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Preface

For a long time, the field of prosthetics has focused mostly on improving control al-
gorithms. Aspects of feedback in prosthetics have been discussed, however, no single
method has yet emerged as optimal solution. Emerging technologies allow for near-
natural ways to provide feedback, such as by electrical neurostimulation. Although
first promising results have been obtained, thorough examination and quantification
of presumed improvements are lacking. Furthermore, there is limited availability of
literature on safety regulations and guidelines required for chronic electrical neu-
rostimulation.

In this thesis, two issues in direct stimulation of peripheral nerves are discussed:
1. the effect of feedback by electrical stimulation of peripheral nerves on internal
model strength, and
2. the safety of long-term electrical peripheral nerve stimulation.
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1

Assessment of Internal Model

Strength based on augmented
feedback

Abstract

Augmented feedback by electrical stimulation of peripheral nerves and the method
of pulse modulation have not yet been evaluated in a quantifiable manner. A simple
test paradigm may allow for quantification of internal model strength and thus of
efficiency of feedback modes.

A test paradigm developed to examine quality of feedback in a rehabilitation was
expanded to EMG control. Each experimental session consisted of an adaptation
rate test and a just-noticeable difference test. Two experiments were conducted.
In experiment A, eight able-bodied subjects completed the experiment in order to
show viability of the test with EMG control, to provide knowledge about number of
trials and reversals required for the two tests and to provide a frame of reference for
ranges in outcome measures. In experiment B one amputee subject completed five
feedback conditions were completed, namely: visual, sensory by amplitude modu-
lated pulses, sensory by width modulated pulses, augmented (visual and sensory by
amplitude modulated pulses), augmented (visual and sensory by width modulated
pulses).

In experiment A both outcome measures (adaptation rate and just-noticeable differ-
ence) showed clear convergence until trial 40 and reversal 22, thus showing viability
of EMG control. A frame of reference was established. In the case-study in experi-
ment B, adaption rates showed no clear trend. Just-noticeable differences, however,
showed improved scores for augmented feedback with sensory feedback by amplitude
modulated pulses.

Despite some flaws in experiment design, promising results were obtained. Analyz-
ing the two tests, adaptation rate as it is currently calculated may not be a good
indicator of internal model strength. If low error magnitude was reached early on,
the adaptation rate did not depict this. Just-noticeable differences for able-bodied
subjects as well as the amputee subject seemed to provide a better estimation of
how well the task was learned. To provide a better insight, several parameters of
the experiment must be improved. This includes using a more adequate sampling
rate for EMG and a reduction of trial numbers.



1. Assessment of Internal Model Strength based on augmented feedback

1.1 Introduction

Despite recent advances in the field of prosthetics, functionality of bionic limbs is
still far from being near-natural. A feature that could potentially increase prosthetic
function is augmented feedback. Sensory feedback by electrical stimulation of pe-
ripheral nerves is intuitive for the user and reduces the need for additional cognitive
efforts. Augmented feedback in prostheses has been proven to enhance performance
in grasping tasks under uncertainty [1], but the effect was observed to be limited
once a task has been learned [2]. A possible reason for these ambiguous outcomes is
explained by the concept of the internal model used to describe processes of motor
learning [3].

The principle of internal models originates in control theory and was first introduced
by Francis and Wonham in 1976 [4]. The theory was later extended to motor control
and motor learning [5]. The internal model is hypothesized to be an inverse model
of the system dynamics that serves to improve motor control [6]. Motor learning,
and therefore also quality of the internal model, is based on three classes of control
[3]:

1. predictive (feedforward) control;

2. reactive (feedback) control; and

3. biomechanical control.
Feedback is thought to play a major role in the formation, maintenance, and adap-
tation of one’s internal model [7]. Therefore, augmented feedback should improve
the internal model strength and thus also the long-term motor performance of a
prosthetic user [8].

For able-bodied subjects, the internal model can schematically be visualized as seen
in Figure (1.1.1). A motor command from the central nervous system (CNS) is,
with the help of parameters estimated with the internal model, transferred through-
out the peripheral nervous system (PNS) to muscle activity, and thus results in an
alteration in limb position. A feedforward command is sent and updated offline
after the completion of the intended movement, by the feedback controller (predic-
tive control, see Figure 1.1.1). Further, feedback is used in the online correction of
a movement (reactive control, see Figure 1.1.1). Biomechanical control, including
aspects such as limb stiffness and impedance control, is an important component
of motor control in able-bodied subjects, and serves to counteract effects of noise [9].

In able-bodied subjects, an internal direct mapping between input (i.e. the motor
command) and output (i.e. limb position) exists. However, for amputee subjects
controlling a prosthesis, an additional component is added to the schematic: the
prosthesis control algorithm (see Figure 1.1.2). Due to this additional component,
it is difficult to quantify internal model strength with the help of reaching or grasping
tasks, as often used in able-bodied subjects. Therefore, an isolation of the internal
model component is desirable to quantify any changes in the internal model in am-
putees. Artificial biomechanical control has, up to date, not been implemented in
prostheses. As indicated in Figure (1.1.2), visual and tactile feedback were consid-
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1. Assessment of Internal Model Strength based on augmented feedback

ered, and proprioceptive feedback was neglected. This restriction is due to the fact
that proprioceptive feedback has only recently been implemented for amputees [10].

Motor
Command

) Feedforward Limb

Controller Position

(a) (b)

Feedback
Controller

Visual | Sensory

Figure 1.1.1: Schematic view of the motor learning process for able-bodied sub-
jects. A motor command from the central nervous system (CNS), is, with the help of
parameters estimated the internal model, transferred through the peripheral nervous
system (PNS) to muscle activity and thus results in an alteration in limb position. A
feedforward command is sent and updated offline (a) after the completion of the in-
tended movement, by the feedback controller (predictive control). Further, feedback
is used in online correction (b) of a movement (reactive control).

In rehabilitation and disabled subjects, knowledge of mechanisms of sensorimotor
learning is required to improve the quality and duration of (re)learning motor skills.
Radhakrishnan et al. [11] investigated learning of various EMG controlled interfaces.
They showed that learning of intuitive as well as non-intuitive control interfaces was
possible and concluded that the motor system could adapt any transformation by
learning the inverse model of a control interface. In their study, task performance
was impaired by introducing noise into the feedback, however, learning still occurred.
Koérding and Wolpert [12] described the use of Bayesian integration in sensorimotor
learning, by showing that feedback uncertainty and distribution of a perturbation
were included in the internal representation of a task. Therefore, learning control of
an EMG controlled interface can be both hindered or assisted by varying feedback
conditions.
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Figure 1.1.2: Schematic view of the motor learning process for amputee subjects.
A motor command from the central nervous system (CNS), is, with the help of
parameters estimated the internal model, transferred through the peripheral nervous
system (PNS) to muscle activity. These signals are recorded with electrodes and fed
into the prosthesis control algorithm which then controls prosthetic limb position.
A feedforward command is sent and updated offline (a) after the completion of
the intended movement, by the feedback controller (predictive control). Further,
feedback is used in online correction (b) of a movement (reactive control).

Previous studies on the topic of internal model strength or performance level based
on augmented feedback reached ambiguous conclusions about the effect and neces-
sity of this feedback after an initial training period [1, 2, 7, 13, 14]. Schiefer et
al. deemed augmented feedback to be helpful in the learning process but redundant
after a task had been learned. Whereas Saunders and Vijayakumar argued that aug-
mented feedback improved performance in the presence of uncertainty. Dosen et al.
found a learning effect similar to that described in [1] to fade after some time. These
outcomes can be explained by taking into account results from previous studies, that
found regularly performed movements are performed relying mostly on the feedfor-
ward component of the internal model and feedback becomes somewhat redundant
[13, 14]. Dosen et al. 7] showed that this effect of redundant feedback faded after a
number of trials. Therefore, there was a necessity of augmented feedback to improve
performance permanently when using an EMG control interface.

Resulting from the problematic evaluation of functional improvement based on feed-
back, objectively measuring differences between sensory feedback modalities is a
challenging task. Encoding of electrical stimuli has proven to be difficult in the past
[15-19]. The exact mechanisms for encoding location, quality and size of a sensation
are mostly speculated upon. Therefore, the decoded stimulus sensation is often at-
tributed to a feeling of paresthesia rather than ‘natural’ touch. Originally, only one
parameter in the stimulation pulses was modulated, e.g. frequency, amplitude, and

6
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width were changed one at a time (e.g. [20, 21]). More recently, Tan et al. developed
a stimulation pulsing pattern, changing the stimulation pulse width within a 1Hz
sinusoidal envelope and reported a ‘natural’ percept in two subjects. The method of
pulse modulation most intuitive remains unknown at this point. Examining internal
model strength with different modes of feedback could improve knowledge on this
subject.

A test paradigm has been developed by Blustein and Sensinger [22], to examine
the effect of feedback in a rehabilitation. The task consisted of a time-constrained
reaching movement with a computer mouse while different modes of feedback (visual,
audio, vibratory, combined) were provided. The outcome measures of this task allow
for a quantification of internal model strength. To be used with amputees, this task
must be expanded to EMG control and an intuitive mode of feedback. In summary,
the aim of this work was threefold:
1. to expand Blustein and Sensinger’s task to EMG control and augmented feed-
back by electrical stimulation of peripheral nerves;
2. to quantify the value of feedback by electrical stimulation of peripheral nerves,
and
3. toidentify which method of modulation of such electrical stimulation is optimal
for the prosthetic user.

1.2 Methods

A task developed to examine rehabilitation outcome based on feedback developed by
Blustein and Sensinger [22], was extended to EMG control and feedback by electrical
stimulation of peripheral nerves. The effect of augmented and limited feedback as
well as the method of pulse modulation on performance in this task was examined.

1.2.1 Task Description

The test consisted of a time-constrained, movement task as suggested by Blustein
and Sensinger [22]. The task objective was to move a cursor from the left to the
right side of the screen within a defined period of time (0.28 s < t < 1.16 s, adapted
from [22]). If the task was not completed within this interval, the trial was classified
as unsuccessful and repeated until the requisites were met. The optimal movement
timing was indicated by a second cursor located on the right side of the screen,
moving vertically towards the same target area. This optimal movement cursor
started moving 400 ms before the beginning of each trial. Trial start was indicated
by the optimal movement cursor crossing a starting line. The experimental setup
and a screenshot of the completed task can be seen in Figures 1.2.1 and 1.2.2,
respectively.

1.2.2 Equipment

The artificial limb controller (ALC) [23], used to acquire EMG and perform neu-
rostimulation, was connected via serial USB to a PC. All tasks were programmed in

7
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Serial USB

4 p I

Monitor |

ALC (EMG)
PC

(a) Experiment setup for able-bodied subjects. One EMG-channel (surface elec-
trodes) recorded with the artificial limb controller (ALC) is used for control, visual
feedback is provided via the monitor.

Serial USB I\
r N ||
| Monitor |

I ALC (EMG) I

| ALC (NS)
.

PC

(b) Experiment setup for amputee subject. One EMG channel (implanted elec-
trodes) recorded with the artificial limb controller (ALC) is used for control. Feed-
back is provided visually (monitor) and via electrical peripheral nerve stimulation
(NS) via the artificial limb controller (ALC).

Figure 1.2.1: Experiment setup.
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Start to move

B <4 ideal movement

Ve 1 N

starting position target

cursor

Figure 1.2.2: Screenshot of task. Arrows indicate starting position, cursor that is
controlled by the subject, target, and ideal movement progression.

MATLAB (Ver. 2016b, The Mathworks, Inc. Natick, MA, USA). The task screen
was displayed on a 27-inch computer monitor placed approximately 80 cm from the
subject.

1.2.3 Control

The cursor in this task (see Figure 1.2.2) was controlled by a one channel EMG
signal. The movement performed by subjects was ‘open hand. The EMG signal
was sampled at 250 Hz. Additional to an anti-aliasing filter implemented on the
ALC (see [23]), a 50Hz notch filter and a 5Hz high pass filter were implemented in
Matlab. The mean absolute (MABS) value of EMG was calculated for windows of 40
ms without overlap. Minimum and maximum thresholds were chosen by obtaining
MABS values at rest and for maximum voluntary contraction. Proportional control
was implemented within these defined thresholds and used to move the cursor in one
direction. To test the adequacy of control thresholds, subjects were instructed to
rest and perform maximum voluntary contraction. The requirement was no cursor
movement for the first test and unsuccessful, ‘too fast’ trial for the latter (meaning
£<0.28s).

1.2.4 Feedback

Five different feedback conditions were tested, namely:
1. V - visual
2. VSA - visual and sensory (amplitude modulation)
3. SA - sensory (amplitude modulation)
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4. VSW - visual and sensory (width modulation)
5. SW - sensory (width modulation)

1.2.4.1 Visual Feedback

Visual feedback was given in the form of a moving cursor (see Figure 1.2.2). The
cursor position was updated at a rate of 25 Hz. If provided, visual feedback was
given in the first 300 ms and at the endpoint of the task. This prevented an online
correction of the movement; therefore, the provided feedback was only used to up-
date the feedforward controller of the internal model and effects were limited to this
component (see Figures 1.2.1a and 1.1.2).

1.2.4.2 Sensory Feedback by electrical stimulation of peripheral nerves

The amputee subject is implanted with a 3-contact self-sizing cuff nerve electrode
(similar to [24]). The technology used for neurostimulation was described by Mastinu
et al. [23]. One of these contacts was chosen for stimulation. Due to safety con-
cerns [25], the contact with the lowest perception threshold was used, regardless of
perceived location. Stimulation thresholds were determined at the beginning of the
experimental session. Depending on feedback modality, the modulated parameter
was increased proportionally to the cursor position with an update rate of 25 Hz.
One stimulating pulse was sent for each update, resulting in a stimulation frequency
of 25 Hz. Modulation of pulse width (SW) and pulse amplitude (SA) was used for
encoding of information. If provided, sensory feedback was continuous.

Determination of stimulation parameters Previous to the beginning of the
experiment the subject was asked about any phantom limb sensations. To deter-
mine the perception threshold for pulse amplitude and pulse width, the subject was
presented with a two alternative forced choice test [26]. From perception threshold,
each tested parameter was increased individually, first to 140 % of threshold, then
with a step size of 10ps and 10pA, respectively, until the intensity of sensation was
rated 7/10 by the subject or until the neurostimulator was saturated. The location
and size of sensation were recorded by the subject by drawing on a sketch of a hand
for minimum and maximum stimulation values, as well as an intermediate value.

1.2.4.3 Augmented Feedback

Augmented feedback consisted of a combination of the previously mentioned feed-
back modalities. Two augmented feedback conditions, namely ‘visual and sensory
feedback with width modulated pulses (VSW)’ and ‘visual and sensory feedback
with amplitude modulated pulses (VSA)’, were tested.

1.2.5 Familiarization

The initial familiarization phase consisted of oral instructions and a demonstration of
a recording of the ideal movement of the cursor. Subsequently, the subject was able
to familiarize themselves with the control and control parameters could be adapted

10
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if needed. A brief familiarization phase of 2x5 successful trials was completed before
each test block to familiarize the subject with the new feedback and test modality.
The familiarization time was limited to 5 minutes or whenever the subject felt ready
to advance to the test. After this initial phase, control and stimulation parameters
were not altered throughout the test.

All familiarization trials were recorded for evaluation.

1.2.6 Outcome Measures

As described by Blustein and Sensinger [22], adaptation rate and just noticeable
difference were used as outcome measures to quantify internal model strength.

1.2.6.1 Adaptation Rate

An adaptation rate test as suggested by [27] and [22] was performed. A number
of 70 successful trials was performed, an increase in trials compared to [22] was
deemed necessary to account for the increased complexity of EMG control versus
control of a computer mouse. A subject’s adaptation rate was then calculated with
the equation:

ErTor, 1 — error, = 1 - error, + Bo (1.2.1)

with error, equal to the error in seconds in trial n, error,,; equal to the error in
seconds in trial n + 1, and the absolute value of 5; equal to the adaptation rate.

1.2.7 Just-noticeable Difference

The just-noticeable difference for a specific task varies with different control and
feedback modalities (as shown in e.g. [8]). A pair of two trials was presented, one
of which was perturbed. The perturbation consisted of a displacement of the cursor
in the positive direction introduced at t = 300 ms. This point in time was chosen
over an initial displacement at t = 0 ms so that a displacement would not be clearly
visible in feedback modalities including visual feedback. After completion of both
trials, the subject was asked to indicate which trial they thought to be perturbed in
a two alternative forced choice paradigm by choosing a field in a pop-up box. The
magnitude of the perturbation was then updated with the equation:

c
Tpil = L, — —— |correct, — P 1.2.2
+1 y— 7l ] (1.2.2)

with x equal to the perturbation magnitude, ¢ equal to the initial step size, ngp;s
equal to the number of reversals and () equal to the target probability, as introduced
by Faes et al. [28]. ¢ was set to two times the standard deviation of the error in the
adaptation rate test and () was set to 0.84. The perturbation magnitude after 20
and 25 reversals, respectively, was used as just-noticeable difference.

11
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1.2.8 Experiment Layout

The experiment was conducted in test blocks, each of which consisted of Famil-
iarization, Adaptation Rate Test and Just-Noticeable Difference Test, in this order
(see Table 1.2.1). The feedback modality was changed for each block. Feedback
modalities as described before were: visual (V); sensory, pulse amplitude modula-
tion (SA); sensory, pulse width modulation (SW); augmented pulse amplitude mod-
ulation (VSA); augmented pulse width modulation (VSW). The order of these test
blocks was randomized, with ‘VSA’ and ‘SA’, and ‘VSW’ and ‘SW’ being grouped
together. Total time for each block was around 45 minutes, with breaks of at least 15
minutes between blocks. Therefore, for all feedback conditions, the total experiment
time added up to around 5 hours.

’ Test Block Layout ‘

Familiarization
Adaptation Rate
Just-noticeable Difference

Table 1.2.1: Test Block Layout.

1.2.9 Experiment A: Able-bodied Subjects

The purpose of experiment A was threefold:

1. to show the viability of the task with EMG control,

2. to provide knowledge about the number of trials and reversals required for AR

and JND test, respectively, and

3. to provide a frame of reference for ranges in outcome measures.
Eight right hand dominant, able-bodied subjects (4 male; Age: 25 + 2 years) were
recruited by convenience sample. All subjects were informed of the general purpose
before the experiment and provided written consent the experiment. Two subjects
had to be excluded from data analysis, due to administration errors. Data obtained
from the remaining six subjects (4 male; Age: 26 + 2 years) was used for analysis.

Common Ag/AgCl surface electrodes attached to the forearm of the subjects were
used for control. The electrodes were attached to the extensor muscles of the poste-
rior forearm, at around one-third of the forearm (measured from lateral epicondyle
of the humerus to styloid process of the radius). The subjects completed the adap-
tation rate and the just-noticeable difference tests for the visual feedback condition.
70 successful trials and 25 reversals were required to complete the AR and JND test,
respectively.

1.2.10 Experiment B: Case Study with one Amputee Sub-
ject

The purpose of experiment B was twofold:
1. to examine whether augmented feedback by electrical stimulation of peripheral
nerves is beneficial in the formation of an internal model, and

12



1. Assessment of Internal Model Strength based on augmented feedback

’ Block Number \ Feedback Condition ‘

1 Visual and sensory feedback (amplitude modulation)
Sensory feedback (amplitude modulation)

Visual and sensory feedback (width modulation)
Sensory feedback (width modulation)

Visual feedback

O =~ | W N

Table 1.2.2: Order of Feedback conditions presented to subject in experiment B.

2. to gain knowledge about the pulse modulation technique that is more beneficial
to the subject in achieving this.

One transhumeral amputee implanted with the osseointegrated human-machine gate-
way [24], consisting of epimysial electrodes for control and nerve cuff electrodes in
median and ulnar nerves for feedback. The subject uses his prosthesis and an em-
bedded system for acquisition of EMG and neurostimulation, or ALC [23], on an
everyday basis. At the time of the experiment, neurostimulation had only been
applied in a lab environment. The subject was informed of the general purpose and
provided written consent before the experiment. Ethical approval was given the
regional ethical committee.

An implanted epimysial electrode on a muscle reinnervated to respond to hand open-
ing was used to control the cursor.

The subject completed AR and JND tests for five feedback conditions, the order of
which is visualized in Table 1.2.2. The AR and JND tests were carried out until 70
successful trials and 20 reversals were reached, respectively. Stimulation Parameters
are reported according to the parameters suggested in [25].

1.3 Results

This study examined internal model strength based on a test suggested by Blustein
and Sensinger [22], with an EMG control interface. An adaptation rate test and a
just-noticeable difference test was performed by six able-bodied subjects with visual
feedback (Experiment A), and by one amputee subject with five different feedback
conditions (Experiment B).

1.3.1 Experiment A

1.3.1.1 Validation and Adaptation of Task Parameters

The evolution of errors in the AR test shows a steady decrease in mean and standard
deviation over trials 1 to 40, marginal changes in mean and standard deviation over
trials 40 to 60 (30ms +70ms), and an increase in both values is observed after trial
60 (see Figure 1.3.1).

13



1. Assessment of Internal Model Strength based on augmented feedback

Evolution of Errors over Block of Trials (Able-Bodied Subjects)

04

0.3

Error [s]
o
N

0.1

01 | | | | | |

Trial #

Figure 1.3.1: Evolution of error magnitude for able-bodied subjects over one block
of 70 trials. The shaded region shows the standard deviation of error value of all
subjects for each trial, the curve shows the mean error of all subjects for each trial
with a moving average filter (size = 5).

In JND testing, the difference between JND after the 25th reversal to the nth reversal
was compared and visualized (see Figure 1.3.1). Only marginal changes in mean and
standard deviation (0.24%+2.05%) are observed from reversal 22 onwards. Values
for mean and standard deviation are converging from reversal 5 onwards. Between
trial 15 and 22, some convergence is visible, although less prominent than between
reversals 5 and 15.

Evoluz%ign of Just-Noticeable Differences over Block of Trials (Able-Bodied Subjects)

o

o

N
o

S}
o

Difference compared to 25" reversal [%]
& . .
o
T

A
S

50 I | | | | | | | | | ]
2 4 6 8 10 12 14 16 18 20 22 24

Reversal #

Figure 1.3.2: Evolution of JND for able-bodied subjects over one block with 25
reversals. Variations over reversals are calculated by subtracting JND after 25th
reversal from JND after respective reversal.
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1. Assessment of Internal Model Strength based on augmented feedback

1.3.1.2 Frame of Reference for Outcome Values

Adaptation rates are reported at 30, 40, 50, 60, and 70. As indicated by Figure
1.3.1, there is some discrepancy as to the number of trials AR should be analysed
for. An evaluation of how AR values are impacted by the choice of analysation
interval is visualized in Figure 1.3.3.

Adaptation Rate with Cutoff at different Trial Numbers
(Able-Bodied Subijects)

T
+

0.018 4

0.016 J

0.014 - b

°

o

=

N
T

0.01

©
o
o
oo
T
I

Adaptation Rate

0.006 - ! 1 b

0.004 - b

0.002 - 4

30 40 50 60 70
number of included trials

Figure 1.3.3: Adaptation rates for able-bodied subjects calculated with different
cutoff points. Median values are 5.7 - 1073 for cutoff at 30, 7.5 - 1072 for cutoff at
40, 7.2 - 1072 for cutoff at 50, 5.8 - 1073 for cutoff at 60, and 4.1 - 1072 for cutoff at
70 trials. Boxplot midline represents the median, edges of each box show the 25"
and 75" percentile. Outliers are noted by a ‘4.

After the mark of trial 40, differences between subjects decrease, and individual
results are increasingly difficult to recognize. The median AR is equal to 7.2 - 1073
at maximum (trials 1 to 40 included) and equal to 4.1-107% at minimum (trials 1 to
70 included). It is notable that values were considerably lower than those observed
in [22].

The just-noticeable differences showed high inter-subject variability, with results
ranging from 22.96% to 78.96% after 20 reversals, and 24.38% to 75.52% after 25
reversals, respectively (see Figure 1.3.4. Only marginal changes are visible between
results after 20 and 25 reversals.
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Just-Noticeable Difference
(Able-Bodied Subjects)

80 N 1

]
o
T

I
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o
T
I

Just-Noticeable Difference [%]
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W
o
T
I

20 25
Reversal #

Figure 1.3.4: Just-noticeable differences for able-bodied subjects after 20 and 25
reversals. Median values are 53.6% after 20 reversals and 50.0% after 25 reversals.
Boxplot midline represents the median, edges of each box show the 25" and 75
percentile. Outliers are noted by a ‘+’.

1.3.2 Experiment B

1.3.2.1 Stimulation Parameters

Stimulation parameters were determined according to the procedure described above.
Minimum and maximum values for stimulation parameters can be found in Table 3.
Locations of perception for the minimum, intermediate, and maximum parameters
are visualized in Figures PD and PA. Intensities of used stimuli are shown in Table 4.
Modulation of pulse amplitude only changed the intensity of perception (see Table
1.3.2b). Pulse width mainly altered the location and size of the field of perception,
although a small increase in intensity was also observed (see Table 1.3.2a). Addi-
tional to this quantification of perceptions, the subject was asked to describe each
percept with his own words. For increasing amplitude, the pulses were described
as a “pinch” with increasing intensity. For different pulse widths, the perception
was described as “diffuse” and “hard to point” for pulse widths of 400ns and 500
ps, whereas pulses of 200ps duration were similar to a “pinch”. Further, the width
modulated pulses were described as “electrical” and spreading like “rings on water”
rather than “natural”.
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1. Assessment of Internal Model Strength based on augmented feedback

Parameter Label \ Value \
Electrode Surface Area A[lmm?] 1.48
Duration of stimulating phase of a stimulus pulse D[ps] 200-500
Duration of reversal phase of a stimulus pulse D, [ts] 2000-5000
Frequency F [Hz] 25
Current of stimulating phase I [nA] 390-500
Current of reversal phase L[tA] 39-50
Number of pulses per train N 25
Total time Plhrs] 5
Effective stimulation time S [hrs] 0.94
Inter-phase delay W [ps] 50
Amplitude of stimulating and reversal phase ratio ¢ 10
Charge of stimulating phase per unit area QD [nuC/mm?| | 52.7-168.9
Percentage of effective stimulation time O [%] 18.75
Charge of stimulating phase Q [nC] 78-250
Train rate R [Hz] 0.1875
Train duration T [s] 1
Weighted frequency of effective stimulation wF [Hz] 4.69

Table 1.3.1: Stimulation Parameters.

Figure 1.3.5: Location of sensation for different pulse widths (blue = 200ps, red

= 400ps, green = 500ps).

I = 400pA; F = 25Hz; N= 2. The 200us pulses were

perceived in a small, refined area. The 400us pulses were perceived in a larger area
along the thumb. The 500us pulses were perceived first to a small area near the wrist
and then moved up towards the thumb. The intensity of perception was identical
for pulse pairs with 200ps and 400ps duration but increased for pulse pairs with

500ps duration (see Table 1.3.2a).
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Figure 1.3.6: Location of sensation for different pulse amplitudes (blue = 390pA,
red = 450pA, green = 500pA). W = 200ps; F = 25Hz; N = 2. All pulse pairs of
different amplitude were perceived in the same refined location, only intensity of the
perception increased (see Table 1.3.2b).

D [us] | Perceived intensity
200 3
400 3
500 4

(a) Intensity for each combination of pa-
rameters (width modulation).

I [nA] | Perceived intensity
390 3
450 4
500 5

(b) Intensity for each combination of pa-
rameters (amplitude modulation).

Table 1.3.2: Perceived intensities for different parameters.
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1.3.2.2 Augmented feedback and different modulation paradigms

The adaptation rate and the just-noticeable difference was evaluated for each feed-
back modality. All results are displayed in the order of which the tests were con-
ducted, therefore: VSA-SA-VSW-SW-V.

The evolution of errors was visualized and taken into consideration for adaptation
rate analysis. All feedback conditions including visual feedback, therefore V, VSA,
and VSW, show convergence to a temporary “steady state” at trial 20-30, whereas
SA and SW do not show any convergence. It is noticeable that both feedback modal-
ities, although no adaptation is visible, show low error values throughout the trial
block. These errors are smaller than those observed for feedback conditions includ-
ing visual feedback. Further, an increase in error magnitude towards the end of each
block is observable (see Figure 1.3.7).
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Evolution of Errors for Different Feedback Conditions over Block of Trials
(Amputee Subject, 70 trials)

D0S
0.1

015

Enmor 5]
o

Trial @

Figure 1.3.7: Evolution of error magnitude for different feedback conditions for
amputee subject over one block of 70 trials. Errors are filtered with a moving average
filter (size=5). The upper plot shows feedback conditions including visual feedback.
The lower plot shows feedback condition excluding visual feedback.
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Adaptation Rate for Different Feedback Conditions
L0 (Amputee Subject, 50 Trials)

Adaptation Rate
w

N
T

VSA SA VSW sw
Feedback Condition

Figure 1.3.8: Conventional adaptation rate and absolute errors for different feed-
back conditions over 50 trials by amputee subject. Adaptation rates are 2.3 - 1073
for VSA, 1.5-1073 for SA, 5.7- 1073 for VSW, 0.9 - 1073 for SW, and 4.4 - 103 for
V.

Due to observations in error evolution described above, the adaptation rate was cal-
culated for trials 1 to 50. Feedback conditions including visual feedback show larger
ARs than those without. Results for augmented feedback are somewhat discrepant;
feedback condition VSW showed a higher AR than V, however, AR for VSA is much
lower than the other two (see Figure 1.3.8).
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Just Noticeable-Difference for Different Feedback Conditions

o (Amputee Subject, 20 Reversals)

80

-
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o =] =]
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Just-Noticeable Difference [%]

w
=]
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20+

VSA SA VSW Sw Vv
Feedback Condition

Figure 1.3.9: Just-noticeable difference after 20 reversals for different feedback
conditions by amputee subject. Just-noticeable differences are 17.2% for VSA, 25.1%
for SA, 84.3% for VSW, 85.7% for SW, and 66.1% for V.

Just-noticeable differences show a clear advantage for feedback conditions including
sensory feedback with amplitude modulation, VSA and SA. Here the JNDs were
17.2% and 25.1%, respectively. Results for conditions with sensory feedback with
width modulation differ to a great extent, with VSW and SW showing a much larger
JNDs than VSA and SA. A 67.1% increase was observed from VSA to VSW, and a
60.6% increase from SA to SW. For visual feedback, V, the JND is smaller (66.1%)
than for feedback conditions including width modulated sensory feedback, however,
it seems to be inferior to feedback conditions including amplitude modulated sensory
feedback (see Figure 1.3.9.

1.3.2.3 Comparison of Outcome Parameters Experiment A versus Ex-
periment B

In AR testing, the amputee subject generally scored lower than able-bodied subjects,
with results ranging from 0.9-1073 to 5.7 - 1073 compared to 4.2-1073 to 9.5-1073.
However, considering the evolution of errors over each trial block (see Figures 1.3.1
and 1.3.7) a smaller magnitude of the initial error can be observed for the amputee
subject. This difference between able-bodied subjects and amputee subject could
not be observed for JND testing; here ranges for able-bodied and amputee were
23-79% and 17-86%, respectively. However, JND showed much larger inter-subject
variability than AR.
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1.4 Discussion

The trial-by-trial adaptation and the just-noticeable difference were evaluated for six
able-bodied subjects for one feedback condition (Experiment A) and one amputee
subject for five feedback conditions (Experiment B).

1.4.1 Task Parameters

Both, Experiment A and Experiment B showed that an adaptation of the task du-
ration to EMG control is necessary. In the AR testing, 70 trials proved to be too
many. A “steady state” was reached by both groups between trial 20 and 40. This
“steady state” was then followed by an increase in error values after trial 50 for the
amputee subject and 60 for the able-bodied group. This increase in error could be
an indicator of muscle fatigue, decrease in concentration, or a combination of both.

In JND testing, for the amputee subject, the number of reversals was reduced from
25 to 20 in order to reduce the time required for each block. The results from able-
bodied subjects showed this reduction to be viable, as results only varied marginally.

In tests for amputee or rehabilitation patients keeping the balance between the most
exact measure and as little fatigue as possible is of high importance, as this subject
group is extremely susceptible to fatigue and, thus, reduced levels of concentra-
tion. Amputees using a myoelectric prosthesis on an everyday basis, however, are
expected to learn a new myoelectric control pattern faster than an untrained able-
bodied subject, therefore using a similar cutoff in adaptation rate calculation seems
viable. It must be kept in mind, that inter-subject variability must be accounted
for, therefore a cutoff of 50 rather than 70 trials is advised for future experiments.

1.4.2 EMG Control

One of the downfalls of EMG control is a high variability in the EMG signal. This
variability is even more pronounced in a task as short as one second. Further, a
limitation of this study was the unusually low sampling frequency used for EMG
(250Hz). As the relevant frequency range for EMG is commonly defined as 20-500Hz
[29], much valuable information was lost. The sampling frequency was the highest
achievable frequency with the current setup, as concluded after initial benchmark
testing (see also [30]). Another factor is the rigid controller. Using a lower level of
contraction for maximum speed should increase controllability, as signal variability
in EMG is influenced by the level of contraction. Further, muscle fatigue is minimal
for percentages below 85% of the MVC [31].

An additional technique to lower variability and uncertainty in the controller is the
introduction of larger time windows for control enabled by the overlap of acquisition
windows.
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1.4.3 Latency

A factor that must be considered, is the latency between EMG activity and con-
troller reaction, as well as latency between visual and sensory feedback. In similar
publications, the latency between EMG activity and controller was around 60ms [7].
In this case, the latency in communication between Matlab and the ALC was equal
to 6.7+0.69ms [30], therefore in an acceptable range. Latency between visual and
sensory feedback that has been found to influence sensory integration (e.g. [9]) with
this specific device was tested in another work [30]. A delay of 100ms of the neu-
rostimulation was found to be perceived as simultaneous by one subject, however,
these results were not considered here.

1.4.4 Sensory feedback by electrical stimulation of periph-
eral nerves

Although investigated in recent studies [15-19, 32, 33] decoding neural excitation
patterns remains a challenge. In this study, pulses of varying duration and amplitude
were examined. In accordance with previous research (e.g. [17]), modulation of
pulse amplitude only changed the intensity of perception (see Table 1.3.2b). Width
modulation had an effect on both perceived intensity and location of the perceived
sensation. Closer examination of these patterns was not subject of this study.

1.4.5 Feedback Modalities

Results for different feedback conditions in the amputee subjects showed some dis-
crepancy. The hypothesis that augmented feedback enable better scores, and there-
fore a higher AR and a lower JND, could neither be clearly confirmed nor rejected.

The JND testing showed exceptionally low JNDs for those feedback conditions in-
cluding sensory feedback by amplitude modulation, however, conditions including
width modulated sensory feedback were inferior to the visual-only condition. There-
fore, augmented feedback proved to be beneficial in one case (VSA), but distracting
in the other (VSW). Further, singular, sensory feedback resulted in better scores in
one case (SA) even than visual feedback but turned out to be distracting for the
other (SW). Therefore, the influence of the mode of sensory feedback seems to be
much larger than that of augmented versus limited feedback. The subject reached
a lower JND, therefore a better result, in both augmented compared to singular
feedback conditions. However, this effect was observed to be marginal.

Results for adaptation rate are more difficult to interpret. There is a clear advantage
of feedback conditions including visual feedback over those that are solely sensory.
However, one augmented feedback condition (VSW) scored higher than the visual
(V) condition, whereas the other (VSA) scored lower. A potential reason for these
results is the way the adaptation rate is commonly calculated. It does not account
for variation learning curves, where the subject reaches a "steady state" (therefore,
errors similar over several trials, where errors 0). Further, the initial magnitude
of errors is not considered. In this case, the magnitude of initial errors in VSW

24



1. Assessment of Internal Model Strength based on augmented feedback

feedback condition is larger than that in VSA and V feedback conditions, therefore
analysis is somewhat biased towards this condition.

For non-visual feedback conditions (SA, SW) low AR scores were observed. How-
ever, especially in the SA condition low error magnitudes can be observed early on
in the block. Therefore, the whole AR block could be considered as "steady state".
In order to improve these flaws in analysis, an improved experiment layout will be
helpful, but a requirement for more advanced methods in the analysis of learning
rates is apparent.

Considering both conducted tests equally, a meaningful evaluation of singular ver-
sus augmented feedback and of different pulse modulation techniques is impossible;
in the AR testing, width modulation seemed to be advantageous, whereas in JND
testing amplitude modulation resulted in superior scores. Visual feedback was in
AR testing located between both types of augmented feedback. In JND testing, vi-
sual feedback was inferior to both feedback conditions containing width modulated
sensory feedback.

Due to the bias introduced to AR evaluation, JND testing should be highlighted.
Here, feedback conditions containing amplitude modulated sensory feedback are
clearly superior to those containing width modulated feedback. Further, augmented
show better scores than singular feedback conditions.

A solution to biased AR testing could be evaluating the number of trials required
to reach “steady state” combined with the magnitude of initial and “steady” error.
This way, a subject’s experience or initial abilities, hence low initial error magnitude,
could be taken into account.

Another factor that must be taken into account, is the order of testing, as it intro-
duces a clear bias towards those feedback conditions tested early on. This is due to
both fatigue during testing as well as increased boredom. It is highly likely that the
subject’s performance was impaired by these two factors.

1.4.6 Limitations

Limitations of a study with a low number of subjects are clear: results are highly
individual and linked to experience with EMG control. Naturally, an amputee using
an EMG controlled prosthetic for years will achieve lower errors than completely
untrained subjects.

A permanent bias in applying proportional control is the individually varying ranges.
A subject with stronger muscles, will be able to produce a larger range and therefore
has better control compared to a "weaker" subject.
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1.5 Conclusion

The experiment design was flawed and a pilot study with able-bodied subjects to
identify these flaws was conducted only after they became apparent. For future
studies, this procedure must be improved.

The main issues in the experiment layout were a too low EMG sampling rate that
neglected valuable frequencies, extensive experiment duration that lead to fatigue
and boredom in subjects, and a limited number of subjects, that made meaningful
data analysis difficult.

Nonetheless, there is some indication, especially in JND test results, that augmented
feedback, could be advantageous in internal model formation and, consequently, in
prosthesis functionality. This applies especially to sensory feedback with amplitude
modulated pulses. These indicators could be amplified by an improved experiment
protocol, that must be confirmed through thorough testing with a large group of
able-bodied subjects.

1.6 Outlook

Major improvements for future experiments include:
1. a higher sampling rate of at least 1kHz to enable analysis of the complete
EMG frequency range;
2. lower trial numbers for:
(a) adaptation rate test (suggestion 50 trials);
(b) just-noticeable difference test (suggestion 20 reversals);
3. a maximum of one feedback condition per day to prevent bias induced by
fatigue and boredom; and
4. adaptation of controller parameters to rest and a value < 85% of the MVC.
With the initial aims of the study in mind, only an ambiguous conclusion can be
drawn. The task developed by Blustein and Sensinger was expanded to EMG control
and NS feedback, although control parameters remain to be improved in the next
iteration of this work. The value of augmented feedback proved to be highly related
to the mode of stimulation applied. In a study limited to one individual, it was clear
that feedback, both singular and augmented, by amplitude modulation improved the
level of performance to a large extent. Sensory feedback by width modulated pulses,
however, proved to be distracting rather than helpful. This outcome can, to some
degree, be connected to the order of feedback conditions tested.
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Abstract

Background: Electrical stimulation of peripheral nerves is used in a variety of applications such as restoring motor
function in paralyzed limbs, and more recently, as means to provide intuitive sensory feedback in limb prostheses.
However, literature on the safety requirements for stimulation is scarce, particularly for chronic applications. Some
aspects of nerve interfacing such as the effect of stimulation parameters on electrochemical processes and charge
limitations have been reviewed, but often only for applications in the central nervous system. This review focuses
on the safety of electrical stimulation of peripheral nerve in humans.

Methods: We analyzed early animal studies evaluating damage thresholds, as well as more recent investigations in
humans. Safety requirements were divided into two main categories: passive and active safety. We made the distinction
between short-term (< 30days) and chronic (>30days) applications, as well as between electrode preservation
(biostability) and body tissue healthy survival (harmlessness). In addition, transferability of experimental results
between different tissues and species was considered.

Results: At present, extraneural electrodes have shown superior long-term stability in comparison to intraneural
electrodes. Safety limitations on pulse amplitude (and consequently, charge injection) are dependent on geometrical
factors such as electrode placement, size, and proximity to the stimulated fiber. In contrast, other parameters such as
stimulation frequency and percentage of effective stimulation time are more generally applicable. Currently, chronic
stimulation at frequencies below 30 Hz and percentages of effective stimulation time below 50% is considered safe,
but more precise data drawn from large databases are necessary. Unfortunately, stimulation protocols are not
systematically documented in the literature, which limits the feasibility of meta-analysis and impedes the
generalization of conclusions. We therefore propose a standardized list of parameters necessary to define
electrical stimulation and allow future studies to contribute to meta-analyses.

Conclusion: The safety of chronic continuous peripheral nerve stimulation at frequencies higher than 30 Hz
has yet to be documented. Precise parameter values leading to stimulation-induced depression of neuronal
excitability (SIDNE) and neuronal damage, as well as the transition between the two, are still lacking. At present, neural
damage mechanisms through electrical stimulation remain obscure.
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Introduction

Despite numerous applications and the reported benefits
of peripheral nerve stimulation, descriptions of specific
safety requirements remain scarce. Agnew and McCreery,
who authored a number of papers on safety aspects of
electrical stimulation of peripheral nerves in cats,
reviewed and summarized their findings almost three de-
cades ago [1]. The literature on safe, long-term, and con-
tinued stimulation of peripheral nerves has grown
marginally since then. More recent reviews have ad-
dressed general safety aspects of neural stimulation with
particular focus on electrochemical processes [2, 3],
mainly with regards to stimulation of the central nervous
system [4].

Various applications require direct peripheral nerve
stimulation. Prostheses involving motor nerve stimula-
tion include respiratory ventilation [5] and correction
of foot drop [6]. More recently, promising results have
been obtained stimulating afferent fibers for prosthetic
sensory feedback in acute [7-16] and chronic experi-
ments [17-22].

Safety aspects of electrical stimulation are particularly
crucial in chronic applications. Safety considerations
range from the assessment of biostability (including pas-
sive electrode preservation and maintained functionality
despite the implanted tissue reaction) and harmlessness
through the identification of acceptable limits for various
electrical stimulation parameters. Animal experiments
raise questions about inter-species transferability. Even
within the same species, results cannot always be extrap-
olated from one tissue to the other (central versus per-
ipheral nervous system). Furthermore, within the
peripheral nervous system, different nerve fibers conduct
action potentials at different speeds [23], and variable
frequency and duration [24], which can affect their toler-
ance to electrical stimulation regimes. On the basis of an
overview of recent literature, we aim at inferring essen-
tial safety rules governing peripheral nerve stimulation
in humans.
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Passive safety

Various types of highly sophisticated and specialized
electrodes have been developed for interfacing with the
nervous system. Here, we classify electrodes in terms of
size, material, and electrochemical properties, as well as
local safety aspects in terms of biostability and harmless-
ness. Issues not specific to electrodes such as toxicity of
leaching chemicals, infection risks, and surgery-linked
side effects were not incorporated in this review.

Structural classification

Interaction of electrodes can be expected to be different ac-
cording to the tissue component in contact (epineurium,
perineurium, and endoneurium). The formation of a fi-
brous encapsulation can modify this situation and result in
functional changes over time. As suggested in a review by
Kim and Romero-Ortega [25], electrodes used in peripheral
nerve stimulation can be broadly classified as extra- or
intra-neural, before being further divided in subcategories
(Fig. 1).

Extraneural electrodes are applied outside the epineu-
rium. They may allow the nerve to remain essentially in
its original shape, as with cuff electrodes [26], or have
selectivity-improving reshaping characteristics, as with the
flat interface nerve electrodes (FINE) [27]. The more inva-
sive intraneural electrodes penetrate the epineurium and
can be further sub-divided into insertable or regenerative
electrodes. Insertable electrodes may be implanted per-
pendicular or parallel to the nerve axis [28-30]. A further
division into extra- and intra-fascicular electrodes is pos-
sible as their resting location would have a non-negligible
effect on electrical stimulation, albeit fibrous tissue encap-
sulation of the electrode over time can make such distinc-
tion challenging. Regenerative electrode implantation
includes an initial neural fiber transection followed by re-
generation through regrowth. Rigid or flexible substrate
designs have been proposed for this purpose [31-35].

The choice of electrode involves a trade-off between
selectivity and invasiveness. Intraneural electrodes are

Extraneural Intraneural
Insertion Regenerative
Form-preserving Reshape

Perpendicular Parallel Rigid Flexible
MCRE

TIME CWIE .
Cuff FINE USEA LIFE Sieve RFMI
Sieve

Fig. 1 Classification of electrodes used in neurostimulation. Flat Interface Nerve Electrode (FINE), Transversal Intrafascicular Multichannel Electrode
(TIME), Utah Slanted Electrode Array (USEA), Coiled Wire Intra-neural Electrode (CWIE), Longitudinal IntraFascicular Electrode (LIFE), Micro-/MultiChannel

Roll Electrode (MCRE), Regenerative MultiElectrode Array (REMI)

Selectivity/Invasiveness
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expected to be more advantageous when considering select-
ivity due to the short distance to target, whereas extraneural
electrodes are less invasive but also less selective.

Data collected by Navarro et al. point to the fact that
currently in clinical practice, implanted electrodes are
generally extraneural [36]. Presently, with regards to
long-term human implantations, extraneural electrodes
still emerge as the most favorable choice for clinical ap-
plications [26, 37].

Electrical classification

In electrical terms, an electrode can roughly be de-
scribed as a capacitor in parallel with a resistor. These
model components vary for different contact interfaces.
Electrodes can be classified as either ideally polarizable
or ideally non-polarizable. An ideally polarizable elec-
trode behaves predominantly as a capacitor and has a
large resistive component, whereas the resistive compo-
nent of ‘ideally non-polarizable electrodes’ is small
enough for the capacitive component to be ignored.
Correspondingly, the charge transfer at the electrode-
electrolyte-interface is characterized as being capacitive
(non-faradaic) or faradaic. A faradaic charge transfer in-
volving ionic exchanges with the electrolyte through
oxidation or reduction reactions is non-reversible un-
less the electrode is built in such a way that the reac-
tions can continue indefinitely. A commonly used
electrode of this type is the silver/silver-chloride elec-
trode. Unfortunately, it cannot be implanted due to
toxicity.

The capacitive charge transfer characterizing rapidly
polarizable electrodes refers to a redistribution of local
charges without electrochemical exchange. Within a very
limited range, these capacitive processes are reversible.
Some metals, such as platinum, exhibit a property
named pseudocapacitance whereby, although a faradaic
reaction occurs and electrons are effectively being
transferred, the resulting products remain bound to the
electrode surface and thus available to undo the chem-
ical reactions. Hence, these reactions are also
reversible.

Irreversible reactions must be avoided as their product
accumulation will end up being harmful to the local tis-
sues and/or to the electrode efficiency. This is of course
a major issue for chronically implanted electrodes. The
importance of using capacitive or pseudocapacitive pro-
cesses to ensure reversibility of reactions was empha-
sized by Brummer and Turner in 1977 [38]. A more
detailed description of electrochemical processes and
electrical circuit models can be found in recent reviews
[2, 4]. Methods such as cyclic voltammetry, impedance
spectroscopy, and voltage transients [3] allow to
characterize the electrochemical behavior of electrodes.
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Biostability and harmlessness

The word ‘biocompatibility” is often used ambiguously in
the context of electrodes, referring to completely differ-
ent issues. One meaning of the expression, which we
shall refer to as ‘harmlessness, describes how well the
living organism tolerates and survives the implant with-
out triggering unacceptable reactions or changes. We
suggest limiting the concept of ‘biostability’ to designate
the device resistance to the biologic medium and its
ability to remain chronically functional after implant-
ation. ‘Biocompatibility’ sums these aspects together and
therefore is a requirement for any implantable device.

Harmlessness and biostability should be considered
separately. Both these characteristics must be evaluated
in active implanted devices as well as in the passive
mode when the implant is idle (see Table 1). For ex-
ample, corrosion is certainly activated by stimulation
but can also be present at rest. Not only can this impair
electrode function, but it also raises concerns about
harmlessness; electrochemical by-products of corrosion
can be toxic or trigger an exaggerated local inflamma-
tory reaction. These distinctions are necessary to en-
sure that all potentially harmful aspects are addressed.
Combining observations to conclude in terms of ‘ac-
ceptable’ or ‘not acceptable’ is not contributive to pro-
gress about these matters. Finally, one should not only
consider the implanted electrode and the electrical
stimulation, but also what can be called harmlessness
of the therapy, looking at the effects of the therapy it-
self. The induction of damaging physiologic overload is
an example of such a situation.

In chronic neural stimulation of various peripheral
nerves in humans, extraneural electrodes have proven
biostable in the peroneal nerve for at least 12 years [6] in
passive and active testing. Similar compatibility was
shown for up to 18 years stimulating the phrenic nerve
[5]; up to 8years stimulating the median, radial, sciatic,
and ulnar nerves [39]; and up to 11years stimulating
motor and sensory nerves in a feedback controlled appli-
cation [26]. Similarly, our research group has employed
self-sizing spiral cuff electrodes to provide sensory feed-
back in prosthetic hands used outside the laboratory in
daily-life activities [22] with no signs of neural damage
or electrode deterioration after 18 months of uninter-
rupted use.

Table 1 Biocompatibility, biostability, and harmlessness

Biocompatibility

Biostability Harmlessness

The electrodes and their functionality =~ The damage to the organism

Passive Idle conditions (no stimulation)

Active Working conditions (stimulation)
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Most often, electrodes implanted on peripheral nerves
are made of Platinum-Iridium and Silicone. The passive
biostability of the materials used to construct the elec-
trode and leads are often determined from the docu-
mented use of the same products in other applications.
Numerous studies have confirmed passive biostability of
various electrode types. Similarly, local tissue reaction or
tissue health after implantation has been mostly
well-investigated. In terms of biological response to the
electrode, Merill et al. has developed a classification of
tissue reactions to different materials [2]. Various bio-
logical responses to implanted materials were also dis-
cussed in depth by Anderson [40].

However, during surgery, peripheral nerves are sensi-
tive to stretching [41], blood toxicity, and drying out
[42]. They must therefore be handled most delicately
during implantation. Initial issues with implantable
extraneural electrodes often result from mechanical con-
striction and injury to the nerve during the surgical im-
plantation process [43, 44]. Mechanical damage can also
occur later. Electrode design evolved toward easy-to-
apply constructions such as the Huntington helical elec-
trode (used in e.g. [45]). Additionally, newer and more
flexible spiral cuff electrodes [46, 47] leave room for
nerve swelling immediately after implantation while still
maintaining a snug fit for good electrical contact, and
for preventing movement-induced injury [26]. Cylin-
drical cuff electrodes with elastic flaps have also been
suggested as suitable in this regard by Loeb and Peck
[48]. In addition to surgical challenges posed by elec-
trode application, specific mechanical stress factors must
be considered [49].

Intramuscular and epimysial electrodes seem to in-
duce tissue responses similar to those of extraneural
electrodes, including tissue encapsulation [50, 51]. Grill
and Mortimer conducted research on tissue response
to chronic implantation of extraneural electrodes [52]
and on the input-output properties in terms of specific
electrode current and the generated torque as a method
to characterize selectivity [51]. After chronic implant-
ation of spiral cuff electrodes around the cat sciatic
nerve, as a foreign body reaction, they found connective
tissue encapsulating the electrode in all cases. The
neural tissue appeared healthy proximal to the cuffs,
but showed moderate morphological changes at cuff
level and somewhat more pronounced distal to the cuff
in some cases [52]. With respect to input-output prop-
erties, Grill and Mortimer showed that the stimulus
current amplitude required to generate a specific
torque varies immediately after implantation, but be-
comes chronically stable after a period of 8 weeks. They
assumed that this evolution mainly reflects the forma-
tion of fibrous tissue [51]. It was, however, not possible
to find a direct correlation between the functional and
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morphological changes observed. This was attributed to
a low sensitivity of the measurement parameters, as
well as several additional factors influencing the out-
come, such as muscular hypertrophy compensating for
loss of some motor units [52].

Girsch et al. and Larsen et al. showed that neural
damage induced by the implantation and presence of
an extraneural electrode is reversible [53, 54]. Girsch et
al. assessed nerve lesions in the rat sciatic nerve 10
days, 3 weeks, and 3 months after cuff electrode im-
plantation, and noted a gradual recovery from 4.74 to
0.57% of altered fascicular area. Larsen et al. evaluated
axonal loss in the rabbit tibial nerve 2 weeks and 16
months after implantation of cuff electrodes, and dem-
onstrated full regeneration after an initial loss of 27% of
myelinated axons.

Concerning intraneural electrodes, Christensen et al.
investigated the response to a Utah Slant Electrode
Array (USEA) in the cat sciatic nerve and found strong
tissue reactions, such as persistent active inflammation,
even 22 to 26 weeks after implantation [55]. Lago et al.
assessed the harmlessness of different longitudinal intra-
fascicular electrodes (LIFE), namely thin-film (tf-LIFE)
and platinum (Pt-LIFE), in the rat sciatic nerve. For
both electrode types they found functional deficits
(significantly longer latency) in the implanted nerve
after 30 days, but recovery after 60 and 90 days. How-
ever, in some cases, significant reduction in amplitude
of the compound muscle action potential and com-
pound nerve action potential lasted for the entire
duration of the study (90 days for Pt-LIFE electrodes
and 30 and 60days for tf-LIFE electrodes) [56].
Rossini et al. observed a steady increase in threshold
using thin-film based intrafascicular electrodes (tf-
LIFE4) in human median and ulnar nerves until
stimulation at a safe charge level became impossible
[10]. They attributed this to fibrotic tissue reaction
and accommodation effects. There is at present no
report on chronic use of intraneural electrodes in
humans. However, the USEA and LIFEs have been
used successfully in short-term (less than a month)
experiments in humans [7-9, 12, 14].

Active safety - Stimulation parameters

Stimulation parameters must be selected -carefully,
considering electrode corrosion and tissue damage
caused by passage of electric charges, as well as
physiologic aspects such as stimulation efficiency and
tolerance to the therapy. Generally, controlled current
pulses are preferred over controlled voltage pulses, al-
though some early attempts were made with con-
trolled voltage stimuli [57]. As long as they do not
saturate, current controlled stimulators are immune
to variations in electrode impedance. Parameters
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[LA]

stimulation (D), inter-phase delay (w), stimulation pulse frequency (F)

Fig. 2 Biphasic, asymmetric, square pulse with inter-phase delay. Current of stimulating phase of stimulation (I), duration of stimulating phase of

[us]

discussed here include charge injection, pulse ampli-
tude, pulse width, pulse shape (including phase dur-
ation, separation, and phase ratio of bi-phasic pulses),
pulse frequency, train rate, train duration (=‘ON’
period), stimulus cycle (=‘ON’+‘OFF’) period, per-
centage of effective stimulation time, stimulation ap-
plication time, and treatment duration. A common
bi-phasic stimulus pulse is displayed in Fig. 2, and a
summary of parameters, labels, and units used in this
work can be found in Tables 2 and 3.

Table 2 Standard stimulation parameters

Label  Parameter Unit

A Electrode surface area cm?

D Duration of stimulating phase s
of a stimulus pulse

D' Duration of reversal phase of a s
stimulus pulse *

F Stimulation pulse frequency Hz

| Current of stimulating phase HA

I Current of reversal phase * HA

N Number of pulses per train Unitless

R Train Rate Hz

w Inter-phase delay ° us

p Total application time (sum of the 'ON"and ~ Hours
‘OFF’ periods) per uninterrupted
treatment duration

S Effective stimulation time Hours
(= sum of the ‘ON’ periods)
per uninterrupted treatment
duration

Y Treatment duration/Implantation days OR months
Time OR years

2 if applicable

Excitable cells such as nerve or muscle cells can be
activated by electric current inducing depolarization
(i.e., a reduction or even inversion of the resting volt-
age across the cell membrane). Upon reaching a given
threshold, the depolarisation triggers self-reinforcing
mechanisms. The result is an action potential that is
a short-duration membrane potential inversion able to
induce the same phenomenon in neighbouring mem-
brane regions. The action potential event thus propa-
gates along the excitable fiber. Due to the electrical
capacitance of cell membranes, the stimulation pulse
duration affects the current required to reach the
threshold voltage for membrane activation. Therefore,
excitability of a tissue is commonly characterized by a
strength-duration curve, representing the current
amplitude required to reach a threshold with pulses
of a given duration. Two parameters characterize this
curve: the rheobase current and the chronaxie time.
The rheobase is defined as the minimal current re-
quired to evoke an action potential with an infinitely
long duration pulse, and the chronaxie is the mini-
mum duration to evoke an action potential with pulse
intensities of twice the rheobase current [58]. Excita-
tion properties of different tissues are thus quantified
by their specific strength-duration characteristic first
experimentally derived in the early 1900’s by Weiss
[59] and Lapicque [60]. The non-linearity of these
curves explains why electric charge injection required
to reach threshold tends to increase with pulse dur-
ation, especially above the chronaxie value.

Charge

The level of electrode corrosion, an irreversible reaction,
is primarily related to charges faradaically and irrevers-
ibly transferred. For different electrode materials, charge
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Table 3 Derived stimulation Parameters

Label Derivation Parameter Unit

c 1/ Amplitude of stimulating and unitless
reversal phase ratio

6] S/P Percentage of effective stimulation %
time

Q I-D Charge of stimulating phase nC

Qb (1-D)/A Charge of stimulating phase per nC/cm?
unit area

T S/P Train duration S

wF F-0 Weighted frequency of effective Hz
stimulation

injection limits were defined by Robblee and Rose based
on the reversibility of the resulting processes [61]. How-
ever, relationships between stimulation pulse parameters
and tissue damage are more obscure. McCreery et al. re-
ported similar levels of neural damage to a cat’s cortex
for faradaic and capacitive electrodes [62], but noted that
their stimulus waveform was ideal for the faradaic elec-
trodes used.

Safety suggestions based on charge injection per phase
(pulse amplitude times pulse width per phase) and
charge density (pulse amplitude times pulse width per
phase over electrode surface area) have been reported in
various contexts in the past [4, 63-65]. Shannon derived
a model for safe stimulation [65] largely based on experi-
mental data by McCreery et al. [64]. He defined the
boundary for safe stimulation with the equation as:

log(QD) = k- log(Q)

where QD is the charge density per phase in nC/cm?/
phase, Q is charge per phase in nC/phase, and k should
be selected between 1.5 and 2.0 [65], with a k-value of
1.5 to 1.8 being most common [4]. Breaking down this
equation, a k-value of 1 would result in charges strictly
proportional to the electrode area, whereas a k-value of
2 would result in charge strictly proportional to the elec-
trode perimeter. The safe current limit is thus not
strictly proportional to the area, as often implied by
using expressions of current or charge/unit area. The
electrode perimeter is often a better normalization refer-
ence but comparing limits for electrodes of different
sizes remains questionable. This issue results from the
‘edge effect’: the non-uniform current distribution at the
surface of an electrode. This geometrical problem has
been discussed in several publications [66—74].
Geometric factors not only involve the electrodes but
also the structure of the tissue being stimulated. Stimu-
lating nerve fibers that are activated at the nodes of Ran-
vier cannot directly be compared with micro-electrodes
directly on the axon or cell membrane. Cogan et al
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discussed the differences in stimulation thresholds based
on electrode size, for instance, differences between
macro- and microelectrodes [4]. The popular 30 pC/cm?
charge density threshold considered for macroelectrodes
becomes a 4 nC/phase (charge per phase) threshold
when dealing with microelectrodes, that is when elec-
trode surface area can be neglected for sufficiently small
surfaces. Maximal current or charge density cannot be
based solely on so-called reference values unless all
other conditions are equal, which is rarely the case. It is
also important to point out that most recommendations
have been established for brain stimulation while the
corresponding literature about peripheral nerves re-
mains scarce.

Duration

The safety of acute and chronic peripheral nerve stimu-
lation has been demonstrated in animals and humans
for pulse durations from 1 to 300 ps for the purpose of
motor function and sensory feedback [43, 44, 75] (see
Table 4). Longer pulse durations up to 500 ps have been
reported in chronic vagus nerve stimulation without
signs that raised safety concerns [76]. In regards to biost-
ability, Mortimer et al. observed an increased rate of
electrode failure with longer pulse durations from 200 s
to 500 ps, and associated this observation with electrode
corrosion [77]. Similarly, Merrill et al. noted that a nar-
row pulse is desirable to decrease occurrence of electro-
chemical reactions, and therefore reduce electrode
degradation [2]. These findings indicate that when tech-
nically feasible, pulses of short duration minimize charge
displacements and therefore corrosion.

Earlier publications have suggested the use of stimuli in
the range of 50 to 1000 ps [78], or starting as low as 10 ps
[38]. The pulse durations mentioned in the modern per-
ipheral nerve stimulation literature are generally below
300 ps (see Table 4). Strength-duration curves show that
when considering charge injection, pulses of shorter dur-
ation are more effective in eliciting tissue responses. Crago
et al. found that narrow, high amplitude pulses are more
effective (with less charge) than long, low amplitude
pulses for intramuscular and neural stimulation in rats
and cats [79]. Butterwick et al. obtained similar results
stimulating chick chorioallontoic membranes and retinas,
observing a decrease in threshold current density propor-
tional to increasing pulse duration [80]. Similarly,
Prado-Guitierrez et al. compared pulse widths of 104 ps
and 208 ps in stimulation of the cochlea in guinea pigs
[81]. They noted a decrease in current level required for
the longer pulse duration, however, this decrease was not
proportional to the delivered charge, and therefore longer
pulses were deemed less efficient in terms of injected
charge. These findings are explained by the non-linearity
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of the strength-duration relationship as described early on
by Lapicque [60].

Modification of the pulse duration can allow for spatial
selectivity and steeper recruitment curves [75]. In the
case of eliciting somatosensory perception via peripheral
nerve stimulation, Tan et al. found that the quality of a
sensation can be altered by pulse width modulation [17],
and more recently, Graczyk et al. documented the sen-
sory correlates of varying pulse width and frequency
[19]. The effect of quality, location, and intensity of elic-
ited percepts when stimulating afferent fibers by varying
pulse width in comparison to pulse amplitude have yet
to be adequately documented.

Amplitude
Pulse amplitudes are highly influenced by the electrode
placement, as larger target distances require larger
stimulation currents [82]. Therefore, extrafascicular elec-
trodes are generally operated at higher amplitudes than
their intrafascicular counterparts. Furthermore, a nerve
with a larger diameter naturally requires higher ampli-
tudes for the recruitment of all its fibers. Amplitudes of
up to 3100 pA have been used safely for stimulation of
cat sciatic nerves [45]. In humans, Christie et al. and
Vandoninck et al. applied amplitudes of up to 20 mA
with cuff and needle electrodes to the fibular and tibial
nerves, respectively. Ben-Menachem et al. stimulated the
vagus nerve with amplitudes up to 3 mA using cuff elec-
trodes [83]. For intrafascicular electrodes, maximal am-
plitudes usually lie in the range of 10 to 300 uA for
motor and sensory nerves (see Table 4). In regards to
safety, Agnew et al. suggested scaling damaging thresh-
old as the ratio to the smallest pulse amplitude required
for full recruitment of the alpha component of the com-
pound action potential in the same individual [44].
Overall, one must keep in mind the safety limits of
pulse width and amplitude both independently and in
conjunction. This is essential during experiment design
and clinical applications, to reduce unnecessary risks
and optimize efficacy of energy consumption.

Pulse waveform
Waveform affects both physiological response and
safety aspects of nerve stimulation. Pulses can vary in
polarity, shape, symmetry, phases, and presence or
absence of an interphase delay. In a recent review on
restoration of somatosensory feedback via stimulation
of peripheral nerves, Pasluosta et al. provided a thor-
ough overview of different waveforms used in the
field [84].

A traditional safety restriction placed on a stimulus’
waveform in order to prevent electro-chemical damage is
a biphasic, asymmetric, charge-balanced waveform, first
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introduced by Lilly et al. [85], and commonly referred to
as the 'Lilly pulse'. Charge-balanced, or at least biphasic,
waveforms are now commonly used (see Table 4) in order
to limit any electro-chemical change [77, 86]. In terms of
electrode corrosion, however, slightly unbalanced biphasic
pulses might be advantageous [2, 77]. In this case, careful
consideration must be given to the passive recovery be-
tween stimuli (the electrode potential recovery through
the inactive stimulator output impedance).

Anodic first pulses have been used in some cases, but
cathodic first pulses are the more common practice. The
cathodic phase is intended to activate the excitable
membrane while the anodic phase is supposed to reverse
chemical processes that took place during the initial
cathodic phase.

Stimulus shape parameters described here correspond
to square pulses, because this shape is the most common
waveform used to date. Due to the simplicity of generat-
ing square pulses, studies were traditionally conducted
with this pulse shape. Further work exploring different
waveforms is underway (see Fig. 3), however it is mostly
limited to computer simulations at present. Non-rect-
angular waveforms may be less or more effective in eli-
citing physiological responses. Wessale et al. stimulated
human subjects with surface electrodes to examine the
effect of rectangular versus exponential pulses [87]. They
found that rectangular pulses require slightly lower cur-
rents to reach threshold. It was hypothesized that this ef-
fect resulted from the phenomenon of accommodation,
which entails an elevation of the threshold with slowly ris-
ing stimulus slopes. More recently, Sahin and Tie com-
pared linear as well as exponential increase and decrease
with rectangular, gaussian and sinusoidal waveforms.
Using computational models of nerve membrane poten-
tials, they found the chronaxie to be longer with all
non-rectangular pulses. The linear, gaussian and exponen-
tial decrease waveforms were most effective in terms of
charge injection and lowest threshold charge [88]. Won-
sarnpigoon et al. evaluated different waveforms in terms
of energy, charge, and power optimization by computa-
tional models and in vivo experiments. None of the wave-
forms—square, rising ramp, rising exponential and
decaying exponential—were optimal in terms of all three
parameters evaluated. All the reports above suggest that
the strength-duration curve can vary depending on the
stimulation waveform [89].

Gorman and Mortimer compared square and expo-
nential decay waveforms for the reversal phase and
found exponential decay to be more effective in terms of
charge injection, as the reversal effect of the exponential
decay waveform was lower. A completely novel approach
was introduced by Qing et al. suggesting the use of short
bursts called pulsons to optimize stimulation in terms of
charge required to reach threshold and selectivity [90].
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Inter-phase delay

The inter-phase delay in biphasic pulses is an essential
factor, especially when stimulating close to the threshold
required for generating action potentials. This delay dur-
ation is selected to 1) be long enough to minimize the
stimulation threshold, while 2) still being short enough
to maintain the anticorrosive effect of the charge recov-
ery phase.

Van den Honert and Mortimer found that introducing
an inter-phase delay can lower the stimulation threshold
[91]. They observed that up to 100 ps inter-phase duration
and amplitude of the recovery phase influenced the degree
to which an action potential could be abolished (annihi-
lated after initiation). Gorman and Mortimer confirmed
these results, observing steeper recruitment curves
(stimulus current vs normalized force) and lower
threshold currents with increasing interphase delay
[75]. Similarly, Prado-Guitierrez et al. observed that
an increase of the inter-phase delay from 8ps to
58 us evoked larger compound action potentials, and
auditory brain stem responses, when stimulating the
auditory nerve in guinea pigs [81]. In early stimula-
tion protocols, inter-phase delays of up to 400 us
were inserted between stimulating and reversal phases
[45]. However, little difference between monophasic
and biphasic stimuli was noted for delays larger than
80 ps, indicating that the reversing phase has no ef-
fect on abolishing action potentials if the inter-phase
delay is longer than 80 ps. On the other hand, Merrill
et al. recommend the introduction of an inter-phase
delay smaller than 100 pgs in order to limit electrode
corrosion [2]. Therefore, an inter-phase delay of about
80—-100 ps can offer an efficient way to reduce thresh-
old currents in biphasic pulses, while still ensuring
that the recovery phase starts in time to reverse the
electrochemical reactions.

Frequency

Another point often overlooked is that parameters such
as frequency and percentage of effective stimulation time
can be damaging by physiologic functional mechanisms.
In other words, high frequency pulses can impose an
inacceptable level of activity to physiological structures.
The resulting damage can be reversible or not and inde-
pendent of the severity of the overload. Agnew et al. first
noted the relevance of pulse frequency when stimulating
the peroneal nerve in cats [44]. Their results showed no
neural damage after continuous stimulation at 20 Hz for
16 h. However, with otherwise identical parameters, a
frequency of 50 Hz resulted in neural damage. Later,
McCreery et al. performed more thorough studies on
the frequency parameter stimulating the sciatic nerve in
cats [92]. For all tested degrees of fiber recruitment, a
frequency of 20Hz proved to be safe, whereas with
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increasing frequency (50 and 100 Hz) even pulses with
smaller currents, and therefore only partial fiber recruit-
ment, resulted in neural damage. McCreery et al. also
highlighted the importance of the percentage of ‘effect-
ive stimulation time’ in relation to the choice of fre-
quency (further discussed below). In agreement with
these findings, Waters et al. safely applied stimuli with a
frequency of 33 Hz for a period of up to 12 years to the
human peroneal nerve [6], Ben-Menachem et al. used a
frequency of typically 30 Hz for 14 weeks in human
vagus nerve stimulation [83], Elefteriades et al. applied
frequencies of 7.2—-8.3 Hz over periods up to 18 years in
human phrenic nerves [5], and Fisher et al. stimulated
the human femoral nerve with 20 Hz for 3 years [93].
The relatively low frequency tolerance found in the per-
ipheral nerves does not seem to apply as severely to the
central nervous system. In stimulation of the cochlear
nucleus of guinea pigs, McCreery et al. showed that
frequencies up to 100Hz caused no damage nor
stimulation-induced depression of neuronal excitability
(SIDNE) after 7 h of continuous stimulation while higher
frequencies of 250 and 500 Hz were damaging [94]. Kim
et al. stimulated the phrenic nerve of dogs with frequen-
cies of 7 and 35Hz over periods up to 52weeks and
noted only minimal neural damage, which was presumed
to be caused by mechanical restriction rather than the
electrical stimulation [43].

Intensity and quality of referred sensations can be
encoded by frequency modulation in direct peripheral
nerve stimulation [19]. The range of frequencies used in
such application has been wide, ranging from up to 300
Hz in initial experiments [95] to 500 Hz in some recent
studies [7-9]. However, these experiments were acute
and permanent nerve damage was not evaluated al-
though arguably negligible owing to the short duration
of the study and experimental sessions. As lower stimu-
lation frequencies are sufficient for other applications
(see Table 4), supporting evidence for the safety of
long-term electrical stimulation of peripheral nerves
only exists for frequencies below 30 Hz at present.

Percentage of effective stimulation time

The term ‘duty cycle’ has been used in the past to de-
scribe the percentage of 'ON' versus 'OFF' stimulation
time [44, 94, 96]. For instance, stimulation of 5s (‘ON’),
follow by a pause of 5s (‘OFF’) before engaging in stimu-
lation again was described as a 50% duty cycle by divid-
ing the ‘ON’ time (5s) by the overall time (10s).
However, in engineering, the ‘duty cycle’ is usually de-
fined over a single pulse duration (D +D’), rather than
to the total period of stimulation as aforementioned. For
instance, a duty cycle of 50% would normally imply that
a pulse with a period of 1.0s is active for 0.5 s, regardless
of how long a stimulation is being delivered. In other
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words, a 100% duty cycle would be equivalent to DC
stimulation (or to a pulse duration equal to the pulse
period), and 0% duty cycle would be equivalent to no or
'OFF' stimulation. In order to avoid ambiguity between
these two definitions, in this article we use the term ‘per-
centage of effective stimulation time’ to refer to the
former (O=S/P). Train rate (R), is a equivalent to stimu-
lation pulse frequency (F) when the total application
time is equivalent to the effective stimulation time
(S=P), see Tables 2 and 3.

It has been suggested that by decreasing the percentage
of effective stimulation time one can safely increase other
stimulation parameters. Agnew et al. showed that with 50%
effective stimulation time, it is possible to stimulate a cat
peroneal nerve at higher frequencies than 50 Hz, and for a
period of 16 h, while causing considerably less damage to
the nerve than at 100% effective stimulation time [44].
Tykocinski et al. observed a smaller decrease in excitability
and faster recovery after stimulation of the auditory nerve
in guinea pigs when using 50% effective stimulation time
compared to continuous stimulation [96].

The impact of the percentage of effective stimulation
time in human peripheral nerve stimulation is rarely doc-
umented in the literature for both acute and chronic ap-
plications. In an early acute study, Anani et al. stimulated
median and radial nerves of able-bodied subjects with an
effective stimulation time of 17%. Although threshold
changes made an up-regulation of parameters necessary
in some cases, no indication of permanent damage was re-
ported [97]. Elefteriades et al. stimulated the phrenic nerve
for 8 to 12h per day with 17 to 26% of effective stimula-
tion time and found constant threshold currents over time
periods of up to 18 years [5]. Similarly, vagus nerve stimu-
lation is commonly applied with low percentages of effect-
ive stimulation time of 9-27% [98].

McCreery et al. suggested the use of a parameter they
called ‘average frequency, equal to stimulus frequency times
the percentage of effective stimulation time, as a means of
predicting SIDNE, which is considered an early stage of
neural damage [94]. When stimulating the cochlear nucleus
in cats for 7h at higher overall average frequencies above
100 Hz, they noted an increase in the threshold of the
evoked response proportional to the average frequency, indi-
cating this parameter is more meaningful than either fre-
quency or percentage of effective stimulation time alone. In
their study, only one frequency at a time was employed,
followed by a period of no stimulation. Therefore, speaking
of an ‘average’ could be misleading since an average nor-
mally corresponds to variable values over the number of
values. Consequently, the term ‘weighted frequency of ef-
fective stimulation time’ is proposed as an alternative to
‘average frequency’ (see Tables 2 and 3). The pioneering
work of McCreery et al. has not been continued nor ex-
panded upon to other frequencies or neural tissues.
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Stimulation application time and treatment duration

In this article, the stimulation application time is consid-
ered as the time per day during which stimulation is ac-
tive, whereas treatment duration is the overall duration
an electrode was implanted and active. As discussed pre-
viously, the length of stimulation application has been
shown to influence the degree of induced neural dam-
age. Specifically, Agnew et al. noted that it is possible to
stimulate safely with identical parameters if the duration
of stimulation was decreased from 16 h to 4 h [44]. The
duration of continued stimulation rarely exceeded 8 h in
animal studies, making it difficult to draw conclusions
on the length of time one can safely stimulate peripheral
nerves based on these experiments. In human studies,
stimulation application length in acute experiments is
commonly below 6 h, and normally intermittent (see
Table 4). Chronic but intermittent stimulation had
been reported successful for therapy periods up to 18
years [5]. However, information on the safety of
chronic and uninterrupted peripheral nerve stimula-
tion is absent, and yet needed for applications such
as restoring proprioception and sensory feedback cap-
abilities of limb prostheses.

Transferability

Due to the lack of experimental data on safety restric-
tions specific to human peripheral nerve stimulation, re-
searchers often extrapolate from findings about other
nerves and/or animal studies. A brief review of the ap-
propriateness of such a practice is given in this section.

Transferability between species
Ethical considerations often prevent testing safety limita-
tions in humans. Consequently, a large part of the litera-
ture and of our knowledge about neural stimulation is
based on animal studies mostly conducted in the 1980s
and 1990s [43-45, 62—64, 75, 92, 94, 96, 99, 100]. Biost-
ability of electrodes as well as passive harmlessness are
similar in animals and humans. In an early review, Ag-
new and McCreery argued that when extrapolating
stimulation parameters from animal studies to humans,
physiological parameters such as diameter of the stimu-
lated nerve should be considered above other factors [1].
Transferability between species is generally admitted
for passive and active aspects of biostability and passive
aspects of harmlessness. However, there are sometimes
diverging reactions to electrical stimulation due to func-
tional physiological differences as well as easily identifi-
able parameters such as conduction velocity, fiber
diameter, axon count, or myelination. Transferability
should be considered with caution when these parame-
ters diverge too significantly.
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Transferability between tissue types

Studies on stimulation of the peripheral nervous system
are not always a suitable reference for stimulation of the
central nervous system or muscle tissue, and vice versa.
However, passive and active biostability are expected to
show some similarity between various tissue types, and
are highly comparable if the temperature and compos-
ition of the surroundings are similar.

Previous reviews have highlighted that physiological
differences between the brain and peripheral nerves ex-
plain the differences in the range of electrical stimula-
tion parameters used in both situations [25, 101]. In
transcutaneous peripheral stimulation, pulse durations
observed in the literature are longer (up to 400 ps) than
those given for implanted electrodes (see Table 4). Pulse
frequencies used in skin surface stimulation are generally
in the range of 8 to 100 Hz [102], and therefore below
frequency ranges commonly observed in neural stimula-
tion (see Table 4). Use of higher frequencies of 100 Hz
and 200 Hz has shown to be viable for stimulation of the
auditory nerve [96].

In summary, physiological characteristic differences
must be considered when comparing active harm-
lessness, whereas passive harmlessness and biostabil-
ity characteristics in general are expected to be
relatively similar.

Diversity in the peripheral nervous system
Stimulation safety limits cannot be applied as a global
concept to neural tissue due to the diversity of cells
forming it [103]. Peripheral nerves have a variety of fi-
bers with different physiology and function, as well as
Schwann cells, blood vessels, and various supporting
cells [42, 104—106]. All these cells are potentially sensi-
tive to electrostimulation in different ways leading to di-
verse consequences.

Neural stimulation has more effects than the mere ini-
tiation of an ‘action potential’ transmitted to higher
physiological structures. Some of these effects could be
referred to as trophic effects of neural stimulation. Col-
lateral sprouting in motor nerves and regeneration in
sensory nerves are modulated by the neural activity
[107-110]. Similar mechanisms probably exist through-
out the nervous system and some forms of cerebral plas-
ticity can be interpreted in this context [111]. However,
the underlying mechanisms remain poorly known. The
SIDNE phenomenon and the demonstration that ‘over-
stimulation’ can kill a nerve [44] can also be considered
as a trophic mechanism [112]. Although this has never
been demonstrated, it would seem logical that safe
stimulation should not impose much more activation to
the nerve than its functional physiological level. This
limit can vary between different nerves and should
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thus be investigated for each neural structure and
nerve type separately.

Maximal tolerated stimulation pulse frequencies vary
for different neural structures as demonstrated in a
number of publications including the relatively low
stimulus frequency tolerance of motor nerves when
compared to examples in the central nervous system
[44, 65, 92]. Not only the frequency but the effect of
each stimulus parameters must be considered. There is
thus a need for specific chronic safety studies in various
neural structures considering all stimulus parameters.
These studies still leave open the question of validity for
humans. Numerous studies have already been published
including several reviews [1, 4]. Unfortunately, the avail-
able data still fall short of covering the topic in any sys-
tematic way, and it must be pointed out that at best, the
limits proposed today are mere extrapolations.

Classification of neural damage

Evidently, knowledge about the safety limits of stimula-
tion parameters is rather limited, especially for periph-
eral nerves in humans. Although electrode design has
significantly improved and conditions for passive biost-
ability and harmlessness are generally agreed upon, a
high degree of uncertainty about the effects of electrical
stimulation remains.

Inflammation is always present after chronic implant-
ation. This can be inactive, leaving fibrous tissue which
can for example shield the nerve fibers from the stimula-
tion current. Resulting variations in impedances and
stimulation thresholds seem to stabilize 8 weeks post im-
plantation [51]. If the inflammatory reaction remains ac-
tive, various molecular factors that can directly affect the
functionality of neural tissue are being released.

A major issue in comparing different studies is the
lack of a common classification of reversible and irre-
versible neural damage. Until now, neural damage has
been evaluated in terms of evoked action potential and
functional performance in living subjects, as well as by
post-mortem histology. Local damage in peripheral
nerves can occur through several mechanisms, resulting
mainly in axonal degeneration and demyelination. These
damages could be reversible if no further stimulation is
applied [54, 113].

Several techniques have been used to evaluate the de-
gree of damage. Agnew et al. recorded the amplitude of
the alpha component of the compound action potential
at different current intensities before and after stimula-
tion of the peroneal nerve in cats [44]. However, no dir-
ect correlation was found between amplitude changes
and the percentage of degenerated axons. McCreery et
al. used a similar amplitude-based principle to evaluate
SIDNE in stimulation of the cat’s posteroventral cochlear
nucleus. They showed a correlation between the level of
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SIDNE and the pulse frequency and stimulation dur-
ation, respectively, but no injury could be detected on
histological evaluation [94]. Adaptation mechanisms tak-
ing place during electrical stimulation of peripheral
nerves as described by Graczyk et al. [114] may also
have an effect on what McCreery et al. described as
SIDNE. Potential connections must be explored in the
future. Demyelination should also result in slowing of
the nerve conduction velocity if the affected nerve
section is long enough for the measurement to be
performed.

Peripheral nerves, like brain tissue, contain not only
various types of axons but also other important cells
such as the Schwann cells, immune cells, and vascular
structures with blood-nerve barrier, all in an organized
anatomical arrangement. Considering this complexity, it
is perhaps not surprising that different evaluation pa-
rameters yield different results. A study on the effect of
the individual stimulation parameters on specific physio-
logical characteristics is necessary to yield a transferable
understanding of damaging limits. In this context, the
functional significance and reversibility of any observed
change must also be considered, because tissue physi-
ology participates actively in the implantation process.
There is therefore still a need for better discrimination
and classification of the various actors and targets of
peripheral nerve stimulation safety limits.

Conclusion

In this work, we summarized current knowledge on safe
stimulation protocols in peripheral nerves and discussed
relevant concerns. Currently, extraneural electrodes have
proven safe for chronic applications while invasiveness
and long-term stability of intraneural electrode remain
challenging for permanent implantation. Safety limits of
stimulation parameters are still predominantly described
in terms of electric charge. The popular Shannon equa-
tion may provide some guidance toward elucidating
safety limits, however the same equation points to the
fact that acceptable limits cannot be normalized to the
electrode contact size. Consequently, normative data
cannot be applied to electrodes of different sizes. Re-
garding pulse width and amplitude, short pulses require
lower electric charges to elicit action potentials, and
therefore short pulses should be preferred whenever the
necessary higher current amplitudes are technically feas-
ible. The only available study about the allowable stimu-
lation frequency in chronic peripheral nerve stimulation
suggests that 50 Hz is a maximal limit. However, with a
reduced percentage of effective stimulation time, higher
frequencies might still be safe as well. Long-term studies
should further investigate this issue. Furthermore, the
use of different pulse shapes could improve efficiency as
suggested by computational models and in-vitro
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experiments, but in-vivo comparative studies are still
lacking. Direct individual functional monitoring, as sug-
gested by Agnew et al. in 1989, could offer a useful alter-
native to published safety limit values for the clinical
determination of electric stimulation parameters [44],
and future safety studies should consider the diversity of
cells in peripheral nerves and how these are affected by
electrical stimulation. The reactions of the different
neural structures to an implant and to electrical stimula-
tion can cause structural and functional changes over
time. In addition, the therapeutic use of neuromodula-
tion can induce phenomena such as central plasticity
and peripheral axonal growth or collateral compensa-
tion. Time is thus an essential parameter and there is a
need for chronic follow up studies.

A major limitation when performing this review was
the lack of systematic documentation of stimulation
parameters in the literature. We hope this paper will
help drawing more attention to these aspects and help
to standardize the reporting of stimulation protocols
(Tables 2 and 3). The aim of such a parameter list is to
allow for effective comparison and meta-analysis that
draw more meaningful and broader conclusions about
the safety aspects of neural stimulation.
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