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Chronic ventral root recordings as a source for neuroprosthetic control
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Introduction

Summary & Future Directions

�࢒ 6SLQDO�URRWV�DUH�D�SURPLVLQJ�WDUJHW�IRU�D�SHULSKHUDO�QHXUDO�LQWHUIDFH�
to control prosthetic limbs

�࢒ 3URWHFWHG�ZLWKLQ�WKH�VSLQDO�FROXPQ��WKH\�RIWHQ�UHPDLQ�LQWDFW�DIWHU�
nerve injury or limb amputation and are more mechanically stable 
than distal nerves

�࢒ 0RWRU��YHQWUDO��DQG�VHQVRU\��GRUVDO��VLJQDOV�DUH�VSDWLDOO\�VHJUHJDWHG�
and can be independently targeted for recording and stimulation

Sterile surgery
�࢒ &KURQLFDOO\� LPSODQWHG����FKDQQHO� IORDW-
LQJ�PLFURHOHFWURGH�DUUD\V��)0$V��0LFUR-
3UREHV�� ,QF��� ZLWK� YDU\LQJ� HOHFWURGH�
shank lengths in the left L6 and L7 
spinal nerves of nine adult male cats

�࢒ 7DUJHWHG� WKH� YHQWUDO� URRWV� LQWUD��

Spinal Cord
L6L7

7KLV� ZRUN� ZDV� VSRQVRUHG� E\� WKH� 'HIHQVH�$GYDQFHG� 5HVHDUFK� 3URMHFWV�$JHQF\� �'$53$��
0LFURV\VWHPV�7HFKQRORJ\�2IILFH� XQGHU� WKH� DXVSLFHV� RI�'U�� -DFN� -XG\� �MDFN�MXG\#GDUSD�PLO��
through the Space and Naval Warfare Systems Center, Pacific Contract No. 
N66001-11-C-4171.

Identifying Motor Units Identifying Target Muscles
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Methods

operatively by incrementally inserting the array pneumatically until 
sensory activity was only observed on the shallowest electrodes

�࢒ ,QVWUXPHQWHG�XS�WR�WHQ�PXVFOHV�ZLWK�ELSRODU�LQWUDPXVFXODU�HOHFWURP\-
RJUDSK\��(0*��HOHFWURGHV�DQG�WKH�VFLDWLF�QHUYH�ZLWK�D���SROH�VSLUDO�
QHUYH�FXII��$UGLHP�0HGLFDO�

DRG

Ventral
root

�࢒ $OO�VLJQDOV�ZHUH�URXWHG�WKURXJK�FXVWRP�
circuit boards with a single-connector 
LQWHUIDFH� �6($5$<�� 6DPWHF��PRXQWHG�
within a protective backpack assembly

)HOLQH�OXPEDU
VSLQDO�URRW��/��

Sensory cell
bodies

Motor
axons

Objective: chronically record from motor units in ventral roots and 
evaluate their viability as a source for neuroprosthetic control

)0$
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Custom backpack
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intramuscular
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Experimental procedures
�࢒ 1HXUDO�VLJQDOV�ZHUH�VDPSOHG�DW���N+]�ZLWK�D�PXOWL�FKDQQHO�QHXUDO�UH-
FRUGLQJ�V\VWHP��'LJL$PS��3OH[RQ��,QF��DQG�KDQG�VRUWHG�RIIOLQH

�࢒ 0XVFOH�DQG�QHUYH�VLJQDOV�ZHUH�VDPSOHG�DW���N+]
�࢒ $ZDNH��WUHDGPLOO�ZDONLQJ�DW�VSHHGV�RI���������P�V��DQG�DQHVWKHWL]HG�
�SDVVLYH� PRYHPHQWV�� XQGHU� GH[GRPLWRU�� UHFRUGLQJ� VHVVLRQV� ZHUH�
conducted at least weekly for each cat

Individual units are classified as motor units if they are
�� DFWLYH�GXULQJ�D�ZDONLQJ�WULDO�EXW�QRW�GXULQJ�DQHVWKHWL]HG�VHVVLRQV�
�� QRW�UHFRUGHG�IURP�WKH�VDPH�HOHFWURGH�DV�RWKHU�XQLWV�WKDW�DUH�DFWLYH�

during anesthetized sessions,
�� DQG�WKH\�PXVW�QRW�YLRODWH�¶PRWRU�XQLW�OLNH·�ILULQJ�UDWHV�
 Motor units typically have a mean firing rate of 20-30 pps, but they sometimes also have 

rapid doublets with instantaneous rates of over 100 pps which rapidly increase muscle force. 
7KHVH�WZR�LQWHUVSLNH�LQWHUYDO��,6,��UHJLPHV�DUH�ILW�E\�D�WZR�FRPSRQHQW�ORJDULWKPLF�*DXVVLDQ�
mixture model. The unit is motor neuron-like if:

   - the aggregate cumulative distribution function is less than 0.1 at 20 ms
   or
� � � ��WKH�WZR�FRPSRQHQWV�DUH�VLJQLILFDQWO\�GLIIHUHQW��G·�!����DQG�
   - the mean of the smaller ISI component is less than 10 ms and
   - the cumulative distribution of the larger ISI component is less than 0.1 at 20 ms

V40m V44m

Motor unit
Sensory unit

,QWHUVSLNH�LQWHUYDO��,6,��KLVWRJUDP��PLOOLVHFRQGV�

Aggregate mean ISI:
�����PV�ʜ����SSV

Doublet mean ISI: 
����PV�ʜ�����SSV

Second component mean ISI: 
�����PV�ʜ����SSV

Observed ISI
Two-component
log-normal mixture
model E-M fits
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Example identification of motor and sensory signals

5HFRUGLQJ�TXDOLW\��615��RQ�
HDFK�VXEMHFW·V�EHVW�GD\

Motor unit
FRXQW��SFW�RI�WRWDO�

Avg motor unit
FRXQW��SFW�RI�WRWDO�
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The EMG signals during walking were aver-
aged in 24ms windows about every motor 
unit action potential, and the RMS power of 
the last 10 ms was computed with the first 10 
ms serving as the baseline. This can some-
times reveal the action potential passing 
through the nerve to the end-plate potential 
DW� WKH�PXVFOH� �EXW�PD\� IDLO�GXH� WR�VXEVDP-
SOLQJ�PXVFOHV��QRLVH��RU�WRR�IHZ�DYHUDJHV��

As a secondary method, rectified smoothed 
EMG profiles for each muscle were con-
structed and compared to the instantaneous 
ILULQJ�UDWH��IUHTXHQF\JUDP��RI�HDFK�XQLW��ZLWK�
doublets omitted and burst starts altered to 
the overall mean rate.  While not as defini-
WLYH�� D� KLJK� FRUUHODWLRQ� FRHIILFLHQW� �&&�� VWLOO�
demonstrates a functional relationship.

z-
sc

or
e

z-
sc

or
e

A threshold for large STA responses was determined by examining the RMS responses in unit-
PXVFOH�SDLUV� WKDW�KDG�DQWLFRUURODWHG� IUHTXHQF\JUDPV� �&&������DV�D�GLVWULEXWLRQ�RI�QHJDWLYH� UH-
VSRQVHV��DQG�WKH�����WK�SHUFHQWLOH�����ѥ9�506��ZDV�FKRVHQ��/DUJH�IUHTXHQF\JUDP�FRUUHODWLRQV�
were defined to be those greater than 0.25 through manual inspection. Unit-muscle pairs that satis-
fied both thresholds were categorized as strong, and those that only satisfied the frequencygram 
threshold were ranked as weak.

Both criteria over all muscles

Semimembranosis

Semimembranosis profile with instantaneous firing rate
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�)LYH�GLIIHUHQW�
    muscles targeted

Across all sessions:

Why did we get worse at targeting motor units?

��'LVVHFWLRQV� UHYHDOHG� WKDW�
we had driven some of the 
arrays through the spinal 
QHUYHV��SLFWXUHG��
��:H�EHJDQ�UHFRUGLQJ�LQWUD��
operatively to ensure some 
sensory signals remained 
on the shallower channels.
���%XW�ZH�RYHU�FRPSHQVDWHG��\LHOGLQJ�PRUH�VHQVRU\�VLJQDOV�
than desired.

Example
recordings

�࢒ 6XFFHVVIXOO\�WDUJHWHG�YHQWUDO�URRWV�DQG�UHFRUGHG�PRWRU�XQLWV
�࢒ :HUH�DEOH�WR�LGHQWLI\�DOPRVW�WZR�WKLUGV�RI�DOO�PRWRU�XQLWV·�WDUJHWV

�࢒ ([DPLQH�GHFRGHU�VWUDWHJLHV�WKDW�LQFRUSRUDWH�PXVFOH�WDUJHW�
information and are able to exploit nonlinearities like doublets

�࢒ ����XQLWV������RI�DOO�PRWRU�
XQLWV��IRXQG�WR�KDYH�D�
strong target

�࢒ ����������KDYH�D�ZHDN�
target

�࢒ ����������KDG�QR�WDUJHW�
identified

�࢒ ��������XQLTXH�PXVFOHV�
targeted per unit within 
each session
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