircase paradigm
Rats were positioned in a robotic support system (40) that provided a
constant force against the direction of gravity (25% of body weight)
while moving the rat forward at a fixed velocity (9 cm/s) along a hor-
izontal runway (Fig. 7). Staircases of various heights (1.3 to 3.5 cm),
lengths (12 to 25 cm), and numbers (one or four stairs) were inter-
posed along the runway. For each rat, 100 (single) or 20 (successive)
trials were performed along each type of staircase paradigms under
noncontrolled or controlled conditions. The percentage of trials dur-
www.ScienceTra
ing which the rat tumbled, touched, or passed the entire staircase was
evaluated offline using video recordings.

Statistics
All data are reported as means ± SEM, unless otherwise specified.
Repeated-measures ANOVAs were used to evaluate differences be-
tween normally distributed data (Kolmogorov-Smirnov test) from
the various experimental conditions. The two-tailed Kruskal-Wallis
test was used for nonparametric evaluations. Post hoc differences were
assessed using the Bonferroni test. The statistical a level P < 0.05 was
considered significant.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/255/255ra133/DC1
Methods
Fig. S1. Completeness of the SCI.
Fig. S2. Modulation of EES frequency tunes multiple aspects of gait patterns.
Fig. S3. Modulation of EES frequency tunes mono- and polysynaptic responses in flexor and
extensor muscle during locomotion.
Fig. S4. Real-time monitoring and control platform.
Fig. S5. High-fidelity control of complex foot trajectory.
Fig. S6. Execution along staircases of various heights and lengths.
Table S1. List of computed kinematic, kinetic, and EMG parameters.
Movie S1. Real-time monitoring and control platform.
Movie S2. Closed-loop neuromodulation achieves high-fidelity control of leg movements.
Movie S3. Closed-loop neuromodulation prevents rapid fatigue during continuous locomotion.
Movie S4. Closed-loop neuromodulation enables locomotion across staircases.
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