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Abstract

Objective—To investigate the longitudinal performance of a surgically implanted

neuroprosthesis for lower extremity exercise, standing, and transfers after spinal cord injury.

Design—Case series.

Setting—Research or outpatient physical therapy departments of four academic hospitals.

Participants—15 subjects with thoracic or low-cervical level spinal cord injuries who had

received the 8-channel neuroprosthesis for exercise and standing.
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Interventions—After completing rehabilitation with the device, the subjects were discharged to

unrestricted home use of the system. A series of assessments were performed before discharge and

at a follow-up appointment approximately one year later.

Main Outcome Measure(s)—Neuroprosthesis usage, maximum standing time, body weight

support, knee strength, knee fatigue index, electrode stability, and component survivability.

Results—Levels of maximum standing time, body weight support, knee strength, and knee

fatigue index were not statistically different from discharge to follow-up (p > 0.05). Additionally,

neuroprosthesis usage was consistent with subjects choosing to use the system on approximately

half of the days during each monitoring period. Although the number of hours using the

neuroprosthesis remained constant, subjects shifted their usage to more functional standing versus

more maintenance exercise, suggesting that the subjects incorporated the neuroprosthesis into their

lives. Safety and reliability of the system were demonstrated by electrode stability and a high

component survivability rate (>90%).

Conclusions—This group of 15 subjects is the largest cohort of implanted lower extremity

neurorprosthetic exercise and standing system users. The safety and efficiency data from this

group, and acceptance of the neuroprosthesis as demonstrated by continued usage, indicate that

future efforts towards commercialization of a similar device may be warranted.
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There are between 227,000 and 301,000 individuals with spinal cord injuries (SCI) in the

United States (US) today1. Focus group studies of individuals with SCI show that being able

to stand and walk are important priorities2, 3, along with being more independent and not

relying on caregivers and attendants for assistance4. While wheelchairs offer a means of

efficient transportation over unobstructed level surfaces, individuals with SCI still need

options for negotiating architectural barriers, completing essential transfers, and gaining

access to high cabinets, cupboards or shelves that are difficult or impossible to reach from a

seated position.

Neuroprostheses employing functional electrical stimulation (FES) provide a means to

facilitate these activities. If the neurological damage from SCI is confined to upper motor

neurons, then intact peripheral nerves can be excited with small electric currents, causing

contractions of the muscle fibers they innervate. By coordinating the actions of a number of

muscles to produce useful movements from the otherwise paralyzed limb, FES technology

can provide individuals paralyzed by thoracic or low cervical spinal cord injuries with the

ability to exercise, stand, and transfer5, 6, 7. Neuroprostheses can allow their users to

circumvent environmental barriers and increase the ability to participate in meaningful

activities8, 9, 10, 11, facilitate tasks that were previously difficult or impossible from the

wheelchair, and improve the health, self-image, and sense of well-being of persons with

paralysis 12, 13, 14.

FES applications have been developed to provide standing to individuals with SCI by

delivering stimulation with a variety of electrode types. Surface stimulation can provide
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standing times greater than seven minutes, but systems are typically limited to use only

within the laboratory15. A commercially available walking system has been used for at-

home standing with four out of eight subjects continuing to use the system occasionally at a

mean follow-up interval of 15 months16. To stimulate a larger set of muscles, implanted

systems using epimysial, epineural, and epidural electrodes have been developed, although

these studies generally have no more than three subjects 17, 18, 19, 20, 21. After 80 sessions of

tonic epineural spinal cord stimulation, one subject could start and maintain full weight-

bearing standing without manual facilitation, but assistance provided for balance, for a

maximum of 4.25 minutes17. Three individuals who received the Praxis multifunctional

implantable FES system (Neopraxis Pty. Ltd, Lane Cove, NSW, Australia) achieved

maximum standing times of 2, 16, and 34 minutes and could also use the system to perform

upright mobility tasks such as a bathroom transfer18.

Implanted systems have shown repeatable and consistent stimulated responses, including

less than 10% variation of neural electrode capacitance at five years post-op in one subject19

and 15 out of 20 epineural electrodes producing observable threshold and maximal muscle

contractions with joint movements in one subject at 23 months post-op20. Similarly, stable

functional results and stimulated muscle strength were found over three years in one

pediatric recipient of an implanted lower extremity neuroprosthesis21.

Our research group previously reported9 a snap-shot of the acute performance of an

implanted 8-channel neuroprosthesis utilizing epimysial and intramuscular electrodes for

standing and exercise after SCI. At the time of that preliminary report, eight subjects had

completed the exercise portion of the rehabilitation protocol and could generate an average

of 35 Nm of knee extension moment, which is necessary for a person of average stature to

stand22. Seven of these subjects had advanced to the standing training and rehabilitation

portion of the protocol, and five were able to stand with enough body weight through their

legs to release one hand to grab an object in the environment. Prior studies have not

addressed how the subjects used their systems at home or how the systems performed across

time.

The purpose of this study was to determine the longitudinal performance of the implanted

lower extremity neuroprosthesis for standing after SCI through repeated assessments of 15

subjects at two points in the study protocol: when subjects were discharged from

rehabilitative training after learning to use the system and when they returned to the lab for

their first follow-up evaluation after approximately one year of use at home. This summary

documents the long-term performance, safety, stability, and usage of the implanted standing

system and represents the largest study of such a system to date with a minimum follow-up

of one year of home use.

Methods

System components

A schematic and photos of the internal and external components of the neuroprosthesis are

shown in the Figure 1. Intramuscular (IM) electrodes were implanted bilaterally at the L1-

L2 spinal roots to activate erector spinae for trunk extension23. Epimysial (EP) electrodes
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were sutured near the motor points on the surfaces of bilateral vastus lateralis for knee

extension and gluteus maximus and semimembranosus for hip extension24, 25. These

electrodes were connected to a surgically implanted pulse generator (eight-channel

implantable receiver-stimulator, or IRS-8), which was sutured to the abdominal wall26. The

IRS-8 delivered constant current, charge balanced biphasic pulses with independently

controlled amplitude (2, 8, 14, 20 mA), pulse duration (0-200 μs), and frequency (1-50 Hz)

set on a channel-by-channel basis.

Implanted components were produced at Case Western Reserve University (Cleveland OH),

provided by NeuroControl Corporation (Cleveland OH), or obtained from Ardiem Medical

Inc. (Indiana PA), a contract manufacturer. These implanted components were identical to

those utilized by the Freehand System® (NeuroControl Corporation, Cleveland OH) for

hand grasp after tetraplegia27. Application to standing after paraplegia represents an off-

label use of the technology that was regulated by a separate investigational device

exemption from the US Food and Drug Administration (FDA) for this purpose. All study

procedures were approved by the institutional review boards of the collaborating centers:

Louis Stokes Cleveland Department of Veterans Affairs Medical Center (Cleveland OH),

MetroHealth Medical Center (Cleveland OH), Veterans Affairs Ann Arbor Healthcare

System (Ann Arbor MI), University of Michigan (Ann Arbor MI), University of Kentucky

Medical Center (Lexington KY), and Albany Medical Center (Albany NY).

Patterns of stimulation to produce lower extremity exercise and standing were programmed

into an external control unit (ECU) that delivered both power and commands to the IRS-8

through an inductive link with an external coil taped to the skin28. Neuroprosthesis users

could scroll between pre-programmed stimulation patterns using the buttons on the ECU

enclosure. The stimulation programs included strengthening (30 Hz) and endurance building

(16 Hz) exercises along with a pattern for standing. When a user wanted to stand with the

neuroprosthesis, he or she first prepared by donning ankle foot orthoses (AFOs) to brace the

ankles, as stimulation was not delivered to the muscles supporting those joints. Once the coil

was in place, the user would scroll to the “stand” pattern in the ECU. After hitting “go”, the

user would hold onto a walker and position his or her body in preparation for the sit-to-stand

transition. After a 3 second delay, the ECU would give an audio cue (beep) to signal the start

of the ramp of increasing stimulation and the user would push up with his or her arms to

assist the body to move into the standing position. Another beep would sound when the

stimulation achieved the pre-programmed level for standing. When the user was ready to

return to sitting, the same procedure was followed with stimulation ramping down to zero.

Subject pool

Inclusion criteria for the study are summarized in Table 1. Study participants received the

implanted standing neuroprosthesis between 1996 and 2007 in studies supported by the US

Department of Veterans Affairs and the Office of Orphan Product Development of the US

FDA. In a conservative effort to protect the implanted components and allow encapsulation

tissue time to form, subjects were instructed during a six-week post-operative recovery

period not to engage in strenuous activities, to limit themselves to four transfers per day, and
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not to bend more than 90 degrees forward in their chairs for personal care or to retrieve

items from the floor.

Before initiating both the exercise and standing training phases of the protocol, a “profile” of

each electrode was performed which consisted of determining the threshold (minimum pulse

width that caused a visible muscle contraction) and saturation (pulse width above which

muscle strength did not increase or an undesirable movement or sensation occurred) for each

muscle. These values were used as the low and high point of the stimulation ramps in the

exercise or standing patterns. Sometimes a pulsewidth value different than the profiled

saturation value was used during standing to make sure that the responses from the multiple

muscle groups were balanced and did not cause any undesired reflexes.

After the recovery period, neuroprosthesis recipients underwent a standardized eight-week

reconditioning program of lower extremity strength- and endurance-building exercise with

the implanted stimulation system29. Strength training consisted of three sets of 10 repetitions

of progressive resistance knee extension while sitting. Individual contractions within each

set were held for 11 seconds separated by 16 seconds of rest, and additional rest periods of

five minutes between consecutive sets. Resistance provided by adjustable ankle weights was

increased every two weeks to the maximum load that could be applied and still complete all

30 repetitions. Endurance training was performed in the supine position and consisted of

contractions of all the muscles used for standing. According to subject tolerance the duty

cycle of stimulation and the total exercise time were increased every two weeks to a

maximum of 26 seconds ON, 10 seconds OFF, and 120 minutes, respectively. Subjects were

instructed to perform strength and endurance exercises on at least six days per week to

prepare the paralyzed muscles for standing.

After the eight weeks of reconditioning exercise, subjects began rehabilitation and balance/

transfer training to learn to safely operate the system and stand with the neuroprosthesis

during specialized research physical therapy sessions multiple times per week. Therapy

sessions began with standing in a standing frame with stimulation to ensure that muscle

contractions were strong enough support body weight, and to build tolerance to the upright

position in order to avoid orthostatic hypotension, and progressed to assisted standing in

parallel bars and finally to independent standing in a rolling walker. Subjects were instructed

on how to recognize the signs of fatigue and monitor their own standing times for safety and

to minimize the risk of falls. This training also included safe operation of the ECU,

understanding the audio cues, proper sit-to-stand and stand-to-sit maneuvers, balanced quiet

standing, and pivot transfers utilizing stimulation. Strength and endurance exercise was

continued throughout the rehabilitation and training period.

Rehabilitation and standing balance/transfer training was nominally 12 weeks, but was

individualized for each subject according to their progress and personal circumstances such

as travel, work schedule, etc. After achieving safe and independent standing using a walker

as a support device, as well as independent sit-to-stand and stand-to-sit transitions, subjects

were discharged from rehabilitative training to have unrestricted home use of the system. To

maintain muscle strength and endurance, a home exercise program that was similar in the

number of repetitions and duty cycle timing to the last phase of the reconditioning program
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was also provided. A series of data collection assessments, described below, were completed

at discharge and at follow-up assessment of their status approximately one year later.

The primary study team in Cleveland OH assembled, equipped, and trained collaborating

teams in Lexington KY, Albany NY, and Ann Arbor MI to recruit, implant, and rehabilitate

subjects at their own facilities. All sites succeeded in implementing the enrollment, exercise,

standing/transfer training, and assessment of basic system performance. One implant surgery

was performed outside of Cleveland (Ann Arbor MI), and due to availability of certain

specialized laboratory equipment (force plates, dynamometers, instrumented parallel bars,

etc.), some centers were not able to perform certain outcome assessments.

Dynamometry

Knee extensor strength and fatigue resistance were measured using a Biodex Pro System 3

dynamometer (Shirley NY) at both the discharge and follow-up intervals. While sitting

erect, the neuroprosthesis extended the subject's knee from approximately 90 degrees of

flexion to full extension. The stimulus pulse duration and the current amplitude were the

same as used for typical standing and exercise. Twelve repetitions per leg were performed

for the strength testing at a dynamometer speed of 30 deg/s, stimulation frequency of 30 Hz,

and duty cycle of 3 s on and 15 s off. The peaks of each of the twelve trials were averaged to

calculate the knee strength for each subject. To determine the resistance to fatigue, 40

minutes of cyclic knee extension contractions were performed with a dynamometer speed of

60 deg/s, stimulation frequency of 16 Hz, and duty cycle of 1 s on and 3 s off. The knee

fatigue index was defined as the ratio of the average of the peaks of the last 3 repetitions to

the average of the peaks of the first 3 repetitions.

Neuroprosthesis Usage

The ECU recorded the time, date, and duration each standing and exercise pattern were

used, which allowed tracking neuroprosthesis usage across time. Subjects were aware that

usage was continuously being recorded, but they did not know the time intervals that would

be examined. The number of different days the system was used, as well as the total number

of hours of usage, was calculated for the 28 day period following discharge to home use

with the neuroprosthesis and for the 28 days preceding the follow-up visit. To understand

how subjects choose to utilize the neuroprosthesis at home, the number of hours standing

and the number of hours exercising were summarized and examined separately.

Maximum Standing Time

As part of both the discharge and follow-up evaluations, subjects stood for as long as they

could using the implanted neuroprosthesis to contract knee, hip, and trunk extensors and

using the upper extremities only as needed for balance. The maximum standing times were

recorded, as were the reasons for ending the test and sitting, such as loss of sufficient knee

extension with fatigue, hip extension weakness with fatigue that caused the pelvis and torso

to lean forward and exert too much pressure on the arms, or simply the subjective request for

a break. The maximum stand test was usually terminated by the subject, as a key part of the

training was self-identifying signs of fatigue and the need to sit. The test would only be

terminated by the research physical therapist if necessary for subject safety.
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Body Weight Distribution

At both the discharge and follow-up intervals, subjects stood on forceplates (Advanced

Mechanical Technology, Inc., Watertown MA) with support and balance provided as needed

by holding parallel bars instrumented with 3-D load cells (JR3, Inc., Woodland CA). The

amount of body weight supported by both the lower and upper extremities was calculated

over approximately 30 s of quiet standing. The percentage of body weight supported by the

lower extremities was calculated by dividing the weight on the force plates by the sum of the

weight on the force plates and the parallel bars.

Electrode Stability

The procedure for profiling and characterizing the contractile properties of each muscle-

electrode combination utilized to construct the stimulation patterns for exercise and

functional standing was repeated for each electrode in each subject at both the discharge and

follow-up intervals. The smallest stimulus pulse duration capable of eliciting a contraction

(i.e., the stimulus “threshold”) was determined. Consistency in this “threshold” pulse

duration over time was used as an indicator of electrode stability.

Component Survivability

The integrity and functionality of the implanted devices were recorded over time. Failure

dates and frequencies were used to summarize and predict the probability of component

survival.

Results

Subject pool

Characteristics of the study cohort are listed in Table 2 below. A total of 15 subjects

received the implanted standing system and completed the discharge and follow-up

assessments. Most of the study cohort (14 subjects) exhibited injuries between C6 and T9:

nine were motor and sensory complete (American Spinal Injury Association (ASIA) A), four

were motor complete and sensory incomplete (ASIA B), and one was motor and sensory

incomplete (ASIA C). The one remaining subject had a mid-cervical complete (C5, ASIA

A) injury. The implant recipients were predominantly male (14) and averaged 175.73 ± 8.56

cm in height (160 – 188 cm) and 77.47 ± 16.67 kg in weight (49.9 – 113.4 kg). Time post-

injury at implantation ranged from 13 – 202 months (72.60 ± 71.87 months).

The follow-up assessment ranged from 6 – 56 months post discharge (mean = 15.87 ± 11.69

months, median = 14 months). Removing the one subject with the delayed follow-up visit of

56 months, the range was 6 – 19 months (mean = 13.00 ± 3.78 months, median = 13.5

months). The subjects were 16 – 65 months post implant at the follow-up visit (mean =

28.93 ± 12.46 months, median = 26 months). Without the one subject with the delayed

follow-up visit of 56 months, the range was 16 – 41 months (mean = 26.36 ± 7.75 months,

median = 24.5 months).

All assessments were not completed for all subjects. Some assessments were added after the

three initial subjects had already completed the terms of participation in the original study
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protocol. Some assessments were not collected at some collaborating centers, which affected

data for three to five subjects. Some assessments were inappropriate for individuals with

upper extremity weakness and therefore could not be performed on the one subject with a

higher level (C5) injury.

Dynamometry

At both the discharge and follow-up intervals, strength data were collected from eight

subjects and fatigue data from seven subjects. Mean times from discharge to follow-up were

19.13 ± 15.07 months and 19.86 ± 16.12 months for strength and fatigue data, respectively.

Strength and endurance established during reconditioning exercise with the implanted

system were largely maintained during the follow-up period as illustrated in Figure 2. The

mean isokinetic knee extension strength was 35.18 ± 13.75 Nm at discharge and did not

significantly change at follow-up to a value of 31.75 ± 11.68 Nm (p = 0.39, Figure 2a). The

knee fatigue index was 0.69 ± 0.20 at discharge and showed no significant change at follow-

up with a value of 0.63 ± 0.18 (p = 0.25, Figure 2b).

Neuroprosthesis Usage

Usage data were collected from 12 subjects at the two study intervals. Patterns of use

changed over the 17.33 ± 12.64 months post-discharge, but total amount of time using the

system remained consistent over time. System recipients spent more total time exercising

than standing. Recipients used the neuroprosthesis on 12.75 days of the 28 day data

monitoring period following discharge for a total time of 12.03 hours, comprised of 0.66

hours standing and 11.37 hours exercising (Table 3). Preceding follow-up examination, the

same subjects used the neuroprosthesis for essentially the same amount of time: 12.67 out of

28 days for 11.37 hours. Although the total time using the neuroprosthesis remained nearly

constant, the proportion of time standing increased and the proportion of time exercising

decreased, reflected by 2.25 hours standing and 9.12 hours exercising (Table 4).

Maximum Standing Time

On average, as shown in Figure 3, the maximum standing times for 11 subjects decreased

over the 17.18 ± 13.25 months between the discharge and follow-up evaluation intervals

from 27.4 ± 38.6 minutes to 15.6 ± 21.8 minutes, but the change was not statistically

significant (p = 0.12). Because mean standing times could have been skewed by the three

high performing subjects who were able to stand for more than 30 minutes, median values

were also computed at discharge and follow-up. The median values showed the same trend

as the mean data, decreasing from 4.33 minutes at discharge to 3.33 minutes at follow-up.

Six subjects were able to stand between one and five minutes, which still allowed sufficient

time to perform a standing-pivot transfer, the primary task for which this system was

originally designed. Standing time increased (> 120%) between the discharge and follow-up

intervals for three subjects, remained the same (80-120%) for two subjects, and decreased (<

80%) for six subjects.
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Body Weight Distribution

The percentage of total body weight supported by the lower extremities for each subject is

shown for the discharge and follow-up evaluation intervals in Figure 4. Seven subjects had

body weight distribution measurements at follow-up (15 ± 2 months post discharge),

however only three had paired measurements at discharge. The portion of body weight

supported by the lower extremities decreased between the discharge and follow-up

evaluation intervals from 90.0 ± 13.1% to 76.7 ± 22.2%, but the change was not statistically

significant (p = 0.16). Body weight was sufficiently supported by the lower extremities for

all subjects to be able to release one hand from their support device to reach above shoulder

height and manipulate objects in the environment.

Electrode Stability

Electrodes from all 15 subjects were examined for stability. For the 74 epimysial and 35

intramuscular electrodes implanted, the percentages of electrodes that exhibited changes in

threshold pulse duration of less than 10 μs, 10-50 μs, and greater than 50 μs were tabulated

for the 28.93 ± 12.46 month period between the discharge and follow-up evaluations. As

shown in Figure 5, the majority (approximately 90%) of electrodes of both types were stable

over time because they had small threshold changes (<10 μs, representing less than 5% of

the available pulse width range) between the two intervals studied. The one epimysial

electrode that exhibited a threshold change of over 50 μs was likely in the early stages of

failing due to mechanical stresses that may have separated the platinum stimulating disk

from its surrounding silicone elastomer skirt and leadwire17.

Component Survivability

Table 5 summarizes the survival of the implanted components in all 15 subjects over the

28.93 ± 12.46 month follow-up period and tabulates the number of IRS-8s, IM electrodes,

and EP electrodes implanted, the number still operational at each subject's discharge

evaluation, and the number still operational at each subject's follow-up evaluation. In

general, the implanted components exhibited a high rate of survival from implantation to

discharge (93.8%, 97.2%, and 95.1% for IRS-8s, IMs, and EPs, respectively). Survival rates

between discharge and follow-up intervals were relatively constant indicating that the

devices had stabilized sufficiently to endure unsupervised home and community use and

may have been maximally stressed during the rigorous exercise and rehabilitation program.

Overall survival rates calculated by comparing initial quantities with those still functioning

at follow-up were in excess of 90% for all components.

In addition to considering longevity with respect to study intervals, the probability of

survival was calculated with respect to calendar months from the date of implantation using

the Kaplan-Meier method, as illustrated in Figure 6. Exponential fits indicate the statistical

probability of a device remaining operational as a function of time. According to estimates

based on the relatively small sample size available for analysis, the probability of device

survival at 30 months post-surgery is 93.0% for IRS-8s, 97.1% for IM electrodes, and 90.4%

for EP electrodes. Additional follow-up studies of these devices would allow extending

these plots for a longer timespan.
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Discussion

Maximum standing time, body weight support, knee strength, and knee fatigue index all

showed no significant change from discharge to follow-up. This indicated that subjects

utilized the neuroprosthesis sufficiently at home to maintain performance levels achieved

during the intensive rehabilitative training period that preceded discharge.

The subject with the C5 injury (Subject 7) was a special case and IRB approval was

obtained for this exception. He received the standing system to relieve his caregiver of the

heavy lifting involved with a maximum assist standing-pivot transfer. The system provided

the “lifting” from sitting to standing and the caregiver only had to reposition his body to

complete the pivot portion of the transfer. This subject could only use the system for

exercise and assisted transfers and not independent standing.

Even though the median maximum standing time decreased from 4.33 minutes at discharge

to 3.33 minutes at follow-up, the system still provided ample time for all subjects to perform

a standing pivot transfer, which was the primary objective of the study. Since Subject 7 had

limited upper extremity function due to his C5 injury, he needed an assistant to accomplish

the task. All of the other 14 subjects, even those with the shortest maximum standing time,

were independent with the standing pivot transfer using a walker for stability and balance.

A possible explanation for the decreasing trend in maximum standing time between the

studied intervals is that the subjects were not as focused on isolated long duration stands on

their own as they may have been during training. Many subjects anecdotally reported using

the neuroprosthesis at home for shorter duration, more frequent standing to assist with

activities of daily living. A specific example can be seen for subject 14, who had a

noticeable decrease in maximum standing time at follow-up of 1.78 minutes from 48.25

minutes at discharge even though his time spent using the neuroprosthesis for standing at

home actually increased from 0.75 hours at discharge to 2.16 hours at follow-up. It is

reasonable to hypothesize that he valued using the neuroprosthesis for short duration stands

and was simply no longer focused on maximum standing time without frequent visits to the

laboratory and research staff encouragement to do so.

Additional examination of the total hours of neuroprosthesis usage between discharge and

follow-up shows that usage increased (> 120%) for six subjects, remained the same

(80-120%) for two subjects, and decreased (< 80%) for three subjects. During the same

interval, maximum standing time increased (> 120%) for three subjects, remained the same

(80-120%) for two subjects, and decreased (< 80%) for six subjects, demonstrating that there

was not a direct correlation between usage and maximum standing time.

The level of neuroprosthesis usage was maintained from discharge to follow-up with

subjects choosing to use the system on approximately half of the days during each

monitoring period. Although the number of hours using the neuroprosthesis remained

constant, subjects shifted their usage to more functional standing versus more maintenance

exercise, which could be interpreted to mean that the subjects incorporated the

neuroprosthesis into their lives.
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The minimal change in electrode thresholds between the study intervals indicates that the

components remained in good working order, did not move away from the nerves they were

activating and did not develop scar tissue or other obstacles to exciting their target muscles.

All components of the system exhibited low failure rates, although additional follow-up

studies would strengthen this assertion. The modular design of the implanted components

has allowed for successful replacement of failed IRS-8s and both intramuscular and

epimysial electrodes. The selection of a particular electrode configuration would therefore

depend on many other factors including implant ease, access to the motor point, and

anatomical configuration of the muscle/nerve. The slightly higher failure rate of the

epimysial electrode, as compared with the intramuscular electrode, especially coupled with

the facts that both electrodes were similarly stable and that the surgical implantation of the

epimysial is more invasive and lengthy, may suggest that future surgical implementation of

such neuroprostheses favor use of the intramuscular design.

Study Limitations

One limitation of this study is the incomplete data set from all 15 volunteers. Due to

availability of certain specialized laboratory equipment (force plates, dynamometers,

instrumented parallel bars, etc.), certain satellite centers were not able to perform all of the

outcome assessments that could be performed in Cleveland. Additionally, some assessments

were added after the three initial subjects had already completed the terms of participation in

the original study protocol, and some were inappropriate for individuals with upper

extremity weakness and therefore could not be performed on the one subject with a higher

level (C5) injury. This led to a different number of subjects with paired discharge and

follow-up data for each of the different assessments, but with the exception of body weight

distribution data, all other assessments had complete data sets for at least seven subjects.

Electrode stability and component survivability data were available for all 15 subjects,

allowing us to report on the largest cohort of implanted neuroprosthetic systems for exercise

and standing to date.

Future studies should continue to investigate how neuroprosthesis users choose to utilize

their systems at longer follow-up intervals of three to five years as statistical confidence

would improve with additional subjects and complete data sets. However, this longitudinal

study demonstrates that the implanted components are robust and function is maintained

after at least one year of home use with the system. An implanted standing neuroprosthesis

is a viable clinical addition to traditional means of mobility and provides a way to activate

paralyzed muscles for exercise and functional tasks to increase independence for persons

with SCI.

Conclusion

Implanted neuroprostheses for standing after SCI can be reliable and measures of technical

and clinical performance of the systems are consistent over time. Maximum standing time,

body weight support, knee strength, and knee fatigue index all demonstrated no significant

change from discharge to follow-up (p > 0.05); the technical performance of the

neuroprosthesis was constant over the study interval of approximately one year post
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discharge to home use with the system. Safety and reliability of the system were

demonstrated by electrode stability and a high component survivability rate (>90%) for this

group of 15 subjects, which is the largest cohort of implanted lower extremity

neurorprosthetic exercise and standing systems.

Patterns of system usage changed over time, but neuroprothesis recipients continued regular

use of the devices. The level of neuroprosthesis usage was maintained from discharge to

follow-up with subjects choosing to use the system on approximately half of the days

surveyed during each monitoring period. Although the number of hours using the

neuroprosthesis remained constant (> 12 hours over the 28 day monitoring period), subjects

shifted their usage to more short duration functional standing versus more prolonged

endurance building and strength maintenance exercise, which could be interpreted to mean

that the subjects incorporated the neuroprosthesis into their lives and daily routines.

The long-term technical and clinical performance of the systems, and the apparent

acceptance of the neuroprosthesis as demonstrated by its continued usage, indicate that

future efforts towards commercialization or wider spread distribution of a similar device

would be justified.
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Abbreviations

ASIA American Spinal Injury Association

AFO ankle foot orthosis

IRS-8 eight-channel implantable receiver-stimulator

EP epimysial

ECU external control unit

FDA Food and Drug Administration

FES functional electrical stimulation

IM intramuscular

SCI spinal cord injury

US United States
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Figure 1.
A schematic of the standing neuroprosthesis with photos of both the internal and external

components.
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Figure 2.
The levels of knee extension strength (a) and fatigue resistance (b) that were established

from the reconditioning exercise program and standing training with the neuroprosthesis

were maintained at the follow-up visit.
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Figure 3.
Maximum standing times remained relatively constant or decreased slightly when

comparing the follow-up value to that at discharge.
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Figure 4.
Body weight distribution data was collected for seven subjects at follow-up, but only three

subjects had paired data at discharge. A trend of decreased body weight supported by the

lower extremities was seen, but was not statistically significant from the discharge values.
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Figure 5.
The majority of both epimysial and intramuscular electrodes were stable over time as

supported by small threshold changes (<10 μs) between the two intervals studied.
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Figure 6.
Kaplan-Meyer estimates of probability of device survival. At 30 months post surgery

probability of survival was 93.0% for IRS-8s, 97.1% for IM electrodes, and 90.4% for EP

electrodes.
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Table 1

Inclusion criteria for subjects to receive the standing neuroprosthesis.

1 C6 – T12 SCI (ASIA* A, B, or C)

2 Intact lower motor neurons

3 Skeletal maturity (age > 18 years)

4 Neurological and emotional stability (> 12 months post injury)

5 Normal range of motion, joint integrity, and acetabular coverage

6 No history of spontaneous fractures

7 No orthopedic or medical conditions contraindicating electrical stimulation or surgery (pacemakers, diabetes, colostomy,
pregnancy, etc.)

8 Good skin integrity and controlled spasticity

9 No seizure disorders or immunological compromises

10 Adequate social support and ability to complete follow-up evaluations and travel

*
American Spinal Injury Association (ASIA)
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Table 3

Neuroprosthesis usage for 12 subjects recorded by the ECU over a 28 day period following discharge to home

use of the system.

Neuroprosthesis Usage at Discharge

Subject Total Days Total Hours Hours Standing Hours Exercising

4 10 1.48 1.32 0.17

5 21 60.05 0.00 60.05

6 17 7.16 1.56 5.60

7 27 6.55 0.30 6.24

8 1 0.10 0.04 0.06

9 6 2.48 0.23 2.25

10 17 10.82 1.07 9.74

11 4 0.31 0.31 0.00

12 13 9.68 2.25 7.44

13 3 0.79 0.14 0.65

14 24 34.43 0.75 33.68

15 10 10.55 0.00 10.55

Mean ± SD 12.75 ± 8.55 12.03 ± 17.78 0.66 ± 0.73 11.37 ± 17.90
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Table 4

Neuroprosthesis usage for 12 subjects recorded by the ECU over a 28 day period prior to the one year follow-

up assessment.

Neuroprosthesis Usage at Follow-Up

Subject Total Days Total Hours Hours Standing Hours Exercising

4 22 7.12 2.84 4.27

5 26 48.58 18.50 30.08

6 11 10.74 0.13 10.61

7 12 0.06 0.06 0.00

8 3 1.56 0.03 1.54

9 0 0.00 0.00 0.00

10 6 0.71 0.71 0.00

11 9 2.06 0.66 1.40

12 9 4.72 0.89 3.82

13 9 8.58 0.43 8.14

14 26 28.73 2.16 26.57

15 19 23.56 0.61 22.95

Mean ± SD 12.67 ± 8.66 11.37 ± 14.95 2.25 ± 5.19 9.12 ± 11.10
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Table 5

Number and percentage of devices operational at discharge and follow-up.

SURVIVABILITY

Number of devices IRS-8s IMs EPs

At implant 16 36 82

Still operational at discharge 15 (93.8 %) 35 (97.2%) 78 (95.1%)

Still operational at follow-up 15 (93.8 %) 35 (97.2%) 74 (90.2%)

*
IRS-8 = eight-channel implanted receiver-stimulator, IM = intramuscular electrode, EP = epimysial electrode
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