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Abstract
Problem Addressed—Electrical stimulation has been shown effective in restoring basic lower
extremity motor function in individuals with paralysis. We tested the hypothesis that a Flat
Interface Nerve Electrode (FINE) placed around the human tibial or common peroneal nerve
above the knee can selectively activate each of the most important muscles these nerves innervate
for use in a neuroprosthesis to control ankle motion.

Methodology—During intraoperative trials involving three subjects, an 8-contact FINE was
placed around the tibial and/or common peroneal nerve, proximal to the popliteal fossa. The
FINE’s ability to selectively recruit muscles innervated by these nerves was assessed. Data were
used to estimate the potential to restore active plantarflexion or dorsiflexion while balancing
inversion and eversion using a biomechanical simulation.

Results, Significance, and Potential Impact—With minimal spillover to non-targets, at
least three of the four targets in the tibial nerve, including two of the three muscles constituting the
triceps surae were independently and selectively recruited in all subjects. As acceptable levels of
spillover increased, recruitment of the target muscles increased. Selective activation of muscles
innervated by the peroneal nerve was more challenging. Estimated joint moments suggests that
plantarflexion sufficient for propulsion during stance phase of gait and dorsiflexion sufficient to
prevent foot drop during swing can be achieved, accompanied by a small but tolerable inversion or
eversion moment.
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1. Introduction
Stroke, spinal cord injury (SCI) and multiple sclerosis (MS) can result in partial to complete
loss of motor and sensory function, resulting in high healthcare costs, greatly affecting
patient independence, and having profound changes on quality of life [1–5]. In the United
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States alone, there are approximately 270,000 people living with spinal cord injury, which
affects approximately 12,000 people per year [6]. Stroke is the primary cause of severe,
chronic disability in the US [7], with over 7 million survivors [8,9] and approximately
795,000 new cases annually [9,10]. Electrical stimulation can improve or restore function in
individuals with neurological compromise and has been shown effective in restoring basic
lower extremity motor function in individuals with paralysis from SCI [11–14] or stroke
[15–17]. Exercise with electrical stimulation has been demonstrated to increase muscle mass
and cardiopulmonary capacity and acutely decrease spasticity in individuals with SCI [18].
It has also been shown to decrease spasticity as well as improve gait and independence with
gains significantly better than conventional therapies in survivors of stroke [16,19,20].
Neuroprostheses employing electrical stimulation have also been used to control the actions
of muscles acting at the ankle to offer improvements in standing balance and walking for
persons with paraplegia [21]. In addition, electrical activation of the paralyzed ankle
dorsiflexors has been shown to improve strength and gait speed in stroke survivors [22–24].

Many neuroprostheses employing electrical stimulation rely on surface, epimysial, or
intramuscular electrodes. These systems require placement of an electrode near the motor
point for each muscle and can require a stimulating current approaching 20 mA [25].
Alternatives to locating electrodes in the muscles include placing electrodes in or around the
nerve, which brings the stimulating contact in closer proximity to the target axons and
reduces the current required to achieve threshold. These include cuff electrodes located
outside the perineurium and arrays of penetrating electrodes located between or within
fascicles. Penetrating electrode arrays have been implanted chronically for selective
stimulation of the sciatic nerve in cats [26] and have been selective enough to stimulate
functionally synergistic muscles to reduce onset of fatigue [27]. However, they are
inherently invasive, as they require penetrating the protective and structural layers of the
nerve, and the long-term stability near joints and in regions where there is significant
movement of the nerve and surrounding tissues has not yet been fully established.

Like penetrating electrodes, nerve cuff electrodes require lower stimulation amplitudes than
epimysial or intramuscular electrodes [28] and can selectively recruit multiple muscles or
independent motor unit pools with a single cuff [29]. Nerve cuff electrodes such as the Case
Western Reserve University (CWRU) spiral have already been successfully used in many
chronic clinical applications [29–38]. In fact, implanted spiral nerve cuff electrodes have
proven to produce higher joint moment at the knee than epimysial electrodes [39] with long
term stability [40,41]. Recognizing that many nerves are not round in cross section, the
FINE improves upon the design of the spiral nerve cuff by maintaining a nerve’s oblong
cross section. The FINE typically recruits muscles more selectively than a spiral nerve cuff
while remaining exterior to the nerve. Selective recruitment is exceptionally important when
the function being restored requires coordinated contractions of several muscles innervated
by a common nerve trunk, such as during the different phases of gait. While the spiral nerve
cuff electrode can selectively generate moments from functionally synergistic groups of
muscles [42], the FINE is likely to provide even greater control via increased selectivity of
individual muscles [43]. In acute human trials, a FINE placed on the femoral nerve was
consistently able to achieve selective and independent activation of multiple synergistic
muscles [43]. This represented a large improvement in selectivity over intraoperative tests of
spiral cuffs placed at the same location on the femoral nerve, which consistently activated
only a single muscle or group of synergists [31]. In chronic animal trials, the FINE has been
able to maintain ovoid geometry around the nerve while avoiding nerve damage and
producing stable stimulation of targeted muscles [44,45].

In general, nerve cuffs must be able to selectively target axons innervating muscles of
interest while avoiding muscles that elicit undesired motion. While control of some ankle
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function has been noted in humans with stimulation via nerve cuff electrodes located as
proximal as the spinal nerve roots, the selectivity of such systems was insufficient for
control of standing balance and walking [46]. The fascicular anatomy of the human distal
sciatic nerve and its main branches have been mapped to aid in the design of nerve cuff
electrodes [47]. Computer models suggests that a FINE on the sciatic nerve will require
many contacts for selective restoration of active ankle plantarflexion or dorsiflexion with
balanced inversion and eversion [48]. However, simulations suggest that locating cuffs distal
to the sciatic bifurcation – on the tibial and common peroneal nerves – will reduce the
required number of contacts [49]. Thus, we have explored the efficacy of placing FINEs on
the tibial and common peroneal nerves, which innervate the muscles acting at the ankle and
foot. The common peroneal nerve primarily innervates ankle dorsiflexors, such as tibialis
anterior, extensor digitorum longus, extensor hallucis longus, and ankle evertors, such as
peroneus longus and brevis. The tibial nerve primarily innervates ankle plantarflexors, such
as the medial and lateral gastrocnemius and soleus, as well as ankle inverters, such as tibialis
posterior. Placing FINEs just distal to the sciatic nerve bifurcation, should allow for
increased selectivity of both plantar and dorsiflexors while still allowing placement of nerve
cuffs proximal to the popliteal fossa. Locations proximal to the popliteal fossa avoid having
the electrode leads cross the knee joint, thereby reducing the risk that torque will be
developed on the lead and transmitted to the cuff and nerve and minimizing the potential for
bending fatigue induced lead failure. The purpose of this study was to determine whether an
8-contact FINE placed on the human tibial and common peroneal nerves without a priori
knowledge of the underlying neuroanatomy and fascicular distribution will selectively active
target muscles required for plantarflexion and dorsiflexion, respectively, without inducing
excess inversion or eversion from a single surgical location above the knee.

2. Methods
2.1 Subject Recruitment

Subjects were recruited from a pool of patients scheduled for a lower extremity vascular
surgery that exposed the tibial and common peroneal nerve. Surgeries were conducted at the
Louis Stokes Cleveland Department of Veterans Affairs Medical Center (LSCDVAMC) in
Cleveland, OH. Subjects undergoing surgical implantation of a lower extremity
neuroprosthesis for standing balance that involved exposure of the tibial and peroneal nerves
for installation of spiral nerve cuffs were also included. Implant surgeries were conducted at
MetroHealth Medical Center (MHMC) in Cleveland, OH. The Institutional Review Board
(IRB) of each institution approved the study and the subjects provided consent prior to
participation.

2.2 FINE Design
The FINE had eight platinum-iridium (PtIr) contacts: four on the upper inner surface (visible
in Figure 1) and four on the lower inner surface (not visible in Figure 1). The aperture
exposing each embedded contact was 0.5 mm in diameter. The inter-contact distance was
approximately 2 mm. Upper contacts were offset from lower contacts by half the inter-
contact distance. Each contact was laser cut (Norman Noble, Cleveland OH) and secured to
an independent multistranded stainless steel Teflon-insulated lead wire (Ardiem, Indiana
PA). Four lead wires were helically coiled in tandem and enclosed in a separate elastomer
tube for the upper contacts and lower contacts. Contacts and leads were molded into a
silicone housing with integral strain relief and snap closure mechanism (Point Medical
Corporation, Crown Point IN). Three FINE luminal dimensions were available (width ×
height): 15 mm × 1.5 mm, 10 mm × 1.5 mm, 10 mm × 1.0 mm. All FINEs were 7 mm deep
along the length of the nerve. Assembled FINEs were packaged, sealed, and sterilized in
ethylene oxide offsite (Ethox International, Buffalo NY).
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2.3 FINE Implant and Stimulation Procedure
Prior to implantation, a FINE of each size was submerged in heated sterile saline in an
ultrasonic cleaner and sonicated for 60–120 seconds to ensure that no air bubbles occluded
the recessed contacts. To implant the FINE, a 2 cm section of the tibial or common peroneal
nerve was exposed distal to the sciatic bifurcation and proximal to the popliteal fossa
(Figure 2). The width and height of the nerve were measured with a sterile tape by the
surgeon. The FINE closest to but not smaller than the target nerve was selected and
positioned the FINE around the target nerve. A 13 mm needle electrode was inserted
subcutaneously near the incision to serve as the return electrode (Figure 3). The FINE leads
were connected to a custom-designed current-controlled stimulator, the Universal External
Control Unit (UECU), developed at CWRU. The programmable UECU delivered
monopolar, charge-balanced, biphasic, cathodic-phase first, square pulses. Pulse amplitude
ranged from 0.1 to 5.0 mA with a resolution of 0.1 mA at or below 2.0 mA or 1 mA above
2.0 mA. Pulse width ranged from 1 to 255 µs with a resolution of 1 µs.

2.4 EMG Recording Procedures
During pre-operative preparation in the operating room, a surface reference electrode (2 in ×
4 in, Nicolet-VIASYS, Madison, WI) was placed over a stationary bony location. For
surgeries at the LSCDVAMC, the reference was placed over the anterior superior iliac spine
(ASIS). For surgeries at MHMC, the reference was placed over the lumbar spine. During
surgery, pairs of EMG needle electrodes (27 gauge, Axon Systems, Hauppauge, NY) were
placed 1 cm apart into four muscles innervated by the tibial or common peroneal nerve
[50,51] (Table 1). The response to stimulation with a hand-held stimulator attached to each
pair of electrodes verified electrode placement.

Each pair of EMG electrodes was connected to a differential pre-amplifier (B&L
Engineering, Tustin, CA) with a gain of 325 and a bandwidth of 12 to 2975 Hz (Figure 3).
Input impedance of the pre-amplifiers was 1 GΩ. Programmable amplifiers (1902,
Cambridge Electronic Design (CED), Cambridge U.K.) served to further amplify and filter
responses. The CED amplifiers had a variable programmable gain allowing for overall
signal gain of 1,155 to 1,155,000. Gain was selected such that the EMG response to a
maximal stimulus was full-scale without saturating the amplifiers. CED amplifiers clamped
the EMG signal for 3 ms starting at the onset of stimulation to prevent amplifier saturation
and remove stimulus artifact. AC coupling removed DC drift from the electrode- tissue
interface. Signals were low pass filtered at 1 kHz. A laptop computer running a custom
MATLAB software suite was used to interface with the amplifiers and stimulator. Data were
sampled at 2.5 kHz using a National Instruments A/D DAQ board (BNC-6259, National
Instruments, Webster TX).

2.5 Pulse Space Modulation
A muscle’s response to nerve stimulation was quantified as the normalized, rectified and
integrated EMG signal [43]. The window of integration was specific for each muscle and set
to capture the m-wave. The largest rectified and integrated value for a muscle, defined as the
maximum activation of that muscle, was used for normalization. Thus, a muscle’s response
to stimulation ranged from 0% to 100%.

Extending the technique of pulse width (PWM) and pulse amplitude-modulated (PAM)
recruitment curve generation reported in similar studies [31,43], a hybrid simultaneous
PWM and PAM technique – pulse space modulation (PSM) – was used to characterize the
response of a muscle to electrical nerve stimulation. PSM recruitment surfaces were
acquired from each muscle and for each contact of the FINE. During PSM, the pulse width
was varied between 1 and 255 µs and the amplitude was varied between 0.1 and 5 mA.
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Modulation proceeded according to an adaptive gradient search in which an algorithm
compared the EMG responses at spatially nearby stimuli [52]. If the difference in EMG
responses was greater than a set threshold, a new stimulus was added at the midpoint
between the two stimulus levels. EMG responses were calculated using the average of the
response to three identical stimuli.

2.6 Selectivity
The normalized, rectified, and integrated EMG response of a muscle ranged from 0% to
100%, where a value of 100% indicated that the stimulus parameters resulted in full
activation of the target muscle. Based on prior work, the activation threshold of a non-target
muscle was limited to 10% of the maximum activation observed for that non-target muscle
[30,33,43,53], which has been shown to correspond to the first visible or palpable muscle
twitch [30]. Additionally, the data were analyzed with a non-target activation cutoff of 20%
to assess the effect of increased allowable spillover on target activation efficacy. In addition
to muscular selectivity, functional selectivity was assessed with respect to motion at the
ankle. When assessing function, recruitment of any of the muscles contributing to the
function was allowed. Similar to the threshold in muscular selectivity, non-target moment
was limited to 10%. Agonists were considered those muscles that contribute to
plantarflexion (soleus and the two heads of the gastrocnemius) or those muscles that
contribute to dorsiflexion (tibialis anterior and extensor digitorum longus).

2.7 Estimated Joint Moments
Measurement of muscle moment was not possible during intraoperative trials. Therefore,
moments and the resulting function were estimated using an OpenSim (National Center for
Simulation in Rehabilitation Research, Stanford University, Stanford CA) biomechanical
model [54–58]. To estimate the joint moment generated as a result of stimulation, the
maximum static moment produced by each muscle in the model was scaled by its activation
level [43]. Each muscle’s moment was then summed to estimate the resulting joint moments
at the ankle. Each muscle’s moment was adjusted to 50% of able-bodied values to account
for muscle weakness and other long-term effects of paralysis [59]. This is an estimate of the
expected functional response to an implanted FINE.

3. Results
A total of four tibial and four common peroneal nerves were evaluated (Table 2). Because
the cuff closest in size without being smaller than the nerve was always chosen, the tibial
nerve was greater in size than the common peroneal nerve in all cases. Full characterization
of the muscles’ responses to monopolar electrical stimulation across all eight contacts of the
FINE required 22±5 minutes, or approximately 2.75 minutes per contact. Following nerve
exposure, FINE implantation and removal was accomplished using standard surgical tools
and was accomplished in less than one minute.

3.1 Muscle Recruitment and Selectivity
EMG acquired during pulse space modulation (PSM) is shown for a typical recruitment
(Figure 4). The signal to noise ratio of EMG for all supra-threshold stimuli was
approximately 30. The maximum selectivity obtained for each muscle in each subject was
plotted when spillover threshold was set to 10% (lower bars) or 20% (higher bars) for the
tibial and common peroneal nerves (Figure 5). Of the 16 recorded muscles, 14 and at least
three in each subject were selectively recruited above threshold during tibial nerve
stimulation. At least two of the three muscles comprising the triceps surae, the primary
target for restoring propulsive plantarflexion, and always the soleus could be selectively
activated. Additionally, the tibialis posterior was selectively recruited in all subjects. Three
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to six of the eight FINE contacts were found to be selective for the individual muscles of the
triceps surae. Relaxation of the threshold constraint from 10% to 20% resulted in an increase
in the number of muscles that were activated and the level to which they were activated. On
average, a muscle’s activation increased from 26%±19% to 45%±29% by increasing the
threshold level.

During peroneal nerve stimulation, 11 of the 15 recorded muscles (the EDL was not
recorded for Subject 2) were independently and selectively recruited when the spillover
threshold was limited to 10%. The tibialis anterior, a primary target for restoring
dorsiflexion, was selectively recruited in two of four nerves. As many as three contacts were
found to be selective for the tibialis anterior. However, three to seven contacts were found to
be selective for the peroneus brevis and longus muscles, which are not primary targets
because they produce eversion and antagonistic plantarflexion. As with tibial nerve
stimulation, relaxation of the threshold constraint from 10% to 20% resulted in increased
target activation from 41%±34% to 48%±31. Additionally, allowing 20% spillover
facilitated tibialis anterior recruitment in Subject 2L.

3.2 Functional Selectivity and Estimated Joint Moments
The normalized activation levels of each muscle in response to a stimulus applied to a
contact were used to estimate the cumulative moments at the ankle. The estimated
plantarflexion-dorsiflexion and inversion-eversion moments were found across all stimuli
applied to each contact (Figure 6). Based on ankle moments acquired during walking [60], a
target of 90 Nm of plantarflexion and 8 Nm of dorsiflexion for gait restoration was set.
Estimated moments for Subject 1 approached but did not exceed these two thresholds
whereas they did for Subjects 2 and 3.

During tibial nerve stimulation, 4±1 contacts (range: 2–5) were found to be selective for
plantarflexors without exceeding 1.8 Nm of inversion, which is 10% of the model-derived
maximum inversion moment. When the constraint on inversion moment was removed, 7±1
contacts (range: 6–8) were found to be selective for restoring plantarflexion. During
peroneal nerve stimulation, 2±1 contacts (range: 1–3) were found to be selective for
restoring dorsiflexion without exceeding 1.7 Nm of eversion, which is 10% of the model-
derived maximum eversion moment. Similar to tibial nerve stimulation, removal of this
constraint increased the number of effective contacts to 3±2 (range: 2–7).

4 Discussion
This study marks the first time FINEs have been tested on the human tibial and common
peroneal nerves. The data support the hypothesis that an 8-contact FINE can selectively
activate muscles innervated by these nerves from locations just distal to the sciatic
bifurcation above the knee, and that the electrodes can be expected to produce functional
and rehabilitative ankle moments. Under the strictest spillover criterion in which non-target
muscles could not be activated above a 10% threshold, at least three of the four muscles
were independently and selectively activated for tibial nerve stimulation. Additionally, at
least two heads of the triceps surae could be selectively activated.

Results from stimulation of the common peroneal nerve, however, were less selective but
still can be considered effective for providing dorsiflexion. When targeting the common
peroneal nerve, the tibialis anterior, the strongest target dorsiflexor, was not selectively
activated in Subject 1, even when spillover was allowed to approach 20%, and only with the
higher acceptable spillover was the tibialis anterior recruited to a sufficient level in Subject
2. Only in Subject 3 was the tibialis anterior selectively recruited while limiting spillover to
10%. This suggests that an 8-contact FINE on the common peroneal nerve will be effective,
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however multiple muscles instead of a single muscle are likely to be activated to restore
dorsiflexion, which may be accompanied by small competing plantarflexion and eversion
moments.

The charge threshold to elicit muscle contraction was 41±36 nC, which was comparable to
although slightly greater than the thresholds found in similar studies: 25±17 nC during
chronic studies with a spiral nerve cuff implanted on upper extremity nerves in humans;
34±16 nC during intraoperative evaluation of the spiral nerve cuff on the human femoral
nerve; 21±18 nC during intraoperative evaluation of the FINE on the human femoral nerve;
23±8 and 29±17 nC during chronic studies with a spiral nerve cuff implanted on the distal
femoral nerve in human [30,31,39,43]. As expected, the threshold found in this study was
greater than the 0.24 nC to 4.1 nC reported for intrafascicular electrodes [27,61,62].

Some muscles innervated by the nerve are synergists; for example, the three muscles of the
triceps surae. While not all muscles could be selectively stimulated with an 8-contact FINE,
groups of synergists could be selectively recruited. By allowing spillover to synergists,
plantarflexors and dorsiflexors were recruited above threshold in all subjects. Allowing up to
10% spillover to non-synergists, plantarflexors were recruited to 23±4% and dorsiflexors
were recruited to 51±29%. Not surprisingly, when restrictions on spillover to all muscles
other than those considered antagonists were removed, plantarflexors could be recruited to
89±11% and dorsiflexors could be recruited to 66±33%.

When targeting the tibial nerve, two to five contacts were found to be selective for
plantarflexors, two to four contacts were found to be selective for inverters, and as many as
two contacts were found to not be selective. When targeting the common peroneal nerve,
one to three contacts were found to be selective for dorsiflexors, two to six contacts were
found to be selective for evertors, and as many as two contacts were found to not be
selective. In 60% of the trials, one contact did not recruit any muscles. In these cases, the
contact was always on the edge of the cuff (contact 1, 4, 5, or 8) and was likely not in
contact with the nerve or located directly over sensory axons without a motor output.
Instead, current was most likely shunted through extraneural fluid to the return electrode.
Lack of EMG responses in these cases were not due to lead breakage or stimulator failure.

While selectivity was reported on a scale of 0%–100%, achieving a selectivity of 100% was
very unlikely. This was due to the normalization procedure in which the largest EMG
response for the muscle was used to normalize all responses for the muscle. Typically, the
largest muscle response was elicited during multi-contact stimulation (data not shown).
Indeed, Subject 1 did not achieve the estimated 90 Nm of plantarflexion because the
maximum responses for the triceps surae muscles were obtained when using multiple
contacts. When selectivity with a single contact approached 100%, it suggested that a single
contact was in close proximity to the entire population of axons innervating a muscle.
Alternatively, when selectivity using a monopole remained lower, it suggested that the
fascicle(s) containing axons innervating the muscle were spatially distributed, constituting a
larger area of the nerve, or distributed between contacts rather than adjacent to them.
Although Sunderland [63] suggested that nerves were typically plexiform in nature, with
axons traversing from fascicle to fascicle, there is sufficient evidence to suggest that, at least
at the target locations along these nerves, the axons and fascicles within the nerve are more
organized. While histological studies of the tibial and common peroneal nerve did not
resolve to the axon level, they do not support the plexiform model within these nerves [47].
They do, however, suggest that there can be a large amount of variation in the location and
number of fascicles between nerves.
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This study provides the first opportunity to compare the efficacy of an 8-contact FINE
across different human nerves. During a series of intraoperative experiments, the FINE was
previously shown to be selective on the human femoral nerve [43]. The trend in selectivity
obtained during those experiments was similar to that obtained in this study (Figure 7).
When selectivity values were sorted in descending order, the selectivity obtained on these
three nerves converged toward threshold for the least selective muscle and exhibited no
significant difference. The selectivity obtained on the tibial nerve was significantly less than
that obtained on the femoral nerve for the first (one-tailed t-test, p=0.001) and second (p=.
035) muscles and nearly for the third muscle (p=0.054). It should be noted that the femoral
nerve study was attempting to selectively activate six muscles rather than four. Thus,
selectivity values for the femoral nerve would be expected to be higher had only three
muscles contributed to spillover costs.

There are notable differences between the human femoral, tibial, and common peroneal
nerves which may contribute to the observed differences in selectivity (Table 3). As the
number of fascicles innervating a target muscle increases, the probability of selectively
recruiting that muscle increases, which may explain why the femoral selectivity was greater
than that of the tibial or common peroneal nerves. Additionally, the distance between the
cuff and the terminal nerve branches to target muscles (“Cuff-Branch Distance”) was much
shorter in the femoral nerve. This is likely to affect selectivity because the nerve’s fascicles
containing axons that innervate a specific muscle must be clustered together to form the
terminal branch. The closer that the branch points are to the cuff, the higher the probability
that the distal, post-branch organization is maintained in the proximal region of the nerve
where the cuff is located.

While the fascicle per muscle ratio and distance to terminal branches may explain why the
femoral nerve tended to have higher selectivity values, the variability observed between and
within subjects for selective stimulation of a specific nerve is most likely due to the
underlying variability of the fascicular distribution within the nerve. As can be observed in
Figure 5, there were significant differences in the selectivity obtained for the left and right
soleus and lateral gastrocnemius of Subject 2 and all of the muscles innervated by the
peroneal nerve in Subject 3. Additionally, for any given muscle except the tibialis posterior,
the selectivity obtained across subjects varied widely. This amount of variability is similar to
that observed in the femoral nerve study [43]. While the fascicles of the tibial and common
peroneal nerves [47] have not been traced in as much detail as they were in the femoral
nerve [64], femoral fascicular tracings show that the number of fascicles innervating a
specific muscle and the location of those fascicles can be very different between and within
subjects.

It is possible that the axons innervating a target muscle were located toward the center of the
nerve while the axons innervating non-target muscles were situated between the contact and
the target axons. In this case, the fascicles wouldn’t be considered to be between contacts,
but rather, too deep within the nerve. This is more likely to be observed with a cylindrical or
spiral extraneural electrode than with the FINE. The FINE was designed to minimize the
likelihood that this non-optimal distribution of fascicles will occur, but only if the FINE is
sized to fit the specific nerve and accounts for the distribution of fascicle diameters within
the nerve. The FINEs used in this study were designed with the sciatic, tibial, and common
peroneal nerves in mind and the cuffs fit the nerve well. Nevertheless, if the nerve fell
between the three available sizes it was likely that one or more edge contacts would not be
in contact with the nerve.

With limited time to collect data in the operating room, a restricted area of the stimulus
space was searched. This study used an efficient PSM algorithm instead of relying
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exclusively on PWM or PAM. As a result, nearly four times more data were collected in the
same amount of time as earlier intraoperative studies [31,43]. Nonetheless, the recruitment
characteristics of a muscle tended to be very steep. That is, at low levels of stimulation, there
was negligible recruitment of a muscle, but within a small increase in pulse width and/or
amplitude, the normalized recruitment rapidly approached 100%, followed by a plateau at
higher stimulus levels. Although PSM proved more effective than the previously tested
PWM and PAM algorithms, and while the algorithm tended to cluster points at areas where
muscle recruitment grew the fastest, the resolution between neighboring data points in the
pulse space was low. For this reason, it is unlikely that absolute maximum selectivity values
were obtained. Further, recruitment was achieved with monopolar stimulation. Field shaping
through multi-contact stimulation should produce higher selectivity [48,49,65,66].

Spillover costs to non-target muscles were assumed to be of equal weight and sensory fiber
activation was not considered during the calculation of selectivity. For the target group of
users with a spinal cord injury, activation of sensory fibers is unlikely to produce discomfort
or interfere with use, unless a reflex is activated. On one occasion, a reflex was activated
during stimulation, causing active ipsilateral hip flexion and accompanying knee flexion,
although the latter may have been passive and due to gravity. This response was observed
only at stimulus levels in the upper pulse width and amplitude ranges, well beyond levels
that would considered selective.

The data suggest that plantarflexion can be restored with an 8-contact FINE applied to the
tibial nerve. The maximum estimated moment met or approached the 90 Nm threshold to
restore propulsion, even after reducing muscle strength by 50%. The accompanying
inversion moment was estimated at 10 Nm (5–13 Nm). This moment arose because the
muscles of the triceps surae were not selectively recruited without recruitment of the tibialis
posterior with the 8-contact FINE. Similarly, the data suggest that an accompanying
eversion moment of up to 5 Nm will arise when restoring dorsiflexion. This is supported by
findings in feline studies, in which dorsiflexion and plantarflexion could be restored, but
usually with the accompaniment of medial or lateral rotation [29,32,35,38].

A concurrent inversion moment has been observed during gait in healthy individuals as well
as those using an ankle-foot orthosis [67–70]. Although a goal of this on-going research is to
restore plantarflexion or dorsiflexion with absent or balanced inversion and eversion,
physiological data suggest that it may not be necessary. In fact, the tibialis anterior – the
primary dorsiflexor – produces simultaneous foot inversion. Nonetheless, a neutral ankle
position with regard to inversion and eversion remains an objective because a percentage of
the population that would benefit from a lower extremity neuroprosthesis, particularly those
with a spinal cord injury, will have impaired sensory feedback. Absent sensory feedback, the
risks of ankle sprains and stumbles that might lead to falls due to an inverted or everted
ankle become exaggerated. Based on the data from this and an accompanying modeling
study [49], restoration of propulsive plantarflexion without inversion will require additional
contacts within the FINE, which will improve selective activation of the triceps surae
muscles and minimize spillover to the tibialis posterior. Even with the inversion moment
that the tibialis anterior creates, the data also suggest that dorsiflexion absent eversion is not
likely unless spillover to the peroneus longus, peroneus brevis, and, to a lesser extent,
extensor digitorum longus is minimized.

It was assumed that normalized EMG, which reflects the maximum isometric force during a
maximum voluntary contraction (MVC), is a reasonable metric to estimate moment [71].
However, the MVC was not directly obtained from the subjects. Instead, the MVC for each
muscle was based on validated OpenSim simulations. This and similar models have been
shown to accurately represent physiological data measured during most normal operations
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with the possible exception being accuracy in dynamic acceleration [72–85]. The
musculoskeletal models used to calculate moments in this study were quasi-static making
them less sensitive to error. Therefore, they are expected to maintain an acceptable level of
accuracy. To account for muscle atrophy and weakness, the MVC of each muscle in the
simulation was reduced by 50% [59]. However, due to the low number of samples, the
results of the biomechanical model may not accurately represent what would be expected
from the population at large. In spite of the inability to generalize the results, this
observation offers a compelling preliminary indication of the potential utility of the FINE on
the chosen neural targets.

Additionally, it was assumed that focal EMG obtained from needle electrodes accurately
represented the activity throughout the entire muscle. Normalizing the EMG signals to their
maximal values should, in large part, account for any artifacts due to the spatial sapling
inherent in recording with needle and wire electrodes. In fact, normalized EMG obtained
from the soleus, one of the larger muscles of the lower leg, using microwires has been
shown to represent whole-muscle activity [86]. Therefore, it is likely that the EMG obtained
with needle electrodes in this study reasonably represented the activity throughout the
muscle. Surface EMG recordings were not an option since they are prone to cross-talk
between muscles which would have obscured the evaluation of selectivity, the primary
outcome measure of the study. Future studies can improve upon these methods by
eliminating EMG recording altogether and removing the conversion from normalized EMG
to moment. Instead, isometric moment could be measured about the ankle in all three planes
via a light weight and sterilizable ankle moment transducer that fits all subjects and does not
impede surgery.

While recording from the muscles discussed in this study proved relatively straight forward,
other muscles were also considered that ultimately proved very difficult and impractical to
instrument with needle electrodes. For tibial nerve stimulation, this included the flexor
digitorum longus and flexor hallucis longus. For common peroneal nerve stimulation, this
included the extensor hallucis longus and peroneus tertius. While recording EMG from these
muscles would present a more complete picture of FINE selectivity, to do so accurately and
consistently throughout the duration of an experiment would require the use of fine wires
instead of needles. However, fine wires, by their very nature, require more time to implant
and attach to amplifiers, which is impractical for an experimental procedure of this
complexity in the operating room.

Whether the data from otherwise healthy subjects undergoing vascular surgery and
individuals paralyzed by spinal cord injuries can be pooled together depends on the precise
nature of the study. In this case, each subject and each muscle within each subject were
treated as his/its own control. We sought to evaluate the efficacy of the FINE to selectively
stimulate specific muscles. Comparing the activation of a specific muscle within or between
subjects should not present problems because the activations were normalized to their own
maximum values. There is no evidence that the selectivity obtained for individuals
undergoing vascular surgery differs from that observed in subjects with a spinal cord injury,
nor are we aware of changes to the fascicular distribution within a nerve due to spinal cord
injury that would affect selectivity.

Since the signals were normalized to their maximum values for each nerve and subject, and
because there is no evidence that fascicles merge or divide after spinal cord injury, the only
factor that might affect selectivity would be a change in the distribution of axon diameters
within the nerve in such a manner that the population of axons change in different ways for
each muscle (e.g., axons innervating muscle 1 tend toward a larger diameter while those
innervating muscle 2 tend toward a smaller diameter). As this also seems very unlikely,
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especially since fiber types tend to transform to fast-twitch after spinal cord injury, it is
unlikely to be necessary to analyze the data from the two groups separately.

There is a growing body of evidence that suggests that the FINE provides a safe option
when, like any cuff electrode, the cuff is appropriately sized and positioned in mechanically
stable locations. Evidence includes the pre- and post-operative manual muscle tests from an
intraoperative study of the FINE applied to the human femoral nerve [43] and on-going
chronic study in which multiple FINEs have been placed around upper-extremity nerves
since May 2012. This body of evidence supplements multiple animal studies in which the
FINE has also been shown to produce selective stimulation without motor or sensory
impairment or tissue damage [44,45,53,87,88]. Additionally, feasibility studies of chronic
human implantation of the FINE are approved under an Investigational Device Exemption
(IDE) from the FDA.

In order to achieve finer control over the musculature, the data from this study, as well as
other animal [44,53,88–91], intraoperative [31,43], and modeling studies [48,66,92], suggest
that the next generation of FINEs will likely need a higher density of contacts and a
stimulator that can control multiple contacts simultaneously. Currently, a genetic algorithm
(GA) is being evaluated in non-human primates to explore these issues [93]. The GA is
designed for cuffs that have a high channel density and identifies the best channels to
activate either with cathodic or anodic current to selectively stimulate one or more user-
specified muscles.

5 Conclusion
The combination of intraoperative and modeling results from this study indicate that an 8-
contact FINE placed on the tibial or common peroneal nerve will be sufficiently selective to
restore plantarflexion or dorsiflexion, respectively. Data also suggest that the anticipated
moment during selective stimulation of these nerves will be adequate to nearly or fully
restore propulsive plantarflexion and ground-clearing dorsiflexion. The data indicate that an
8-contact FINE has functional but not muscular redundancy. Not all muscles are anticipated
to be selectively recruited above threshold and stimulated plantar- and dorsiflexion moments
are expected to be accompanied by inversion or eversion. Muscular redundancy, minimized
undesired moment, overall larger muscular selectivity, and smaller variance in muscular
selectivity would likely be obtained with a cuff housing a higher channel density.
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Figure 1.
A Flat Interface Nerve Electrode (FINE) similar to the one pictured here was used in
intraoperative experiments. Contacts were offset to maximize the spatial volume that was
stimulated. Top view (top) shows the offset contacts. Side view (middle) shows the lumen
through which the nerve passed. Side view (bottom) shows the open FINE and the button
designed to keep the FINE closed. Scale on right is in mm. Adapted from [43], with
permission.
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Figure 2.
A 10 mm × 1.0 mm FINE placed around the left peroneal nerve (left) and a 10 mm × 1.5
mm FINE placed around the right tibial nerve (right) of Subject 2.
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Figure 3.
Experimental setup for testing the FINE on the tibial or common peroneal nerve. A custom,
current-controlled stimulator delivered stimulus pulses to the FINE. Differential EMG was
collected from each of four muscles innervated by the target nerve. EMG was referenced to
a ground patch (not shown), amplified, filtered, and collected.
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Figure 4.
The EMGs acquired during peroneal nerve stimulation with contact 3 in Subject 1. While a
range of pulsewidths (µs) and amplitudes (mA) were explored in stimulus space, they have
been represented here on the y-axis as their charge in nC. The EMG signals themselves are
in volts and have been scaled for visualization (scale bar at right). The traces illustrate that
the peroneus longus was recruited selectively at lower stimulus levels, followed by onset of
the peroneus brevis, extensor digitorum longus, and then tibialis anterior. Stimulus was at
time=0 ms.
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Figure 5.
The maximized selectivity when threshold was set at 10% (lower of stacked bars) or 20%
(higher of stacked bars) for each muscle within each subject is shown for common peroneal
nerve stimulation (left) and tibial nerve stimulation (right). Legend: 1, 2, or 3 is Subject 1, 2,
or 3; R or L is Right or Left. Muscles are: soleus (SOL), medial gastrocnemius (MG), lateral
gastrocnemius (LG), tibialis posterior (TP), tibialis anterior (TA), peroneus longus (PL),
peroneus brevis (PB), and extensor digitorum longus (EDL). A reliable signal from EDL
was not achieved in Subject 2.
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Figure 6.
Estimated ankle moments for each subject based on recorded EMG during single channel
stimulation after accounting for a 50% reduction in muscle strength. PF: plantarflexion, DF:
dorsiflexion, FI: foot inversion, FE: foot eversion.
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Figure 7.
Sorted mean selectivity, from highest to lowest, obtained for the tibial, common peroneal,
and femoral nerves.
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Table 1

Anatomical Landmarks For EMG [50,51]

Nerve Muscle EMG Needle Placement

Tibial

Soleus (S) Distal to the gastrocnemius muscle belly; medial and anterior to the Achilles tendon

Medial Gastrocnemius (MG) One handbreadth below the popliteal crease on the medial mass of the calf

Lateral Gastrocnemius (LG) One handbreadth below the popliteal crease on the lateral mass of the calf

Tibialis Posterior (TP) One handbreadth distal to the tibial tuberosity just off the medial edge of the tibia.

Common
Peroneal

Tibialis Anterior (TA) Approximately 1.5 cm lateral to the tibial crest; at the junction of the upper and middle third
of the leg.

Peroneus Longus (PL) Three fingerbreadths below the fibular head; directed toward the lateral aspect of the fibula.

Peroneus Brevis (PB) One handbreadth proximal to the lateral malleolus and anterior to the peroneus longus
tendon.

Extensor Digitorum Longus (EDL) At the middle third of the leg between the anterior border of the tibia and the lateral border of
the fibula.
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Table 2

Evaluated FINE sizes in intraoperative 734 experiments, in mm.

Tibial Cuff Common Peroneal Cuff

Subject Left Right Left Right

1 - 10.0 × 1.5 - 10.0 × 1.0

2 10.0 × 1.5 10.0 × 1.5 10.0 × 1.0 -

3 15.0 × 1.5 - 10.0 × 1.5 10.0 × 1.5
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Table 3

Anatomical characteristics of the tibial, common peroneal, and femoral nerves at the level where the FINE 739
was tested [47,64].

Tibial Common Peroneal Femoral

Size 10.8 mm × 5.1 mm 8.3 mm × 3.8 mm 10.5 mm × 2.3 mm

Area 55.1 mm2 31.5 mm2 25.2 mm2

Cuff-Branch Distance 9 cm 17 cm 2 cm

Muscles Innervated 18 7 5

Fascicles 26±3 9±2 33±14

Fascicles/mm2 0.5 0.3 1.4

Fascicles:Muscles 1.4 1.3 6.6
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