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Introduction

Summary

�’�� �6�S�L�Q�D�O���U�R�R�W�V���D�U�H���D���S�U�R�P�L�V�L�Q�J���W�D�U�J�H�W���I�R�U���D���S�H�U�L�S�K�H�U�D�O���Q�H�X�U�D�O���L�Q�W�H�U�I�D�F�H
�’�� �0�R�W�R�U�����Y�H�Q�W�U�D�O�����D�Q�G���V�H�Q�V�R�U�\�����G�R�U�V�D�O�����V�L�J�Q�D�O�V���D�U�H���V�S�D�W�L�D�O�O�\���V�H�J�U�H�J�D�W�H�G���D�Q�G��

could be independently targeted for recording and stimulation
�’�� �1�H�X�U�D�O���D�F�W�L�Y�L�W�\���L�Q���W�K�H���D�[�R�Q�V���R�I���W�K�H���Y�H�Q�W�U�D�O���U�R�R�W���O�H�D�G�V���G�L�U�H�F�W�O�\���W�R���P�X�V�F�O�H��

contraction and could be used as a source for motor control signals that are 
directly linked to normal musculoskeletal action

�’�� �7�K�H���V�S�L�Q�D�O���F�R�O�X�P�Q���S�U�R�Y�L�G�H�V���P�R�U�H���P�H�F�K�D�Q�L�F�D�O���S�U�R�W�H�F�W�L�R�Q���D�Q�G���H�O�H�F�W�U�L�F�D�O��
isolation from muscle activity than is possible in the distal nerves

Sterile surgery
�’�� �&�K�U�R�Q�L�F�D�O�O�\�� �L�P�S�O�D�Q�W�H�G�� �������F�K�D�Q�Q�H�O�� �I�O�R�D�W�L�Q�J�� �P�L�F�U�R-

�H�O�H�F�W�U�R�G�H�� �D�U�U�D�\�V�� ���)�0�$�V���� �0�L�F�U�R�3�U�R�E�H�V���� �,�Q�F������ �Z�L�W�K��
varying electrode shank lengths in the left L6 and 
L7 spinal nerves of nine adult male cats

�’�� �7�D�U�J�H�W�H�G�� �W�K�H�� �Y�H�Q�W�U�D�O�� �U�R�R�W�V�� �L�Q�W�U�D���R�S�H�U�D�W�L�Y�H�Oy by 
incrementally inserting the array pneumatically 

Spinal Cord
L6

L7

�7�K�L�V�� �Z�R�U�N�� �Z�D�V�� �V�S�R�Q�V�R�U�H�G�� �E�\�� �W�K�H�� �'�H�I�H�Q�V�H�� �$�G�Y�D�Q�F�H�G�� �5�H�V�H�D�U�F�K�� �3�U�R�M�H�F�W�V�� �$�J�H�Q�F�\�� ���'�$�5�3�$����
�0�L�F�U�R�V�\�V�W�H�P�V�� �7�H�F�K�Q�R�O�R�J�\�� �2�I�I�L�F�H�� �X�Q�G�H�U�� �W�K�H�� �D�X�V�S�L�F�H�V�� �R�I�� �'�U���� �-�D�F�N�� �-�X�G�\�� ���M�D�F�N���M�X�G�\�#�G�D�U�S�D���P�L�O����
�W�K�U�R�X�J�K�� �W�K�H�� �6�S�D�F�H�� �D�Q�G�� �1�D�Y�D�O�� �:�D�U�I�D�U�H�� �6�\�V�W�H�P�V�� �&�H�Q�W�H�U���� �3�D�F�L�I�L�F�� �&�R�Q�W�U�D�F�W�� �1�R����
�1�������������������&������������
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Methods

until sensory activity was only observed on 
the shallowest electrodes

�’�� �,�Q�V�W�U�X�P�H�Q�W�H�G���X�S���W�R���W�H�Q���P�X�V�F�O�H�V���Z�L�W�K���E�L�S�R�O�D�U��
�L�Q�W�U�D�P�X�V�F�X�O�D�U�� �H�O�H�F�W�U�R�P�\�R�J�U�D�S�K�\�� ���(�0�*����
electrodes and the sciatic nerve with a 
�����S�R�O�H���V�S�L�U�D�O���Q�H�U�Y�H���F�X�I�I�����$�U�G�L�H�P���0�H�G�L�F�D�O��

�’�� �$�O�O�� �V�L�J�Q�D�O�V�� �Z�H�U�H�� �U�R�X�W�H�G�� �W�K�U�R�X�J�K�� �F�X�V�W�R�P�� �F�L�U-
cuit boards with a single-connector interface 
���6�(�$�5�$�<�����6�D�P�W�H�F�����P�R�X�Q�W�H�G���Z�L�W�K�L�Q���D���S�U�R�W�H�F-
tive backpack assembly

Feline lumbar
�V�S�L�Q�D�O���U�R�R�W�����/����

Sensory cell
bodies

Motor
�D�[�R�Q�V

Objective: Identify and record from motor units in ventral roots and 
evaluate their ability to estimate muscle activity

Experimental procedures
�’�� �1�H�X�U�D�O���V�L�J�Q�D�O�V�� �Z�H�U�H�� �V�D�P�S�O�H�G���D�W�������N�+�]�� �Z�L�W�K�� �D�� �P�X�O�W�L���F�K�D�Q�Q�H�O�� �Q�H�X�U�D�O���U�H�F�R�U�G�L�Q�J��

�V�\�V�W�H�P�����'�L�J�L�$�P�S�����3�O�H�[�R�Q�����,�Q�F�����D�Q�G���K�D�Q�G���V�R�U�W�H�G���R�I�I�O�L�Q�H�����Z�L�W�K���P�X�V�F�O�H���D�Q�G���Q�H�U�Y�H��
�V�L�J�Q�D�O�V���V�D�P�S�O�H�G���D�W�������N�+�]

�’�� �.�L�Q�H�P�D�W�L�F�V�� �Z�H�U�H�� �F�D�S�W�X�U�H�G�� �Z�L�W�K�� �2�S�W�L�7�U�D�N�� ���1�D�W�X�U�D�O�3�R�L�Q�W���� �,�Q�F���� �R�U�� �&�L�Q�H�S�O�H�[��
���3�O�H�[�R�Q�����,�Q�F��

�’�� �$�Z�D�N�H�����W�U�H�D�G�P�L�O�O���Z�D�O�N�L�Q�J���D�W���V�S�H�H�G�V���R�I�������������������P���V�����D�Q�G���D�Q�H�V�W�K�H�W�L�]�H�G�����S�D�V�V�L�Y�H��
�P�R�Y�H�P�H�Q�W�V���� �X�Q�G�H�U�� �G�H�[�G�R�P�L�W�R�U���� �U�H�F�R�U�G�L�Q�J�� �V�H�V�V�L�R�Q�V�� �Z�H�U�H�� �F�R�Q�G�X�F�W�H�G�� �D�W�� �O�H�D�V�W��
weekly for each cat

�(�[�D�P�S�O�H
motor unit
recordings

�’�� �,�G�H�Q�W�L�I�L�H�G���D�Q�G���U�H�F�R�U�G�H�G���I�U�R�P���P�R�W�R�U���X�Q�L�W�V���L�Q���Y�H�Q�W�U�D�O���U�R�R�W�V

�’�� �(�V�W�L�P�D�W�H�G���(�0�*���D�F�W�L�Y�L�W�\���R�I���D�O�O���P�X�V�F�O�H�V���Z�L�W�K���J�R�R�G���S�H�U�I�R�U�P�D�Q�F�H��
�D�F�U�R�V�V���P�R�V�W���R�I���W�K�H���V�X�E�M�H�F�W�V

�’�� �6�R�P�H���P�X�V�F�O�H�V���Z�H�U�H���D�F�F�X�U�D�W�H�O�\���H�V�W�L�P�D�W�H�G���I�U�R�P���D���Y�H�U�\���V�P�D�O�O���V�X�E�V�H�W��
of the recorded units

�6�1�5���������� �6�1�5����������

�8�Q�L�W�V���Z�H�U�H���H�[�F�O�X�G�H�G���I�U�R�P���D�Q�D�O�\�V�L�V���L�I���W�K�H�\���Z�H�U�H��
�’ recorded during passive movements under anesthesia,
�’ on the same electrode as a unit that was active under anesthesia,
�’�� �R�U���L�I���W�K�H�\���Y�L�R�O�D�W�H�G���¶�P�R�W�R�U���X�Q�L�W���O�L�N�H�·���I�L�U�L�Q�J���E�H�K�D�Y�L�R�U��

�7�K�H���L�Q�W�H�U���V�S�L�N�H���L�Q�W�H�U�Y�D�O�V���Z�H�U�H���I�L�W���E�\���D���W�Z�R���F�R�P�S�R�Q�H�Q�W��
�O�R�J�D�U�L�W�K�P�L�F�� �*�D�X�V�V�L�D�Q�� �P�L�[�W�X�U�H�� �P�R�G�H�O�����$�� �X�Q�L�W�� �L�V�� �P�R�W�R�U��
�Q�H�X�U�R�Q���O�L�N�H���R�Q�O�\���L�I���H�L�W�K�H�U��
�� �D�����O�H�V�V���W�K�D�Q�����������R�I���W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���L�V���X�Q�G�H�U�������P�V��
�R�U�����E�����W�K�H���W�Z�R���G�L�V�W�U�L�E�X�W�L�R�Q�V���D�U�H���Z�H�O�O���V�H�S�D�U�D�W�H�G�����G�·���!��������

�D�Q�G�� �P�D�W�F�K�� �G�R�X�E�O�H�W�� ���F�R�P�S�R�Q�H�Q�W�� �P�H�D�Q�� �L�V�� �X�Q�G�H�U��
�����P�V�����D�Q�G���S�U�L�P�D�U�\���I�L�U�L�Q�J���U�D�W�H �V�W�D�W�L�V�W�L�F�V�����O�H�V�V���W�K�D�Q��
���������R�I���F�R�P�S�R�Q�H�Q�W���G�L�V�W�U�L�E�X�W�L�R�Q���L�V���X�Q�G�H�U�������P�V����
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Estimating EMG Activation

�’���(�0�*���6�L�J�Q�D�O�V���Z�H�U�H���E�D�Q�G���S�D�V�V���I�L�O-
�W�H�U�H�G�����������������+�]�������U�H�F�W�L�I�L�H�G�����D�Q�G��
smoothed with a low-pass filter 
�������+�]��

�’���6�S�L�N�H�V���I�U�R�P���X�Q�L�W�V���L�G�H�Q�W�L�I�L�H�G���D�V��
motor units were converted to firing 
�U�D�W�H�V�����)�5�����E�\���F�R�Q�Y�R�O�Y�L�Q�J���W�K�H���V�S�L�N�H��
times with a causal alpha kernel    
�Z²t���H�[�S��-�Zt�����Z�L�W�K���D���W�L�P�H���F�R�Q�V�W�D�Q�W���R�I��
�����P�V���������������������������������I�U�R�P�������������P�V��

�’��A fitted multiple linear regression 
models estimated EMG activation 
from smoothed motor unit firing 
rates

�’��Each muscle was considered to be 
�L�Q�G�H�S�H�Q�G�H�Q�W�����V�X�F�K���W�K�D�W��

�’���0�R�G�H�O�V���Z�H�U�H���W�U�D�L�Q�H�G���R�Q�������V���R�I��
treadmill walking data and tested 
against a later 50s from the same 
�G�D�\�����Z�L�W�K���V�S�H�H�G�V���R�I�������������������P���V

�5�ï�� �:�ï���� �6�ï���� �8�ï���� �3�ï���� �0�ï���� �4�ï���� �9�ï����
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DRG
�’���8�V�H���W�K�H���N�Q�R�Z�Q���S�K�\�V�L�R�O�R�J�\���R�I���W�K�H���P�R�W�R�U���Q�H�X�U�R�Q���W�R���U�H�I�L�Q�H���W�K�H���U�H�J�U�H�V-

sion model, incorporating nonlinearities such as doublets 

�’���:�H�·�Y�H���S�U�H�Y�L�R�X�V�O�\���V�K�R�Z�Q���W�K�D�W���L�Q�����������R�I���R�X�U���P�R�W�R�U���X�Q�L�W���U�H�F�R�U�G�L�Q�J�V�����Z�H��
can identify the muscle a motor unit targets through spike-triggered 

Future Directions

�’���(�D�F�K���P�R�W�R�U���X�Q�L�W���D�[�R�Q���R�Q�O�\���L�Q�Q�H�U�Y�D�W�H�V���R�Q�H��
muscle, but the simple multiple linear regres-
sion framework uses all units in its estimation 
of each muscle

�’���$���P�R�U�H���S�K�\�V�L�R�O�R�J�L�F�D�O���D�S�S�U�R�D�F�K���L�V���W�R���F�K�R�R�V�H���D��
unique subset of motor units to use for each 
�P�X�V�F�O�H�����Z�L�W�K�R�X�W���U�H�S�O�D�F�H�P�H�Q�W��

�’���8�Q�L�W�V���Z�H�U�H���V�H�O�H�F�W�H�G���J�U�H�H�G�L�O�\���I�U�R�P���W�K�H���O�D�U�J�H�V�W��
significant coefficients of the aggregate 
�P�R�G�H�O�V���W�R���H�V�W�L�P�D�W�H���M�X�V�W���R�Q�H���P�X�V�F�O�H���H�D�F�K

Performance summary

�(�[�D�P�S�O�H���H�V�W�L�P�D�W�L�R�Q�V
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Performance compared to full model

�5�H�K�D�E���1�H�X�U�D�O���(�Q�J�L�Q�H�H�U�L�Q�J���/�D�E�����Z�L�W�K���V�S�H�F�L�D�O��
�W�K�D�Q�N�V���W�R���(�U�L�Q���*�D�U�L�D�����7�\�O�H�U���6�L�P�S�V�R�Q�����6�K�X�E�K�D�P��
Debnath, and Rebecca Parker 

�’���6�R�P�H���P�X�V�F�O�H�V���U�H�W�D�L�Q���Y�H�U�\���J�R�R�G��
performance with fewer than 
three motor unit inputs

�’���8�Q�O�L�N�H���W�K�H���D�J�J�U�H�J�D�W�H���P�R�G�H�O�V����
there is no significant relation-
ship between number of units 
and model performance

Full model

Unique subsets

0 5 10s

LG

MG

�7�$

�6�7

VL

Sart

GMed

BF

�7�H�Q���V�H�F�R�Q�G�V���R�I���D�O�L�J�Q�H�G���P�R�W�R�U���X�Q�L�W�����W�R�S���U�D�V�W�H�U�����H�D�F�K���U�R�Z���L�V���D���X�Q�L�W�����D�Q�G��
�V�P�R�R�W�K�H�G���(�0�*���D�F�W�L�Y�L�W�\�����Z�L�W�K���W�K�H���S�U�H�G�L�F�W�L�R�Q�V���R�Y�H�U�O�D�L�G���L�Q���U�H�G�����F�D�W���9��

0.79

0.79

0.55

0.88

0.62

0.67

0.57

0.35

r = 

�(�D�F�K���V�X�E�M�H�F�W�·�V���W�H�V�W�L�Q�J���S�H�U�I�R�U�P�D�Q�F�H���R�Y�H�U���D�O�O���P�X�V�F�O�H�V���V�X�P�P�D�U�L�]�H�G���E�\��
quartiles, arranged in order of increasing number of motor units

�’���7�K�H���Q�X�P�E�H�U���R�I���X�Q�L�W�V���L�Q���W�K�H��
model significantly affected    
���S�������������������L�W�V���D�E�L�O�L�W�\���W�R���D�F�F�X-
rately estimate EMG activity

�’���7�K�H���Q�X�P�E�H�U���R�I���X�Q�L�W�V�����K�R�Z�H�Y�H�U����
is not a significant factor in the 
performance of the muscle with 
the highest performance, sug-
gesting that only a small 
number of units are required 
for each muscle.
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averaging of the evoked muscle potential. Using this infor-
mation in the subsetted model may improve performance

�’���8�V�H���W�K�H���H�V�W�L�P�D�W�H�G���P�X�V�F�O�H���D�F�W�L�Y�D�W�L�R�Q���W�R���G�U�L�Y�H���L�Q�S�X�W���L�Q�W�R���D��
musculoskeletal model to predict forces and kinematics 


