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            Abstract
Spinal cord injury disrupts the communication between the brain and the spinal circuits that orchestrate movement. To bypass the lesion, brain–computer interfaces1,2,3 have directly linked cortical activity to electrical stimulation of muscles, and have thus restored grasping abilities after hand paralysis1,4. Theoretically, this strategy could also restore control over leg muscle activity for walking5. However, replicating the complex sequence of individual muscle activation patterns underlying natural and adaptive locomotor movements poses formidable conceptual and technological challenges6,7. Recently, it was shown in rats that epidural electrical stimulation of the lumbar spinal cord can reproduce the natural activation of synergistic muscle groups producing locomotion8,9,10. Here we interface leg motor cortex activity with epidural electrical stimulation protocols to establish a brain–spine interface that alleviated gait deficits after a spinal cord injury in non-human primates. Rhesus monkeys (Macaca mulatta) were implanted with an intracortical microelectrode array in the leg area of the motor cortex and with a spinal cord stimulation system composed of a spatially selective epidural implant and a pulse generator with real-time triggering capabilities. We designed and implemented wireless control systems that linked online neural decoding of extension and flexion motor states with stimulation protocols promoting these movements. These systems allowed the monkeys to behave freely without any restrictions or constraining tethered electronics. After validation of the brain–spine interface in intact (uninjured) monkeys, we performed a unilateral corticospinal tract lesion at the thoracic level. As early as six days post-injury and without prior training of the monkeys, the brain–spine interface restored weight-bearing locomotion of the paralysed leg on a treadmill and overground. The implantable components integrated in the brain–spine interface have all been approved for investigational applications in similar human research, suggesting a practical translational pathway for proof-of-concept studies in people with spinal cord injury.
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                    Figure 1: Conceptual and technological design of the brain–spine interface.


Figure 2: Development and validation of selective spinal cord stimulation protocols.


Figure 3: Brain-controlled stimulation modulates the extension and flexion of the leg during locomotion in intact monkeys.


Figure 4: The brain–spine interface alleviates gait deficits after spinal cord injury.
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Extended data figures and tables

Extended Data Figure 1 Design and fabrication of the spatially selective spinal implant.
Step 1: Quantification of the length of vertebrae T12 to L4, and of spinal segments L1 to S1. The photographs show coronal sections of the left halves of the L3 and S1 spinal segments, including the dura mater, dorsal roots and spinal tissue. The complementary views show camera lucida reconstructions of the dorsal roots, white and grey matter. The dorsal roots projecting to the L1/L2 and L6/L7 spinal segments are colour-coded to visualize their respective location. Step 2: Three-dimensional reconstruction of the entire lumbosacral spinal cord and dorsal roots. The dorsal roots innervating spinal segments containing the targeted extension (L6, L7) and flexion (L1, L2) hotspots are colour-coded to help visualize their respective spatial trajectory. The three-dimensional reconstructions are displayed from a dorsal view, and from a view that is rotated 45° leftward around the rostrocaudal axis to visualize the trajectory of the dorsal roots along spinal segments. Step 3: Design of the spatially selective spinal implants, including the location of the electrodes with respect to the dorsal roots, and positioning of the implants with respect to the vertebrae. The cyan and magenta shapes highlight the electrodes targeting the flexor and extensor hotspots, respectively. Step 4: Mask layout of the spatially selective epidural spinal implant. Step 5: Fabrication of the spinal implants. Processing starts with deposition of a 40-μm-thick polyimide film by spin coating on the silicon substrate. The polyimide-based bottom layer constituting the footprint of the implant is realized through ultraviolet lithography. A 200-nm-thick gold layer is deposited using vacuum evaporation and lithographically structured to create a conductive seed pattern. An additional gold layer is electroplated to a height of approximately 6 μm to create the electrodes and interconnects. A 20-μm-thick cover layer of photosensitive polyimide is then applied by spin coating to uniformly cover the bottom and electrode structure. A final ultraviolet lithography is applied to structure the top layer of the implant, and to create openings over the electrodes and contact pads. The implants are gently released from the carrier wafer. To create a connector, the contact pads located at the extremity of the implant are glued to a small support plate made of medical-grade poly-methyl methacrylate (PMMA) sheet material. Precision milled alignment structures allow fine adjustment of the support plate to the spinal implant, and to the extremity of the leads. The support plate contains a seat in which a tiny printed circuit board with conductive stripes is fixed. Stainless steel leads with silicone rubber insulation are directly soldered to the contact pads of the implant via the contact stripes located on the printed circuit board. The resulting implants and connective leads were highly reliable mechanically and electrically. A fixation structure was realized by using three-dimensional laser sintering of medical grade titanium. Step 6: Photographs, including zoomed insets, showing a fabricated spinal implant and a micro-computed tomography scan performed after implantation. Photographs, copyright J. Laurens (2016).


Extended Data Figure 2 Protocols and technology of the spinal cord stimulation system.
Step 1: A Neural Research Programmer interface (screen snapshot) encodes stimulation protocols that are pre-programmed into a table uploaded to the implantable pulse generator. Each row of this table corresponds to a specific electrode configuration (cathodes and anodes) and stimulation features (amplitude, frequency, pulse width and duration of stimulation). During experiments, the control computer selects the rows to be executed. The plot reports the distribution of temporal delays introduced by the communication between the decoder and the Neural Research Programmer (n = 5,000). Step 2: Stimulation commands are transmitted to the implantable pulse generator. Commands are first broadcast via Bluetooth to a module that converts them into infrared signals transferred to the stimulation programmer device. The Bluetooth-to-infrared module and the stimulation programmer were embedded into a jacket worn by the monkeys during the experiments. The stimulation programmer transmitted the stimulation commands into the implantable pulse generator via induction telemetry. The antenna was placed under the jacket, in contact with the skin and aligned to the implantable pulse generator. The plot reports the distribution of delays needed to transmit the stimulation commands from the Neural Research Programmer to the implantable pulse generator. Step 3: The implantable pulse generator executed the selected stimulation protocols. After execution of the stimulation command, the implantable pulse generator switched to idle mode. The shape of a single charge balanced cathodic pulse is shown in the inset. The plot reports the distribution of time delays required to execute a single stimulation command by the implantable pulse generator. Photographs, copyright Medtronic (2016); drawing, copyright Jemère Ruby (2016).


Extended Data Figure 3 Anatomical, computational and functional experiments allowed the identification of stimulation protocols to access flexion and extension hotspots.
a, Computational procedure to estimate spatiotemporal maps of motoneuron activation during locomotion. Step 1: Four pairs of antagonist muscles spanning each joint of the leg are implanted with bipolar electrodes to record electromyographic signals during locomotion. Step 2: Muscle activity recorded during locomotion on a treadmill is band-pass-filtered using a Butterworth 3rd-order filter (30–800 Hz, monkey P3). Step 3: The signals are rectified, filtered with a low pass at 10 Hz, normalized to the maximum activity recorded across all the gait cycles, and then projected onto the location of the corresponding motoneuron columns in the spinal cord for each of the recorded muscles. The estimated motoneuron activation is represented as a colour-coded spatiotemporal map of motoneuron activation. b, Spatiotemporal maps of motoneuron activation recorded in three intact monkeys (Q1, P2 and P3). The maps were obtained by averaging electromyographic signals recorded during continuous locomotion on a treadmill (n = 73, 25 and 24 steps for monkeys Q1, P2 and P3, respectively). The maps underlying the activation of extension and flexion hotspots were extracted by averaging the estimated motoneuron activation around the foot-strike and foot-off events, respectively. For this, a window was defined from −10% to +30% of the gait cycle duration for the foot-strike event, and from −10% to +20% of the gait cycle duration for the foot-off event. The maps were reproducible across monkeys. The correlation between monkeys Q1, P2 and P3 for the flexion hotspot was 0.94, 0.90 and 0.90 for Q1–P2, Q1–P3 and P2–P3, respectively. The correlation between monkeys Q1, P2 and P3 for the extension hotspot was 0.88, 0.90 and 0.60 for Q1–P2, Q1–P3 and P2–P3, respectively. The resulting maps were projected onto the reconstructed spinal segments (Extended Data Fig. 1). c, Recruitment curves showing the relationships between motor-evoked potentials elicited by single pulses of epidural electrical stimulation in each of the recorded hindlimb muscles and the stimulation amplitude for three intact monkeys (Q1, Q2 and P1). Stimulation was delivered through the electrodes targeting the extension and flexion hotspots. The compound responses elicited in leg muscles were rectified and integrated to calculate the amplitude of the responses, and then projected on the reconstructed spinal segments. The spatial maps of motoneuron activation corresponding to the optimal range of stimulation amplitudes to stimulate the hotspots are displayed for each monkey, including the location of the electrodes with respect to spinal segments. To compute the optimal range of stimulation amplitudes for each hotspot, we extracted the stimulation amplitudes for which the spatial map of motoneuron activation displayed the highest values of correlation with the spatial maps of the targeted hotspots. The cyan and magenta shadings highlight the functional range of stimulation amplitude for each hotspot and monkey. (a.u., arbitrary units.)


Extended Data Figure 4 Procedure to calibrate the decoders for real-time detection of motor states.
Step 1: The locomotor movements of the right leg were recorded using the video camera system. In parallel, neural signals were recorded from the microelectrode array implanted into the leg area of the primary motor cortex. The signals were band-pass filtered (0.5–7.5 kHz). A threshold was at 3–3.5 times the standard deviation in order to obtain spike events. The two data streams were saved onto computers. Step 2: Visual inspection of the video frames allowed the identification of foot-off and foot-strike gait events. We estimated the spike rates from overlapping 150-ms bins that were updated every 20 ms. Gait events were then synchronized with the spike rate estimates using a trigger saved with the neural data that marked the onset of video recordings. Step 3: We extracted feature vectors that originated at foot-off and foot-strike events and assigned them to ‘foot-off’ and ‘foot-strike’ motor state classes, respectively. All other feature vectors were assigned to the ‘neither’ class. Step 4: Motor state classes of feature vectors were used to calibrate a regularized linear discriminant analysis decoder. Step 5: The decoder was uploaded into our real-time analysis application running on the control computer. Neural data was collected in real time, processed into spike-rate estimates, and passed through the decoder that calculated the probabilities of foot-off and foot-strike motor states. When one of the motor state probabilities crossed a threshold of 0.8, a command to trigger the flexion or extension hotspot stimulation protocols was sent to the Neural Research Programmer, which relayed this instruction to the implanted pulse generator. Owing to the wireless communication, the command was executed 178 ms (Q1) or 105 ms (Q2 and Q3) after the detection of the motor states.


Extended Data Figure 5 The real-time decoder accurately detected the motor states and triggered stimulation protocols during locomotion and when initiating and terminating it in intact monkeys.
a, Example of a continuous sequence of locomotion (20 s) during brain-controlled flexion and extension stimulation in an intact monkey (Q2, pre-lesion session 2; see Supplementary Table 2). Conventions are the same as in Fig. 3. The real-time decoder correctly detected the succession of 22 foot-off and foot-strike motor states occurring in this sequence (vertical dotted lines), and appropriately triggered the relevant stimulation protocols throughout the locomotor sequence. b, Histograms showing the distribution of the temporal differences between the actual occurrence of foot-off and foot-strike events and the decoded occurrence of these motor states for all the recording sessions of the tested intact monkeys (Q1 and Q2). The dotted lines indicate the median for each distribution. For monkey Q1, the decoders were calibrated using recordings without stimulation only. For monkey Q2, we improved the accuracy of the decoders by performing the calibration twice. First, the decoders were recalibrated using recordings without stimulation. These decoders were used to collect recordings during brain-controlled flexion or brain-controlled extension independently. New decoders were then calibrated using all the recording blocks together. c, Confusion matrices reporting the accuracy of the real-time decoders without stimulation and during brain-controlled stimulation, given a tolerance window of ±125 ms. The bar plots report the normalized mutual information calculated for the real-time decoders compared to random decoders and chance level decoders. Random decoders were the same decoders calibrated using shuffled gait events. The chance level decoders randomly assigned motor states with chance level probabilities, which were estimated from the data used to calibrate the online decoders, and at the same rate as the online decoders. ***P < 0.001, bootstrap. Error bars, s.e.m. d, Two examples of recordings collected while monkey Q1 and Q2 initiated or terminated sequences of continuous locomotion on a treadmill. The green shaded area indicates the period during which the treadmill was turned off. The brain–spine interface was kept on throughout the recordings. Conventions are the same as in Fig. 3. The probability of foot-strike and foot-off motor states remained low during the periods of rest, and recommenced to modulate with the occurrence of motor states when the monkey resumed continuous locomotion. The decoder confusion matrices were calculated during brain-controlled stimulation across all the sessions with intact monkeys during which the treadmill was turned off (n = 345 and n = 127 temporal windows for Q1 and Q2). False-positive detections were rare.


Extended Data Figure 6 Modulation of leg locomotor movements during brain-controlled stimulation in intact monkeys.
a, Principal component analysis was applied on individual gait cycles extracted from locomotion on a treadmill without stimulation (n = 125 and n = 119 for Q1 and Q2) and during brain-controlled stimulation of the extension (n = 33 and n = 54 gait cycles with stimulation for Q1 and Q2, respectively) or flexion (n = 98 and n = 120 total stimulation steps for Q1 and Q2, respectively) hotspots for the intact monkeys Q1 and Q2. Conventions are the same as in Fig. 3 and Extended Data Fig. 7. This analysis emphasizes the graded modulation of gait parameters when increasing the frequency or amplitude of stimulation for extension and flexion hotspots independently. b, Plots showing relationships between the amplitude or frequency of extensor (magenta) or flexor (cyan) hotspot stimulation and relevant kinematic or muscle activity parameter related to the extension or flexion of the right leg. The upper right plot shows the average foot trajectories during each experimental condition, illustrating the graded modulation of flexion during brain-controlled stimulation of the flexion hotspot. The lower right plot highlights the high degree of leg-specific modulation over the entire extent of tested stimulation parameters. Results were comparable in monkeys Q1 and Q2. *P < 0.05, **P < 0.001, Wilcoxon rank-sum test. Error bars, s.e.m.


Extended Data Figure 7 Quantification and reconstruction of the spinal cord lesions and quantification of gait deficits and spontaneous recovery after the spinal cord lesion.
a, Scheme illustrating the anatomical experiments to quantify the lesion of the corticospinal tract. The anterograde anatomical tracer BDA was injected into the leg and trunk regions of the left primary motor cortex to label corticospinal tract fibres in the spinal cord, shown in pink in the photographs. The top-right scheme shows the approximate pathways of the dorsal ascending tract and all descending tracts identified from refs 36 and 37. For monkeys Q2 and Q3, the area of maximal damage was reconstructed in two dimensions by identifying the border of the glia scar on evenly spaced sagittal sections spanning the entire dorsoventral extent of the lesioned spinal cord. b–e, For each monkey, confocal photographs show longitudinal sections of the lesioned spinal cord at specific dorsoventral levels, as indicated with dotted lines. In each photograph, the following anatomical elements are labelled: astrocytes (GFAP, grey), neural cell bodies (NeuN, cyan) and corticospinal tract axons (BDA, pink). The insets show high-resolution photographs of selected regions (white squares) of the same photograph that illustrates intact corticospinal tract axons above the injury, axon retraction bulbs directly above the lesion, and the absence of axons below the injury. Monkey Q2 displayed a small subset of spared corticospinal tract axons in the more dorsal aspect of the dorsolateral column. The asterisks indicate the location of the lesion. Overview scale bars, 500 μm. Inset scale bars, 50 μm. f, Gait cycles were extracted from locomotion recorded in monkeys Q2 and Q3 pre-lesion, during the first two weeks after the lesion, and at 99 days after the lesion. Analysis was only applied to gait cycles classified as steps, that is, gait cycles classified as limb paralysis or stumbling were not included. The number of analysed gait cycles is directly reported into the figure. The bar plots report the mean Euclidean distance between all the steps on a given recording day without stimulation and steps recorded before the lesion, computed in the entire space of the 26 kinematic parameters. The other bar plots report mean values of relevant kinematic parameters. This analysis illustrates the progressive yet incomplete recovery of locomotion. ***P < 0.001, Wilcoxon rank-sum test. Error bars, s.e.m.


Extended Data Figure 8 Restoration of leg locomotor movements during overground locomotion after the spinal cord lesion.
a, Representative sequences of locomotion along a straight corridor without stimulation and during brain-controlled stimulation recorded at 7 days and 13 days after the lesion for monkey Q2. Conventions are the same as in Fig. 4. The bar plots report the mean step height of the right (lesioned) leg during swing. *P < 0.05, Wilcoxon rank-sum test. Error bars, s.e.m. b, Snapshots extracted from video recordings showing a representative sequence of leg movements during one gait cycle without stimulation and during brain-controlled stimulation at 7 days post-injury for monkey Q2. The stick diagrams overlying the right (lesioned side) leg and the trajectory of the foot are colour-coded using the same colour scheme as in the stick diagram decomposition in a. Without stimulation, the monkey dragged the leg along the ground, whereas brain-controlled stimulation restored weight-bearing locomotion with plantar placement.


Extended Data Figure 9 Quantification of gait improvements and decoding accuracy during brain-controlled stimulation after the spinal cord lesion.
a, Two successive gait cycles performed during locomotion on a treadmill without stimulation and during brain-controlled stimulation in monkey Q2 at 6 days and 14 days post-lesion, and in monkey Q3 at 16 days post-injury. Conventions are the same as in Fig. 4. In addition, the average foot trajectories calculated over all the recorded gait cycles are displayed for each experimental condition including during pre-lesion locomotion, illustrating the marked improvement of foot movements during brain-controlled stimulation. b, Bar plot reporting the mean values of the total excursion of the angle, step height and foot trajectory area for monkeys Q2 and Q3 during locomotion pre-lesion and post-lesion without stimulation and with brain-controlled stimulation. Analysis was only applied to gait cycles classified as steps, that is, gait cycles classified as limb paralysis or stumbling were not included. (For monkey Q2: pre-lesion n = 294, day 6 post-lesion no stimulation n = 6, brain control n = 12, day 14 no stimulation n = 39, brain control n = 93. For monkey Q3: pre-lesion n = 185, day 16 post-injury no stimulation n = 98, brain control n = 31.) *P < 0.05, **P < 0.01, ***P < 0.001, Wilcoxon rank-sum test. Error bars, s.e.m. c, Bar plots reporting the capacity of the monkeys to sustain walking at the imposed treadmill belt speed. The functional score is computed as the percentage of regular steps in which the animal is able to walk at the treadmill belt speed; that is, the animal does not bump into the back of the treadmill. Gait cycles classified as hops or stumbling were not included. *P < 0.05, ***P < 0.001, bootstrap. Error bars, s.e.m. d, Decoding accuracy increases during recovery after the spinal cord lesion. Decoder confusion matrices calculated reporting the accuracy of the real-time decoders and chance level decoder during brain-controlled stimulation for monkey Q2 at day 6 (n = 76 foot-strikes, n = 74 foot-offs) and day 14 post-injury (n = 264 foot-strikes, n = 264 foot-offs) and for monkey Q3 at 16 days post-injury (n = 319 foot-strikes, n = 321 foot-offs). The tolerance window was set at ±125 ms. The bar plots report the normalized mutual information calculated for the real-time decoders compared to random decoders and chance level decoders. ***,**P < 0.001 and P < 0.01, respectively. Bootstrap. Error bars, s.e.m. e, Top panels, from left to right: mean event rate, modulation depth and preferred direction for the neuronal spiking signal recorded obtained by regressing spike rates against the phase of the gait cycle for monkeys Q1 to Q3. Preferred direction was defined as the angle for which the fitted tuning function was at a maximum. Bottom panels, from left to right: mean absolute single-electrode difference for mean event rates, modulation depths and preferred directions between two consecutive sessions shown in the top panels. Analysis shows substantial changes both before and after the spinal-cord lesion. Nevertheless, the rate of change between the last pre-lesion and the first post-lesion sessions was substantially higher than between any two other session pairs, thus indicating increased level of plasticity following spinal cord lesion. **P < 0.01, ***P < 0.001, Monte Carlo, Wilcoxon rank-sum test, signed Wilcoxon rank-sum test and bootstrap. Error bars, s.e.m.


Extended Data Figure 10 The temporal structure and features of stimulation determine the quantity and quality of steps.
a, Two successive gait cycles performed during locomotion on a treadmill during brain-controlled stimulation with optimal and suboptimal temporal structures at 6 days post-injury, and during continuous stimulation at 14 days post-lesion for monkey Q2. The gait cycles were classified as suboptimal temporal structures when stimulation occurred outside a ±125 ms tolerance window. Conventions are the same as in Fig. 4. b, Bar plots reporting the quantity of steps calculated during locomotion with optimal and suboptimal temporal structures over a range of stimulation frequencies and during continuous stimulation for monkeys Q2 and Q3 at 6 days, 14 days and 16 days post-injury. *P < 0.05, **P < 0.01, ***P < 0.001, bootstrap. Error bars, s.e.m. c, Bar plots reporting the quality of stepping for the same conditions as in b. The quality of stepping was measured as the mean Euclidean distance between pre-lesion and post-lesion gait cycles calculated in the kinematic space defined by the 26 gait parameters, as reported in Fig. 4. These results show that the optimal temporal structure leads to an increased number of steps and improved quality of stepping compared to sub-optimal temporal structures. Moreover, brain-controlled stimulation with both optimal and suboptimal temporal structure promoted markedly improved locomotor performance compared to continuous stimulation delivered with the same stimulation features. These results also highlight the ability to optimize locomotor performance when tuning the stimulation frequency. *P < 0.05, **P < 0.01, ***P < 0.001, Wilcoxon rank-sum test. Error bars, s.e.m.
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Grégoire Courtine and colleagues show that a fully implantable, wireless brain–spine interface can be used to improve locomotion after a unilateral spinal lesion in monkeys without training. The authors implanted monkeys with an electrode array in the leg area of the motor cortex and a stimulator in the lumbar spinal cord, enabling real-time decoding and stimulation. Decoded activity from the motor cortex was used to stimulate 'hotspot' locations in the lumbar spinal cord that control hindlimb flexion and extension during locomotion. Stimulating these hotspots enhanced flexion and extension of the target muscles during locomotion in intact monkeys and restored weight-bearing locomotion of the paralysed leg in monkeys with a unilateral spinal cord lesion six days after the injury. This proof-of-principle study shows that a similar system may improve or restore locomotion in people with spinal cord injury.
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