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Abstract

Objective—Stability and selectivity are important when restoring long-term, functional sensory
feedback in individuals with limb-loss. Our objective is to demonstrate a chronic, clinical neural
stimulation system for providing selective sensory response in two upper-limb amputees.

Approach—Multi-contact cuff electrodes were implanted in the median, ulnar, and radial nerves
of the upper-limb.

Main results—Nerve stimulation produced a selective sensory response on 19 of 20 contacts and
16 of 16 contacts in subjects 1 and 2, respectively. Stimulation elicited multiple, distinct percept
areas on the phantom and residual limb. Consistent threshold, impedance, and percept areas have
demonstrated that the neural interface is stable for the duration of this on-going, chronic study.

Significance—We have achieved selective nerve response from multi-contact cuff electrodes by
demonstrating characteristic percept areas and thresholds for each contact. Selective sensory
response remains consistent in two upper-limb amputees for 1 and 2 years, the longest multi-
contact sensory feedback system to date. Our approach demonstrates selectivity and stability can
be achieved through an extraneural interface, which can provide sensory feedback to amputees.
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1. Introduction

An estimated 2 million people in the United States live with limb-loss [1]. Individuals with
upper-limb loss highly desire natural sensory feedback in their prostheses [2, 3]. A
permanent sensory feedback system may lead to improved control of the prosthetic hand [4,
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5], increased sense of self [6], and elimination of uncomfortable phantom limb sensation [7,
8]. Although recent advances have demonstrated the feasibility of sensory feedback [9, 10],
these studies have not demonstrated stability using a long-term neural interface in humans.
For clinical acceptance, a nerve interface must be stable and capable of selectively producing
sensory percepts at multiple locations. Stability and selectivity are important when restoring
long-term and functional sensory feedback in physically active amputees.

Researchers have long investigated neural interfaces to provide natural sensory feedback to
amputees. Early extra-neural stimulation research with single-contact nerve cuff electrodes
on the median nerve in amputees provided a sense of paresthesia or a proprioceptive
sensation of fist clenching [11]. Intraneural stimulation of the median, ulnar, and radial
nerves elicited unusual throbbing and paresthesia, and the stability of the electrode response
was challenging [12]. In 2003, a microelectrode array was implanted in a median nerve of a
normal human but stimulation recruited motor response, which was interpreted as sensory
feedback [13]. Recently, distinct and graded pressure sensation on the phantom hand was
demonstrated using intrafascicular electrodes implanted in median and ulnar nerves of a
human amputee [14]. Touch and tingling sensations were elicited from approximately 50%
of multi-contact intrafascicular electrodes in another study [7]. The long term safety and
stability of intrafascicular electrodes remain unknown because these trials were four weeks
or less in duration and often reported an upward trend in stimulation threshold [7, 9, 14].

We have demonstrated a chronic, clinical neural stimulation system for selectively restoring
sensation in two subjects with upper-limb loss [15]. Our approach uses multi-contact cuff
electrodes implanted around peripheral nerves. At 18 and 24 months in two subjects, the
system is also the longest neural-interfacing sensory stimulation system in humans, to date.
These results also mark the first successful, chronic human implant of the flat interface nerve
electrode (FINE) [16]. The FINE takes advantage of the natural structure of peripheral
nerves to achieve fascicle-selective stimulation [17-20]. The Case Western Reserve
University (CWRU) self-sizing spiral electrode [21], which has been used extensively in
restoring motor control in SCI patients [22, 23], is also used in this study to provide sensory
feedback. Based on pre-clinical trials with the FINE and previous clinical trials with the
spiral, we expected the stimulation thresholds, electrode impedance, and number and
location of percepts to remain stable for more than one year.

2. Methods

2.1. Surgical implantation

During an outpatient procedure, orthopedic surgeons implanted multi-contact nerve cuff
electrodes on the peripheral nerves of two amputee subjects. At the time of implant, subject
1 is a 46 year old male who has a unilateral wrist disarticulation from work-related trauma.
The subject was 19 months post-amputation. In the mid-forearm, 8-contact FINEs were
implanted around the median and ulnar nerves and a 4-contact CWRU spiral electrode was
implanted around the radial nerve. Cuff leads were routed subcutaneously to percutaneous
leads [22, 24, 25] in the upper arm (figure 1(A)). The intraluminal size of the FINEs was 10
mm x 1.5 mm. The spiral cuff was 4 mm in diameter. Peripheral nerve studies in human
cadavers [26] guided the sizes of available cuffs, from which the surgeons selected during
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the implant. The advantages of the FINE over the spiral electrode are the higher number of
stimulating contacts and a design that achieves fascicle-selective stimulation [16]. However,
a spiral was selected for the radial nerve due to the small nerve size and superficial nature of
the implant location.

At the time of implant, subject 2 is a 47 year old male with a mid-forearm amputation from
work-related trauma. The subject was 93 months post-amputation. Eight-contact FINES
were implanted on the median, ulnar and radial nerves. However, post-surgical x-ray
imaging of the electrode contact orientation revealed that the ulnar FINE had opened,
loosing intimate contact around the nerve. All electrodes were implanted in the arm
proximal to the elbow and connected to percutaneous leads that exited through the upper
arm (figure 1(B)). The intraluminal sizes of the FINEs were 10 mm x 1.0 mm on the median
and ulnar nerves, and 10 mm x 1.5 mm on the radial nerve.

The implanted electrodes were allowed to stabilize for three weeks before experimental
sessions began, based on clinician recommendation. However, thresholds were measured
beginning at week 2 to evaluate the health of the nerve. At weeks 2—4, a compressive sock
controlled post-surgical swelling of the implanted limb. Subjects were provided with
percutaneous site maintenance instructions and dressing supplies. The percutaneous site was
cleaned daily with a disinfecting agent, typically rubbing alcohol, and protected with a
waterproof bandage (3M™ Tegaderm™ or similar). Clinical staff examined the percutaneous
site at every experimental session. Redness at the percutaneous site was treated with topical
antibiotics and, if deemed appropriate, oral antibiotics. Over the entire implant period, there
were no incidents of painful, unpleasant, or unusual phantom sensations unrelated to
stimulation that would have indicated excessive pressure or impingement of the nerve by the
electrodes. The percutaneous leads and implanted components have remained free of
infection.

The study protocol was approved by the Internal Review Board at the Louis Stokes
Cleveland Department of Veterans Affairs Medical Center and under a Food and Drug
Administration Investigational Device Exemption. Implanted components (cuff electrodes,
percutaneous leads, connectors) were manufactured by Ardiem Medical (Indiana, PA) and
sterilized with ethylene oxide by Moog (Buffalo, NY).

2.2. Nerve stimulation

Subjects participated in nerve stimulation sessions once every 1 to 2 weeks for subject 1 and
twice every 3 weeks for subject 2, based on subject availability. In each session, stimulation
was individually applied through each contact. The duration of stimulation varied depending
on the experiment, but typically lasted for less than 30 s. We provided a stimulus train of
monopolar, bi-phasic, charge-balanced, cathodic-first square pulses. Anodic return was
through a surface electrode on the dorsal surface of the arm immediately proximal to the
elbow. For all trials, the subject was blinded to the stimulation parameters. Stimulation was
limited to less than a charge density of 0.5 £C mm™2 [27, 28] and limited to less than 50% of
the duty cycle [29].
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Sensory perception thresholds were determined on every contact during weeks 2 through 8
in subject 1. Threshold was determined using the Single-Interval Adjustment Matrix, an
unbiased, adaptive staircase method [30]. The parameters were set for a target performance
of 50% (#= 0.5), which is the maximal difference between hit rate and false positive rate,
with true stimulation provided 50% of the time. Fifty percent of the trials were catch trials
with no stimulation and were randomly intermixed with stimulation trials to prevent subject
bias. The threshold search was defined as complete at 12-16 reversals. Stimulation was
applied for 1 s and repeated upon subject request. Stimulation frequency was held constant
at 20 Hz. To prevent uncomfortable sensation from overly intense stimulation, the stimulus
pulse amplitude (PA) and pulse width (PW) were incremented by 0.1 mA and 10 zs steps,
respectively, until the rough threshold was determined. Then PA was held constant at one
step (0.1 mA) below the rough threshold while the adaptive staircase method was used to
determine a precise PW threshold with a 1 /s resolution.

For all subsequent sessions with subject 1 and all sessions with subject 2, threshold was
determined using patterned stimulation intensity (PSI). In the full-scale modulation pattern,
the width of the pulses in the pulse train (f = 100 Hz) followed a slow (#noq = 1 Hz)
sinusoidal envelope, which typically gives rise to a natural, pulsing perception absent of
paresthesia [15]. The PW varied between 0 x5 and a maximum of B is, where Bis the
measured threshold. Stimulation was applied in 5 s trials and repeated on subject request.
The threshold PA level was determined by setting the peak of the sinusoidal PW to the
maximum stimulation range (255 4s) and incrementing the PA stepwise by 0.1 mA until
sensation was perceived, thus approximating the rheobase current. Then PA was held
constant, while a binary search method was used to determine a precise PW threshold to 5 s
precision. Typically, the threshold was determined within 3—4 reversals. In addition, no catch
trials were included because neither subject ever reported false positives in response to a
catch trial at initial threshold evaluation.

Following stimulation, the subject was asked to describe any perceived sensation and sketch
the percept area on a hand diagram. The percept area drawings were digitized for later
analysis.

Impedance measures were taken between pairs of electrodes within each cuff using non-
perceptible 0.3 mA and 50 /s pulses at 20 and 100 Hz. Frequencies were selected based on
typical parameters used during functional testing with sensory feedback. The mean of eight
measures of the resulting peak voltage drop between each pair of contacts was measured to
calculate the impedance.

Unless otherwise noted, ANOVA was used to test significance with a = 0.05.

3. Results

3.1. Sensory locations and modalities

At two weeks post-operation, stimulation provided sensation response on the phantom limb
from 19 of the 20 available contacts in subject 1. The one exception, Ulnar-4 (U4), was
likely off the nerve as the FINE was larger than the nerve. Electrode contacts were each
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selective to a specific percept area, as shown at threshold stimulation levels indicated in
figure 2(A). The location of sensory percepts aligns with expected areas of innervation for
the median, ulnar, and radial nerves. Although percept areas may overlap at threshold
stimulation levels, each contact elicited uniquely-expanding percept areas at suprathreshold
stimulation levels. Contacts were also selective for ‘depth’ of sensation. For example,
although three contacts on the median nerve cuff (M1, M6, M7) had overlapping percept
area at the wrist, M1 and M7 produced a superficial, skin-surface sensation whereas M6 had
a deep sensation.

The perceived modality of sensation from stimulation depended on the stimulation
waveform and electrode contact [15]. Initial testing, up to week 8, using constant parameter
stimulation evoked paresthesia (tingling) on all contacts. Various stimulation waveforms
were explored over the chronic study period until we were able to repeatedly produce a
natural tactile sensation absent of paresthesia using a sinusoidal (1 Hz) PW-modulated
waveform. Channels were selective to specific tactile sensations including pressure (86%),
vibration or tapping (7%), and light moving touch (7%) [15]. Proprioception was not
observed in subject 1. However, when eliciting a pressure perception on the tips of digit 1
and 2 (M3, M5), the subject sometimes voluntarily reported that his perceived hand was in
the shape of the ‘okay’ position with the thumb and index finger pinched together. Across all
stimulation trials, motor recruitment was not observed in subject 1, which is consistent with
the implant location being distal to motor axon branching.

Initially, 10 of the 16 available contacts produced sensation in subject 2. However, the
number of active channels increased to 16 of 16 by week 27 (figure 2(B)). Each contact
elicited a characteristic percept area. Stimulation through the median nerve cuff produced
perceptive fields matching classical touch receptor innervations for the median nerve.
During stimulation through the radial cuff, one contact (R8) repeatedly and two contacts (R3
and R4) occasionally produced sensation correlating with radial innervation of the perceived
hand, while the other contacts produced sensations on the residual limb, mostly on the skin
of the arm (figure 2(B)). Stimulation with the sinusoidal (1 Hz) PW-modulated waveform
initially produced perceptions described as tactile pressure, ‘a cold edge’, or ‘a jet of water
moving across the hand.” Over multiple visits, the sensations evoked during median nerve
stimulation resolved to tactile pressure (75% of channels) similar to that reported by subject
1. However the radial FINE primarily elicited a sensation of vibration (75% of channels)
[15]. One channel (M4) led to both tactile pressure and the proprioceptive sensation of
middle finger flexion at threshold stimulation levels. Visual confirmation and palpation
indicated muscle twitch of a residual forearm muscle during perception of proprioception.

The perceptive areas of the stimulating channels resolved into stable and repeatable
locations in both subjects. Figure 3 shows drawings from week 2 to week 56 (14 trials,
overlaid) in subject 2. Interestingly, in subject 2, two channels in the median FINE (M1, M8)
initially elicited percept areas on the dorsum (M1 shown in figure 4), which are classical
ulnar and radial innervation zones. Over time, these percept areas shifted and have since
settled to characteristic median nerve innervation areas (figure 4, top row). The sensory
location evoked by channels M2, M4, and M7 remains consistent with those found during
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the first experimental session (figure 4, middle row). Additional channels recruited percept
areas by week 27 (figure 4, bottom row).

3.2. Sensory thresholds

The mean threshold for eliciting perceptual sensation in our amputee subjects is 69.1 + 36.0
nC and 109.7 + 43.2 in subject 1 and 2, respectively. In subject 1, the threshold for sensation
perception was determined for all 20 contacts from week 2 through 8 (figures 5(A)—(C)).
Mean percept thresholds were 95.5 + 42,5, 70.7 + 59.2, and 40.7 + 12.4 nC for the median,
ulnar and radial nerves, respectively. Thresholds for median, ulnar and radial nerves were
statistically different from each other (t-test, p< 0.017). Linear regression on each contact
over time produced a slope that was either not significantly different than 0 (7=18, p=
0.103) or significantly decreasing (n =1, p = 0.044) suggesting no significant increase in
threshold over the first 8 weeks. From week 8 to 105, threshold measurements were only
taken on M3, M4, and M5 because they produced the most functionally-relevant perceptive
fields on fingertip and palmar areas and the process was too time intensive to repeat for all
channels. Mean perceptive threshold for the median nerve was 96.7 + 36.8 nC. The
thresholds continued decreasing (M3, p < 0.001) or not changing with time (M4, M5, p=
0.09). In subject 2, thresholds on all channels were tracked for week 4 to 74 (figure 5). The
mean cuff thresholds were 125.9 + 41.5 and 120.4 + 32.5 nC for the median and radial
nerves respectively. Median and radial nerve thresholds were significantly different (t-test, p
= 0.033). Again, similar trends were observed with most thresholds either not significantly
changing (n= 12, p=0.20) or significantly decreasing (7= 3, p< 0.015). The threshold
associated with a single channel in the radial FINE (R7) was found to increase over time
(slope = 0.64 nC/week, p=0.016).

Impedance measures up to 94 weeks in subject 1 and up to 52 weeks in subject 2 are shown
in figure 5. In subject 1, the mean channel impedances were 3.12 + 0.15, 2.66 £ 0.15, and
2.91 + 0.22 k@ for the median, ulnar, and radial nerve cuffs respectively. In subject 2, the
mean channel impedances were 2.92 + 0.21 and 3.09 £ 0.19 kQ for the median and radial
nerve cuffs, respectively. Decreasing impedances were correlated with time (p < 0.001) for
the median nerve cuffs of both subjects and the ulnar nerve cuff in subject 1 with Pearson’s
correlation coefficients of —0.51, —0.73, and —0.49, respectively. Radial electrodes
impedances did not change significantly over time in either subject (p> 0.42).

4. Discussion

An ongoing challenge in the field of neural interfaces is to produce selective neural
stimulation with an interface that is stable for chronic, long-term clinical application.
Selectivity would seem to be best achieved with a one-to-one interface with axons. Thus,
current neural engineering dogma suggests that the greatest selectivity is achieved with the
most intimate of interfaces: intrafascicular electrodes [7, 9, 10, 14], micro-electrode arrays
[13], and regeneration electrodes [32]. While these technologies have advanced the field of
neuromodulation, they have not studied long-term performance in humans. Although they
are less intimate, we have demonstrated that nerve cuffs provide stable and selective

J Neural Eng. Author manuscript; available in PMC 2017 July 19.



1duosnue Joyiny vA 1duosnue Joyiny vA

1duosnuen JIoyiny vA

Tan et al.

Page 7

stimulation for at least 24 months. Such a system is essential for translating
neuromodulation to the clinical setting.

The FINE was preferred over the spiral cuff electrode for this study because the FINE
achieves a greater selectivity. The original design intent of the FINE was to ‘reshape’ the
nerve bundle such that the individual fascicles are arranged akin to a computer ribbon cable.
Then, extraneural stimulation along the rectangular circumference would selectively
stimulate each fascicle. However, human cadaver histological studies have found that
peripheral nerves are naturally elongated in shape [26]. Thus, the FINE is a cuff that
maintains the natural shape of the nerve. Although the spiral has demonstrated stability in
chronic human studies [22], the current study represents the first example of such with the
FINE.

Fascicular organization of the peripheral nerve is evident from the selective, sensory
response from nerve stimulation. Both of our subjects exhibit selective percept area
stimulation with approximately 15 and 10 unique percept areas from 19 and 16 active
contacts in subject 1 and subject 2, respectively. Consistently unique percept areas and
qualities imply that specific subsections of the nerve are being activated from stimulation on
specific cuff contacts. Given the precept areas and the known locations of contacts within the
cuffs, we may infer the underlying fascicular organization within the nerve bundle. For
example, contacts M1, M5, and M6, which are either immediately adjacent to or directly
across the cuff from each other, produce sensation on the thumb tip of subject 2. This
suggests that these three contacts may be activating the same population of axons within the
same fascicle (figure 3). Some contacts elicit a sensation in the same locations but with
different perceptual qualities (superficial versus deep sensation on M6 and M7, subject 1).
The selectivity of sensory recruitment is perhaps surprising, but gratifying for an external
cuff implanted in the proximal arm such as in subject 2. Figure 6 shows an overlay of
suprathreshold sensory recruitment locations and the textbook neural anatomy of the proper
palmar digital nerve branches of the median nerve [33], suggesting that the axons of these
distal branches remain clustered in the proximal arm. The results build on the emerging
understanding of neural anatomy that the nerve bundle retains a high level of somatic
organization along the entirety of the peripheral nerve [34, 35], despite the plexiform
branching and joining described by Sunderland [36].

The mean threshold for eliciting perceptual sensation in our amputee subjects is 69.1 + 36.0
nC and 109.7 £ 43.2 in subject 1 and 2, respectively. This is, on average, greater than the 25
+ 17 nC found in previous chronic motor recruitment studies with a spiral nerve cuff
implanted on upper extremity nerves in humans [37], and 21 + 18and 41 + 36 nC found
during intraoperative studies with the FINE cuff implanted on lower extremity nerves in
humans [18, 38]. A chronic implant is expected to have higher thresholds than an acute
implant due to the additional impedance of the encapsulation tissue. Encapsulation tissue
may have had a greater effect on threshold measures in the FINE than the spiral, as the
FINEs in our study exhibited a much wider variance of thresholds than the spiral. One
possible explanation is that contacts near the center of the rectangular cuff will be closer to
the nerve than contacts near the edge of the cuff, assuming the nerve is centered within the
cuff. Although our nerves may be offset from the center, the difference between the lowest
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and highest threshold contacts is consistent with outer to inner contact threshold differences
from previous FINE studies in cats [39]. In fact, the lowest individual contact thresholds for
the FINE cuffs are similar to the spiral cuff thresholds, suggesting certain FINE contacts are
as close to the nerve as can be achieved with the spiral cuff. A proper fit is important for
optimum nerve response to the FINE, which may also explain the differences in threshold.
During the implant procedure of subject 1, the surgeons commented that the ulnar nerve was
slightly smaller than the chosen cuff size. This may explain contact U2’s high threshold and
the inactive U4 contact as they are likely to be on the edge of the nerve. Additionally, the
difference from previous studies may also be attributed to motor recruitment threshold being
determined by EMG recordings whereas sensation thresholds are being determined by
conscious subject perception, a completely different neural pathway involving higher-order
central processing. Lastly, axonal degeneration may have occurred after amputation [40-42],
and may have had a greater effect in subject 2. During the implantation surgery of subject 2,
who was 8 years post amputation, it was noted that the median and ulnar peripheral nerves
were smaller than expected from histological studies [26].

We have demonstrated that multi-contact, cuff electrodes are suitable for stable, chronic
nerve interfaces. Of all the active channels (n7 = 35) from both subjects, 97% have no
significant change (7= 30) or trend toward a decrease (1= 4) in threshold over time.
Contact-to-contact impedances remain stable. The threshold and impedance measures
suggest a stable electrode interface (figure 5). The current study is limited to data collected
over weekly to monthly measures due to subject availability. For reliable neuroprostheses,
futures investigations should also demonstrate consistent response day-to-day [43] and
within the day of active use, which are important features of our next study: at home use of a
sensory feedback system. Thus far, our study has not shown an increase in threshold and/or
impedance, which would have indicated continued tissue encapsulation, nerve impairment,
and/or electrode degradation. In early chronic studies in human, intraneural interfaces have
had challenges with failing electrode channels [13] and rising stimulation threshold [7, 9].
However, chronic intraneural research is preliminary in humans and research continues to
progress toward long-term stability [44, 45].

Channel recruitment over time increased to nearly 100% of available channels in subject 2
by week 27 (figure 4, bottom row). The result is unique in that prior intrafascicular nerve
interfaces described a loss in available channels over time, either from mechanical failure
[13] or a reactive environment leading to worsening recording or stimulating capability [7,
46]. The mechanism for the recruitment of additional channels in our cuff electrodes is
unclear, which may be peripherally or centrally-mediated. In the peripheral case, the
stimulation characteristic of the neural interface may improve through a tighter fit of the
electrode to the nerve. Axonal retrograde degeneration occurs after amputation [40-42].
Tissue activity may lead to regeneration via functional hyperaemia, but it is unknown if
occasional electrical stimulation leads to sufficient activity to encourage nerve regeneration
and improve fit of the electrode to the nerve. Alternatively, increased encapsulation around
the outside of the nerve cuff may influence impedance [47], causing a high impedance shell
that focuses stimulation charge to the target area. In the central case, brain plasticity [48]
may increase the sensitivity to electrically-stimulated input over time.
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The percept areas of both subjects reflected classical innervation patterns of median, ulnar,
and radial nerves. This suggests cortical reorganization in long-term amputees does not
interfere with sensory restoration from nerve stimulation, which is consistent with previous
reports [49]. Unexpectedly, early stimulation sessions of the median nerve in subject 2
resulted in sensations from classically ulnar and radial innervated locations on the perceived
hand. In contrast, subject 1 has always reported locations consistent with innervation
patterns of the stimulated median, ulnar or radial nerve. The non-median nerve locations
(from stimulating channels M1, M8) in subject 2 shifted during the initial period of study
and ultimately stabilized in median nerve locations by week 27. The cortical representation,
which may have expanded [50] to include ulnar and radial percept areas, may have reduced
to the original cortical representation of the median nerve during stimulation of the
previously ‘quiet’ afferent pathways.

One channel produces perceptive fields that alternate between two distinct locations,
suggesting that the contact borders between two groupings of axons (figure 3, M 3). If the
nerve bundle and fascicles within are somotatopically-organized, the change in percept area
suggests that recruitment alternates between two fascicles. Based on modeling studies on the
influence of neighboring fascicles, two fascicles may be moving slightly into and out of the
stimulus field such that one or the other, but not both, results with activated axons [20].

The number of percept areas on the hands of both subjects suggest that our approach is a
viable method for a sensory-enhanced prosthetic hand to provide multi-point sensory
restoration. In addition, both subjects reported fingertip percept areas, which are functionally
important in grasp patterns. The fingertip recruitment of our study is consistent with
intrafascicular interface studies [43] and is likely due to a high innervation density of the
digit tips. A sensory feedback system using our approach can provide multiple discrete
percept area options, increasing the likelihood of matched somatotopic feedback, and
possibly restoring sensation across the whole hand.

Direct neural stimulation to provide sensory feedback may be more natural than sensory
substitution methods, which usually require training to associate mismatched mode and
somatotopic sensation. Sensory substitution has been shown to reduce the force applied to
objects via grasping pressure feedback [51, 52] and to provide positional feedback about
hand opening [5]. However, sensory substitution systems have been commercially
unsuccessful, possibly because the mismatched mode and somatotopic feedback requires
additional cognitive load and may be distracting [52].

Using all available contacts in a wide variety of locations, is it easy to imagine implementing
a sensor-enhanced prosthetic hand and feedback system capable of improving activities of
daily living, providing natural touch, and enhancing embodiment of prosthetic limbs.
However, the current study is limited to the resulting stability and selectivity of the FINE
and spiral cuff. Additional issues are important to consider for the end application of useful
sensory feedback in amputees. We have detailed various modalities of perception, graded
control of sensation intensity, and demonstrated delicate object manipulation with the cuff
electrode approach [15]. Proprioception is an important aspect of sensory feedback;
however, it is unknown by which mechanism proprioception is best achieved. Recent studies
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of direct neural stimulation with intrafascicular electrodes reported proprioception in several
subjects [10, 14, 43, 49], whereas other subjects have none [7, 9, 10]. The nature of
proprioception as a sensation elicited by a patterned population of afferents, including
muscle, tendon and skin-stretch receptors, may explain why proprioception is generally
difficult to achieve solely through afferent nerve stimulation [53, 54]. Future investigation
will continue to examine the nature of the proprioception response and the effect of a
sensory feedback-enabled prosthesis on functional task performance, such as object size and
compliance discrimination [10] and shape discrimination [9].

5. Conclusion

We have achieved selective nerve respoe nse from multi-contact cuff electrodes by
demonstrating characteristic percept areas and stimulating thresholds for each contact. We
demonstrated stability in percept area, threshold, and impedance measures from five
electrode cuffs chronically implanted in two human amputee subjects for more than 1 and 2
years. Our approach demonstrates selectivity and stability can be achieved through an
extraneural interface, which can provide sensory feedback to amputees. The technology is
not only applicable for amputees, but may also be applied in other clinical, peripheral, neural
prosthesis applications as well, including pain therapy.
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Figure 1.
(A) Nerve cuff electrode implanted in the forearm of subject 1. The electrode leads are

connected to percutaneous leads via spring-sleeve connectors [25]. The open-helix
percutaneous leads are passed individually through the skin (/nsed) so that the skin will grow
into the open-helix, preventing pistoning of the lead and reducing the risk of bacterial
infection. Stimulation is provided from the external stimulator, the universal External
Control Unit (UECU). (B) In subject 2, the electrodes are implanted in the mid-upper arm.
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Figure2.
(A) In subject 1, threshold stimulation provides sensory response in approximately 15

unique percept areas on the phantom hand which cover classic innervation patterns for the
median (M1-8), ulnar (U1-8), and radial (R1-4) nerves. (B) In subject 2, typical percept
areas covered approximate median and radial innervation patterns of the hand and on the
arm in approximately 10 unique percept areas.
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FINE cross section
Example Median Nerve
cross section

Figure 3.
The cross section of the FINE implanted on the median nerve of subject 2 and the

corresponding, channel-specific percept areas are shown. The example nerve cross section
shown is from a comparable location taken from human histology studies [31]; it is not from
subject 2. Multiple measures, including suprathreshold responses up to week 56, are shown
for each channel. Most channels produce sensation in stable and characteristic percept areas,
suggesting that fascicles at the level of the implant retain somatotopic organization. A
similar drawing is not available for subject 1 because the exact order of channels in his cuff
electrodes is unknown.
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Week 2 Week 8 Week 27

Figure 4.
Patterns of percept areas over time in subject 2. M1 showed a shift over time toward proper

median innervation, settling on the thumb. Most channels remained in the same percept area
since the first experimental session (for example, M7). Initially, 5 of 8 channels elicited
sensation (week 2). However all channels elicited sensation by week 27 (example M5).
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Figure5.

Threshold and Impedance measurements over time indicate stable neural interface.
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Perceptual thresholds were measured for each contact for the first 8 weeks of the median
(A), ulnar (B), and radial (C) nerve cuffs of subject 1. Threshold measures using a different
stimulation waveform, patterned stimulation intensity, are shown up to 105 weeks (£). In
subject 2, threshold measures were recorded up to 74 weeks on every contact in the median
(F) and radial (G) nerve cuffs. Impedance measures also suggest stable neural interfaces in

subject 1 (D) and subject 2 (H).
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Figure6.
All percept areas, including suprathreshold response, elicited from week 2 to 56 for contacts

M2, M6, M4, M7 in subject 2 is shown with an overlay of the proper palmar digital nerves
of the median nerve adapted from the textbook neuroanatomy. Reproduced with permission
from [33], Copyright 2001 Elsevier. Selective activation can be inferred by the pattern of
recruitment and the relationship to underlying neuroanatomy.
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