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Abstract

This study describes the stability and selectivity of four-contact spiral nerve-cuff electrodes
implanted bilaterally on distal branches of the femoral nerves of a human volunteer with spinal
cord injury as part of a neuroprosthesis for standing and transfers. Stimulation charge threshold,
the minimum charge required to elicit a visible muscle contraction, was consistent and low (mean
threshold charge at 63 weeks post-implantation: 23.3 + 8.5 nC) for all nerve-cuff electrode
contacts over 63 weeks after implantation, indicating a stable interface with the peripheral nervous
system. The ability of individual nerve-cuff electrode contacts to selectively stimulate separate
components of the femoral nerve to activate individual heads of the quadriceps was assessed with
fine-wire intramuscular electromyography while measuring isometric twitch knee extension
moment. Six of eight electrode contacts could selectively activate one head of the quadriceps
while selectively excluding others to produce maximum twitch responses of between 3.8 and 8.1
Nm. The relationship between isometric twitch and tetanic knee extension moment was quantified,
and selective twitch muscle responses scaled to between 15 and 35 Nm in tetanic response to pulse
trains with similar stimulation parameters. These results suggest that this nerve-cuff electrode can
be an effective and chronically stable tool for selectively stimulating distal nerve branches in the
lower extremities for neuroprosthetic applications.

1. Introduction

Stimulation of the peripheral nerves has been shown to be both an important therapeutic
intervention and a means of restoring function to a damaged or pathologic nervous system
[1-3]. In restoring function to individuals with spinal cord injury (SCI), functional electrical
stimulation (FES) of the peripheral nervous system has been particularly effective at
reducing some of the negative secondary physiological effects of the injury, as well as in
returning motor function to paralyzed individuals [4-6]. Many of these FES systems have
utilized muscle-based electrodes which are placed near the peripheral nerve at the location it
enters the muscle. While these systems have been successful clinically, they require the
placement of at least one electrode at the motor point of each target muscle, and, because of
the electrode geometry and distance from the nerve, often require sizable currents (on the
order of 20 mA) to produce functionally useful muscle contractions [6]. As neuroprosthetic
applications become more and more complex, the time required to implant these types of
systems and the power necessary to drive them may become prohibitive.
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Nerve-cuff electrodes, which wrap around the nerve at more proximal locations, may
provide a means of overcoming these limitations. Because of their intimate contact with the
nerve, these electrodes require much lower current amplitudes to cause muscle contractions
[7-9]. Furthermore, because they can be implanted around the nerve proximal to branching
points, individual nerve-cuff electrodes can recruit multiple muscles [10-13]. In order for
this to occur effectively for neuroprosthetic applications, however, the electrodes must either
be placed in specific anatomical locations proximal to branching points for synergistic
muscles and distal to branches for undesired muscles, or they must selectively stimulate the
various motor neurons within the nerve to selectively stimulate desired muscles while
excluding undesired ones.

The Case Western Reserve University (CWRU) self-sizing spiral nerve-cuff electrode
(Figure 1) takes this second approach [14-16]. The cuff, which wraps twice around the
nerve, has four contacts designed to be spaced equally around the circumference of the
nerve. It has been shown in the cat sciatic nerve and in the human optic nerve that a single
cuff can selectively recruit multiple independent populations of neurons to produce a variety
of graded responses in both sensory and motor systems [12,17]. Additionally, it has recently
been shown that these electrodes could be implanted on nerves in the upper extremities of
humans with SCI to selectively restore hand and arm motor function [18]. There has not
been a report to date, however, on the ability of the CWRU nerve-cuff electrode to
selectively recruit the muscles of the lower extremities for FES applications such as standing
and transferring after SCI. We have recently presented results of the use of these nerve-cuff
electrodes in stimulating the femoral nerves non-selectively for complete recruitment of the
quadriceps for knee extension during standing and transfers [19]. In that study, we found
that nerve-cuffs wrapped around the femoral nerves were better able to maintain knee
extension during standing than muscle-based electrodes on vastus lateralis, but we did not
investigate the ability of the cuffs to selectively stimulate the individual heads of the
quadriceps. This paper reports results derived from a second, independent recipient of multi-
contact spiral nerve-cuffs in whom we tested the hypothesis that any one contact of the
nerve-cuff electrodes can provide a chronically stable interface to selectively recruit separate
heads of the quadriceps at levels high enough to be functionally useful during standing.

2. Methods

2.1. Subject selection

Two CWRU self-sizing spiral nerve-cuff electrodes were implanted bilaterally around
branches of the femoral nerves in one male volunteer with chronic SCI. The participant (age:
43, 11 years post-injury) had a motor-complete, C6 level, ASIA B injury. Informed consent
was acquired prior to the subject's participation in the study and all experimental protocols
were approved by the Institutional Review Board of MetroHealth Medical Center, Cleveland
OH, under an active Investigational Device Exemption from the US Food and Drug
Administration.

2.2. Nerve-cuff electrodes and implanted stimulator

Two four-contact self-sizing spiral nerve-cuff electrodes were implanted on bilateral femoral
nerves (Figure 1,c) distal to branches for rectus femoris (RF) and sartorius (SART), both of
which generate hip flexion, an undesirable muscle action for standing. During implantation,
the femoral nerve dimensions (typically between 1 and 1.5 mm tall and 8 and 10 mm wide)
were measured and cuffs with an appropriate spiraled diameter were chosen to fit snugly
around the nerve. Intraoperative electromyography (EMG) testing was performed during
implantation of the nerve-cuff electrodes to ensure, as best as possible, that the cuffs
contained all branches of the femoral nerve innervating vastus lateralis (\VL), vastus medialis
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(VM), and vastus intermedius (V1), which all extend the knee, but few if any branches to the
hip flexor muscles. Each of the four electrode contacts (surface area: 0.456 mm?2) in each
nerve-cuff was connected to a separate and independently variable stimulation channel from
a CWRU 16-channel implanted stimulator-telemeter (IST-16) capable of producing
constant-current, charge-balanced biphasic stimulus pulses with amplitudes of 0.1, 0.8, 1.4
and 2.1 mA and pulse widths ranging from 1 to 255 ps in 1 ps intervals with a compliance
voltage of 33 V [20, 21]. The remaining eight stimulation channels were connected to
muscle-based electrodes implanted in bilateral erector spinae, gluteus maximus,
semimembranosus, and the posterior portion of adductor magnus as part of a CWRU
standing/transfer system [5, 6, 22]. The titanium case of the IST-16, which was sutured to
the abdominal fascia at to the left of the umbilicus, served as the common return electrode.
After implantation, the participant underwent a six week recovery period followed by an
eight week reconditioning exercise program designed to build both strength and endurance.
Details of the reconditioning program have been described elsewhere [5, 22, 23]. Custom
patterns of stimulation to the nerve-cuff contacts as well as the muscle-based electrodes in
the hip and trunk extensors were defined to achieve the sit-to-stand transition and provide
static upright standing.

2.3. Evaluation of nerve-cuff stimulation charge threshold stability

If a peripheral nerve interface for FES is to be successfully implemented chronically, it is
necessary that the response to stimulation via that interface be reliable and repeatable. To
test the day-to-day reliability of the nerve-cuff interface and to determine if any undesirable
electrophysiological or immune response effects such as electrochemical degradation or
excessive scarring were occurring at the electrode interface, the minimum charge required to
elicit a muscle response was measured at multiple time points after implantation. At each
interval, a physical therapist performed a stimulated manual muscle test, in which stimulus
current amplitude and pulse width were varied while quadriceps muscle response was
recorded. Using these data, stimulation charge threshold was defined as:

Qun=I X PWy,, (1)

where Qy, is the minimum charge in nC from a nerve-cuff contact required to generate a
visible muscle contraction, | is the stimulation pulse current amplitude (0.8, 1.4, or 2.1 mA),
and PWy, is the threshold pulse width in ps. Charge threshold was calculated at every time
interval for each contact in both left and right femoral nerve-cuff electrodes, and a one-way
analysis of variance (ANOVA) was performed to determine if there was a statistically
significant change in stimulation threshold at any time after implantation for each contact.

2.4, Selectivity of stimulation

In order to quantify selectivity of the nerve-cuff electrodes, EMG signals were recorded
from VL, VM, VI, RF, and SART, along with isometric knee extension moment while
single stimulus pulses were applied to the nerve via each of the four electrode contacts.
During all EMG and moment recordings, pulse width modulated twitch recruitment curves
were generated by varying pulse width between 1 and 255 ps using a binary search adaptive
sampling algorithm at a current amplitude of 1.4 mA. Stimulus pulses were randomly
applied to one of the four electrode contacts within a nerve-cuff at a frequency of 0.25 Hz to
avoid fatigue effects. Three data points were collected for each pulse width, and means and
standard deviations were calculated. Selectivity of each cuff contact was quantified as the
maximum twitch knee extension moment that was generated when only one of the recorded
EMG signals was superthreshold. Threshold was defined as 10% of the maximal EMG
signal elicited from each muscle, and a Student's t-test was used to determine if an EMG
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response was superthreshold. Single stimulus pulses were used rather than trains of pulses
because measurements could be performed more quickly with single pulses with less chance
of causing muscle fatigue.

2.4.1. EMG Recordings—~Paired fine-wire intramuscular electrodes (Viasys Neurocare,
Conshohocken, PA) were used to acquire EMG signals (Figure 2,a). Differential recording
electrode pairs with a tip-to-tip separation of 2 mm were inserted at the beginning of each
experimental session via a hypodermic needle by a neurosurgeon according to accepted
anatomical descriptions, and a brief cathodic stimulus pulse train was applied between each
of the recording electrodes and a distant anode to ensure proper placement in the desired
muscle [24, 25]. During recordings, EMG data were blanked for 3 ms to avoid saturation of
the recording apparatus by any stimulus artifact, and then amplified and band-pass filtered
between 10 and 1000 Hz using isolation amplifiers (CED, Cambridge). Signals were
sampled, digitized, and recorded at 2400 Hz with a National Instruments DAQ card and
custom LabVIEW software (National Instruments, Austin, TX).

The triphasic M-wave EMG response to stimulation, which generally occurs within 40 ms
after stimulation, is a result of the synchronized propagation of action potentials along
muscle fibers in response to a stimulus pulse [26]. M-wave data were rectified and
integrated over a 35 ms window starting 5 ms after the application of a stimulus pulse
because this ensured inclusion of the entire M-wave but avoided any reflex responses. EMG
data for each muscle were normalized by the maximum EMG response measured from that
muscle in response to a relatively high charge stimulation pulse (535 nC) from all four
electrode contacts. There was a delay of approximately 1 ms between stimulus pulses from
individual contacts because the implanted stimulator, which includes a single current source
with a multiplexed output, cannot stimulate two channels simultaneously.

2.4.2. Isometric twitch knee extension moment—Isometric twitch knee extension
moment (Figure 2,b) was recorded using a 6 DOF load cell (JR3, Woodland, CA) and
software written in LabVIEW (National Instruments, Austin, TX) and Matlab (Mathworks,
Natick, MA). The knee was held in 20° of flexion and one axis of the load cell was aligned
with the knee joint center of rotation. Knee extension moment data were low-pass filtered at
31.25 Hz, and sampled at 150 Hz, and the maximum extension moment in response to each
stimulus pulse was recorded.

2.5. Twitch/tetany relationship

While single pulse muscle twitches are useful for quickly collecting data about electrode
selectivity and determining muscle recruitment properties while avoiding fatigue, they
provide little functional information. Trains of stimulus pulses, rather than single pulses, are
used to generate tetanic contractions during standing with a neuroprosthesis. In order to
understand, in a functionally relevant sense, the degree to which nerve-cuff electrodes can
selectively recruit the vasti, it is important to quantify the relationship between muscle
responses to single stimulus pulses and muscle responses to trains of stimulus pulses. Durfee
and MacLean previously showed that there is an approximately linear relationship between
the magnitude of isometric muscle force in isolated feline muscle in response to single
stimulus pulses and trains of stimulus pulses when similar stimulation parameters are used
[27]. Their evidence showed that, for a given muscle, the shape of twitch and tetanic
recruitment curves are essentially the same, but with a linear scaling factor accounting for
the difference in magnitude between them [27]. Because we recorded isometric knee
extension moment, the moment arm about the knee was constant throughout collection of
recruitment curves, and this linear relationship should still hold true. To ensure that this was
the case and to determine a scaling factor between isometric twitch and tetanic knee
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extension moment (Figure 2,c) recruitment curves, we collected both twitch and tetanic
isometric recruitment curves in one experimental session. Twitch recruitment curves were
collected using the procedures described above. Tetanic curves were collected with the knee
in 20° of flexion with stimulus pulses applied at a frequency of 16 Hz (which is the
frequency of stimulation used during standing with the neuroprosthesis), current amplitude
of 1.4 mA, and pulse widths of 50, 100, 150, 200, and 250 ps. A stimulation duty cycle of
1:5 (3 seconds on: 15 seconds off) was used, and tetanic knee extension moment data were
low-pass filtered at 31.25 Hz, sampled at 150 Hz, and averaged over the middle one second
of stimulation. Three data points were collected at each pulse width and means and standard
deviations were calculated.

3.1. Nerve-cuff stimulation charge threshold stability

Mean stimulation charge threshold for all four contacts of both nerve-cuff electrodes are
presented in Figure 3. Error bars represent standard deviation. At week 6, it was found that
contacts 2 and 4 of the right electrode and contact 4 of the left electrode did not respond to
stimulation, but at week 16 typical stimulation responses returned. This phenomenon
commonly occurs early after implantation as a result of air bubbles covering the electrode
contacts which later dissipate. Week 6 data were, therefore, not included in analyses of
stimulation charge thresholds for these three contacts. Based on the results of a one-way
ANOVA, stimulation charge thresholds were stable across all eight electrode contacts over
the course of 63 weeks post-implantation. From week 6 to week 63, there were statistically
significant decreases in threshold for contacts 1 and 2 (p<0.05) of the left electrode. There
were statistically significant fluctuations in stimulation charge threshold for contacts 3 and 4
of the left electrode and contact 4 of the right electrode, but there were no statistically
significant differences in the thresholds for any of these contacts between week 6 and week
63. The mean stimulation threshold across all eight contacts at the 63" week was 23.3 + 8.5
nC, which is similar to the range reported by Polasek, et al. (25 + 17 nC) when CWRU self-
sizing spiral nerve-cuff electrodes were acutely tested on the radial, ulnar, median, and
axillary nerves of the upper extremities of human volunteers [18].

3.2. EMG and isometric twitch knee extension moment

Shown in Figure 4 are four examples of pulse width modulated recruitment curves, collected
from left nerve-cuff contacts 2 and 4 and right nerve-cuff contacts 2 and 4. Lines represent
normalized EMG data (right axes) and bars represent isometric twitch knee extension
moment data (left axes). Summary selectivity data, including the maximum pulse width that
allowed selective recruitment of one muscle, as well as percent of maximal muscle
activation for the selected muscle and twitch moment produced by stimulating at that pulse
width, are presented for all eight nerve-cuff contacts in Table I. Data for RF and SART are
omitted because neither muscle showed any response to stimulation during EMG recordings,
confirming that the cuffs were located distal to branches of the femoral nerve that innervate
those muscles. It should be noted that VL EMG data have been omitted for all left-nerve
cuff contacts because it was found that the EMG signal was intermittently lost during
experiments, possibly as a result of fine-wire intramuscular electrode movement relative to
the active muscle fibers.

Based on these data, 6 of 8 nerve-cuff contacts selectively stimulated one muscle while
selectively excluding others. Specifically, three right nerve-cuff contacts selectively
activated VI while avoiding other muscles, one left nerve-cuff contact selectively activated
VM, and two left nerve-cuff contacts selectively activated VI. Right nerve-cuff contact 1
stimulated VI to generate over 8 Nm of knee extension moment in response to a single
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stimulus pulse without recruiting VL or VM. Although right nerve-cuff contact 2 did not
selectively stimulate any one muscle, it did selectively exclude VM, allowing the
combination of VI and VL to generate up to 7.1 Nm of knee extension moment in response
to a single stimulus pulse. On the left side, contact 2 selectively activated VM without
activating VI, and contact 4 selectively activated VI without activating VM.

3.3. Twitch/tetany relationship

Two representative examples of pairs of twitch and tetanic knee extension moment
recruitment curves are presented in Figure 5. The shapes of twitch recruitment curves were
similar to the shapes of tetanic curves for each of the 8 nerve-cuff contacts. From these data,
a twitch to tetany scaling factor can be extracted by calculating the ratio of the maximum
moments from the two curves. Scaling factor data for all eight contacts are presented in
Table I. These factors range from 2.53 up to 4.57, with a mean + standard deviation of 3.5+.
79.

4. Discussion

The data presented in this study suggest that, for this subject, the CWRU spiral nerve-cuff
electrode provides a chronically stable interface for selectively stimulating branches of the
human femoral nerve. Stability of the electrode interface is crucial to the success of a
chronically implanted neuroprosthesis, because consistency of the stimulated response
allows for predictable and repeatable control of the resulting limb movements. Without a
stable neural interface, the use of FES to produce complex movements would likely be
impossible. For the two nerve-cuff electrodes in this study, there was either no change, a
slight fluctuation which returned to the starting value over time, or a slight decrease in
stimulation charge threshold over the course of one year after implantation. The relatively
minor changes in stimulation charge threshold suggest that any encapsulation of the
electrode by surrounding tissue has not significantly affected the stimulating current in the
volume conductor near the electrode, that there is little or no motion between the electrode
and the nerve, and that there have not been negative electrophysiological effects on the
nerve as a result of stimulation. The changes observed with some of the electrode contacts
are small enough that they are unlikely to cause significant fluctuations in motor output in
response to stimulation, and would therefore not affect the performance of the CWRU
standing/transfer system.

Evidence from this study also suggests that the CWRU spiral nerve-cuff electrode is capable
of selectively stimulating individual muscles while excluding others, although it may not be
ideal for selectively activating every one of the muscles it stimulates. Six of eight nerve-cuff
contacts were able to selectively stimulate one muscle while avoiding at least one other
muscle, but neither nerve-cuff could selectively activate all three of the vasti. Although the
cuff did not allow for selective stimulation of each of the vasti individually, three of four
contacts in the right nerve-cuff electrode selectively stimulated V1 to generate between 6.7
and 8.1 Nm of knee extension without activating either VL or VM. The fourth contact
(contact 2), while not able to selectively activate any one muscle, was capable of selectively
excluding VM while producing up to 7.1 Nm of knee extension. On the left side, two
contacts were able to selectively stimulate VI while excluding VM, and a third contact
selectively stimulated VM while avoiding VI. Because of recording problems with the left
VL EMG electrode, it is not possible to determine whether VL was being stimulated or not
when stimulation was applied via any of the four nerve-cuff contacts. However, the result
that each of VM and VI can be selectively included or excluded is still an important finding.
Functionally, the ability to selectively activate these two muscles could be useful in a
carousel or interleaved stimulation paradigm during standing [28]. That is, one of the
electrode contacts could be used to recruit VM to keep the knee locked while VI recovers
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from fatigue, and then, later, a second contact could be used to recruit VI while VM recovers
from fatigue.

In this study, VI was selectively recruited more often than either VL or VM. This may
suggest that the anatomy of the femoral nerve lends to easier recruitment of VI, or that the
threshold for activation of the axons innervating VI may be lower than for either VL or VM.
A lower threshold could result from a wide array of causes including larger diameter axons
or physiological changes induced by the spinal cord injury. More in depth study is needed to
understand this phenomenon so it can be exploited for future neural interface designs.

In order for paradigms like carousel stimulation to be effective for prolonged standing, the
nerve-cuff electrodes must be able to selectively recruit their respective muscles to produce
knee extension moments that are large enough to lock the knees. From the results in Table I,
which are based on selectivity data and the relationships found between twitch and tetanic
recruitment curves, it is estimated that any single contact from the right nerve-cuff could
selectively activate VI to generate over 20 Nm of knee extension moment, with one contact
generating nearly 35 Nm. Estimates of selectively generated moments for the left nerve-cuff
were lower, ranging from 15 to 19 Nm. There is evidence that 35 Nm of knee extension is
required for an individual with SCI using an FES system and upper extremity effort to
complete a sit-to-stand transition, but after an erect stance is achieved, the knee extension
moment required to keep the knees locked is likely to be substantially lower [29-35]. The
knee extension moment required during standing with FES is highly variable, because it
depends on a number of biomechanical parameters including body weight, height, and body
position. As a result, it is not clear whether the moments produced by selectively stimulating
individual heads of the quadriceps with a nerve-cuff would be sufficient to keep the knees
locked during standing after the sit-to-stand transition is complete. It is clear from this
single-subject pilot study, however, that the four-contact CWRU self-sizing spiral nerve-cuff
electrodes on distal branches of the femoral nerve provide a stable interface for selectively
recruiting individual heads of the quadriceps to produce significant knee extension
moments. Further longitudinal studies should be performed with a larger subject population
to confirm these findings before further definitive and generalized conclusions are drawn.

Future work with these electrodes should involve alternate methods of measuring selectivity.
The use of EMG as a measure of whole muscle selectivity may tend to underestimate
functional selectivity. For example, two nerve-cuff contacts could conceivably activate
independent motor unit pools within a single muscle, but EMG recordings taken to be
representative of the entire muscle would erroneously indicate overlapping motor unit pools.
Conversely, wire or needle EMG electrodes sample only a fraction of the fibers within a
muscle which may result in overestimating selectivity if overlapping motor unit pools are
outside of the recording field. Yoshida, et al., describe a method that could overcome this
problem, in which the sum of twitch forces elicited by stimulating the nerve with two
individual electrode contacts is compared to the twitch force elicited by stimulating the
nerve with those two contacts, one within the refractory period of the other [36,37]. Under
these conditions, if the two contacts are stimulating separate motor unit populations, there
should be linear addition of forces and the sum of stimulating with each contact separately
should equal the result of stimulating with one contact in the refractory period of the other
[36]. A similar method could be performed here to estimate selectivity of the nerve-cuff
electrodes.

Additional future work will include implementation of stimulation paradigms that take
advantage of the selectivity of these electrodes to allow for longer stand times, such as
carousel stimulation or other methods that selectively recruit only fatigue resistant fibers.
Also, further work should be done to monitor the chronic stability of the selective responses
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reported in this paper. While the results of this study suggest that the electrode interface is
stable over time, the stability of selectivity could be measured by repeating the EMG
experiments at multiple time points in the future. Finally, it may be useful to explore other
cuff electrode designs, such as one with a rectangular cross-section, and other stimulation
paradigms, such as field steering, which might further improve selectivity and allow for
selective activation of each stimulated muscle.

5. Conclusion

Based on the results of this study, we have shown that the CWRU spiral nerve-cuff electrode
can provide a stable interface for stimulating branches of the human femoral nerve.
Stimulation charge thresholds for two four-contact nerve-cuffs chronically implanted on the
distal branches of the human femoral nerve were stable and within the range of previously
reported results over one year after implantation, suggesting a stable interface between the
nerve and electrode [18]. Six of eight nerve-cuff contacts could selectively activate one
muscle while selectively excluding others, and could produce up to 8 Nm of isometric knee
extension moment in response to a single stimulus pulse. Based on estimates of the
relationship between twitch and tetanic moments, these selective responses could generate
moments as large as 35 Nm in response to trains of stimulus pulses. Overall, the results of
this study suggest that, for this subject, the CWRU spiral nerve-cuff electrode can provide a
chronically stable and effective peripheral nerve interface for selectively activating specific
muscles for neuroprosthetic applications.
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Figure 1.

(a.) The CWRU spiral nerve-cuff electrode. The electrode is designed to wrap twice around
the nerve so that four contacts are equally spaced around the circumference. (b.) The
unspiraled cuff with labels for contacts 1, 2, 3, and 4. (c.) A spiral nerve-cuff around the
femoral nerve. The cuff is placed distal to nerve branches that innervate rectus femoris and
sartorius, but proximal to branches that innervate the vasti.
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Figure 2.

(a.) An example of a typical normalized fine-wire intramuscular EMG response to a single
stimulus pulse delivered via a nerve-cuff electrode contact. The triphasic M-wave response
to stimulation occurs within the first 40 ms after stimulation (which occurs at t=0 ). (b.) A
typical twitch knee extension moment response to a single stimulus pulse applied at t=0 s.
The maximum of the response is calculated to create twitch recruitment curves. (c.) A
typical tetanic knee extension moment response to a 3 second, 16 Hz train of stimuli (black
bar). The middle one second of the three second response (gray box) is averaged to create
tetanic recruitment curves.
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Figure 3.

Average stimulation charge threshold for bilateral nerve-cuff electrodes. Thresholds were
measured three times, averages and standard deviations were calculated, and a one-way
ANOVA was performed. Brackets and asterisks (*) denote statistically significant
differences (p<0.05). Stimulation charge threshold decreased for left nerve-cuff contacts 1
and 2 and stayed constant or fluctuated but returned to original values for all other contacts
over 63 weeks after nerve-cuff implantation. Note that week 6 data were unavailable for left
contact 4, and right contacts 2 and 4. Also, data from weeks 6 and 16 for left nerve-cuff
contact 2 were significantly different from all other data points for that electrode, but some
brackets were omitted from the figure for clarity.
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Pulse Width(us)

Mean twitch EMG and isometric knee extension moment recordings when single stimulus
pulses were applied three times via left nerve-cuff contacts 2 and 4 and right nerve-cuff
contacts 2 and 4. Error bars are standard deviation. The horizontal black line on each plot
marks 10% of normalized EMG, which is considered threshold for activation. All stimulus
pulses were applied at a current amplitude of 1.4 mA.
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Isometric recruitment curves in response to single stimulus pulses (right axes) and trains of
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stimuli (left axes) from left and right nerve-cuff electrodes. All stimulus pulses were applied
at a current amplitude of 1.4 mA.
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