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Delaying discharge after the stimulus significantly decreases
muscle activation thresholds with small impact on the selectivity:

an in vivo study using TIME
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Abstract The number of devices for electrical stimu-
lation of nerve fibres implanted worldwide for medical
applications is constantly increasing. Stimulation charge is
one of the most important parameters of stimulation. High
stimulation charge may cause tissue and electrode damage
and also compromise the battery life of the electrical stimu-
lators. Therefore, the objective of minimizing stimulation
charge is an important issue. Delaying the second phase of
biphasic stimulation waveform may decrease the charge
required for fibre activation, but its impact on stimulation
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selectivity is not known. This information is particularly
relevant when transverse intrafascicular multichannel
electrode (TIME) is used, since it has been designed to
provide for high selectivity. In this in vivo study, the rat
sciatic nerve was electrically stimulated using monopolar
and bipolar configurations with TIME. The results dem-
onstrated that the inclusion of a 100-ps delay between
the cathodic and the anodic phase of the stimulus allows
to reduce charge requirements by around 30 %, while only
slightly affecting stimulation selectivity. This study shows
that adding a delay to the typical stimulation waveform sig-
nificantly (P < 0.001) reduces the charge required for nerve
fibres activation. Therefore, waveforms with the delayed
discharge phase are more suitable for electrical stimulation
of nerve fibres.
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1 Introduction

The number of electrical stimulators implanted around
the world for various medical applications is constantly
increasing [2]. However, many challenges related to elec-
trical stimulation of nerve fibres remain unsolved. Among
the main issues are safety, power consumption and selec-
tivity of stimulation, these issues depend among others on
the interface (i.e. electrode) shape and material, stimulation
parameters and electrode to nerve distance [18]. A minimal
charge injection is desired to maintain safety and reduce
power consumption [16]. The selectivity of stimulation
indicates how much the target population of nerve fibres
is activated, without activating other neighbouring fibres.
Ideally, only the specified cluster of fibres within the nerve
should be activated using very small charge [25]. For that
purpose, various interfaces between the stimulator and the
nerve [7, 21] and various stimulation techniques have been
proposed [9].

In order to avoid tissue and electrode damage, bipha-
sic charge balanced stimuli, with either passive or active
discharge, are commonly used [16]. In the vast majority
of cases, the cathodic phase—responsible for fibre activa-
tion—is generated first, and the anodic one—responsible
for charge balance—comes later. However, if the anodic
phase is generated immediately after the short cathodic
phase, it may abolish the activation of some of the targeted
fibres. Van den Honert and Mortimer [24] found that such
abolition could be eliminated by introducing a delay after
the first, cathodic, phase of a biphasic stimulus waveform.
This strategy significantly decreased the charge required
for activation of the same population of nerve fibres, and
also it produced a slightly steeper recruitment curve [8].
This decreases the number of functional levels of responses
for a given device. This may be a reason why delaying
the second phase of a biphasic waveform has not become
popular, although it was used in some research works [10].
There were a few previous studies regarding application of
these techniques for various applications, including audi-
tory nerve [17, 22] and retina [26] stimulation, but without
analysing the effect on selectivity.

The transverse intrafascicular multichannel electrode
(TIME) [23], Fig. 1, belongs to the category of intraneural
interfaces designed to achieve relatively high stimulation
selectivity. It consists of a polyimide thin film electrode,
inserted transversally into the nerve and has a number of
stimulation sites along the two sides of the transversal
part. These sites are used to independently address various
populations of nerve fibres within the same nerve. It has
been previously shown that TIME enables higher stimula-
tion selectivity than multipolar cuff and longitudinal intra-
fascicular (LIFE) electrodes [5]. The purpose of the current
study is to assess the effect of delaying the second phase
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Fig. 1 A TIME without the connecting wire (fop) and magnification
of the part of the electrode that is transversally inserted into the nerve
with four active sites (pointed by arrows) on each side (bottom)

of the stimulation waveform when using the TIME on the
minimal charge required to achieve desired activation of
nerve fibres and on the selectivity of stimulation. In addi-
tion, it is to investigate whether the effect of delayed dis-
charge is the same for the monopolar and bipolar electrode
configurations. It is important, since for TIME, differently
from most of the other neural interfaces, in the bipolar con-
figuration current flows mainly transversely to the nerve
fibres.

2 Methods
2.1 Experimental procedure
The experiment was performed in four adult Sprague—Daw-

ley rats following protocols approved by the Ethical Com-
mittee of the Universitat Auténoma de Barcelona. Under
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anaesthesia with pentobarbital (40 mg/kg i.p.), the sciatic
nerve was surgically exposed at the mid-thigh and carefully
freed from adherences to surrounding tissues. A TIME
device with four active sites, coated with iridium oxide (80
pm diameter, spread by 200 pwm), on the left and four on
the right side was carefully implanted into the sciatic nerve
perpendicularly to the direction of the nerve fibres. Care
was taken to handle the nerve and the thin film electrode
delicately with fine surgical tools (for details, see [6]). The
insertion was monitored under a dissection microscope to
ensure correct placement and that the electrode sites were
located adequately in the nerve. The TIME was inserted
across the peroneal and the tibial fascicles of the sciatic
nerve in this order, although the exact location of the active
sites within each fascicle cannot be determined. In order to
assess possible variations depending on the exact insertion
of the TIME, in two rats the stimulation protocol has been
performed twice in different locations. In those rats, first
the electrode was implanted in the right sciatic nerve and
the whole stimulation protocol (see below) was performed,
and then the electrode was retrieved and implanted again
in a different location (more proximal) into the same nerve
and the same stimulation protocol was repeated. Therefore,
the stimulation protocol has been repeated six times, once
in two rats and twice in another two rats.

After implantation of the electrode, the same stimu-
lation protocol was applied with several monopolar and
bipolar combinations of the electrode sites. Each site of the
TIME was used as the cathode while varying the anode.
For each active site being a cathode, a monopolar configu-
ration was first tested, in which stimulation was delivered
against a small needle electrode placed in the proximity of
the nerve. Then, the stimulation was delivered using each
of the remaining seven sites of the TIME consecutively as
an anode, i.e. in 7 bipolar configurations. Since for each of
the 8 TIME sites 1 monopolar and 7 bipolar configurations
were tested, during each experiment a total of 8 monopolar
and 56 bipolar configurations of electrode sites were tested.

For each configuration tested, the same series of stim-
uli was generated, which consisted of rectangular stimuli
of 20 s duration and amplitudes ranging from 20 to 300
KA, in steps of 20 pA. The stimuli were delivered using
Stim’nD stimulator (DEMAR/MXM-Obelia) [3]. The
amplitude was limited to 300 A because, for some bipolar
configurations, relatively high impedance (of the order of
few tens kQ2) between the two sites used for stimulation was
observed. Using higher stimulation amplitudes could, in
such situation, lead to stimulator saturation. The maximal
stimulus charge, 6 nC (20 ps x 300 wA), was well below
the safe charge injection limit, which for the electrode sites
with a diameter of 80 wm was 2.3 mC/cm?, i.e. approxi-
mately 120 nC. Each stimulation amplitude was delivered
in two conditions (modes), Fig. 2. In the first condition,
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Fig. 2 Recordings of the current at the output of the stimulator for
the two stimulation modes: with immediate discharge and with
delayed discharge

immediately after the stimulus a passive discharge (1 wF
capacitor coupling) was performed. In the second condi-
tion, a 100-ps delay was introduced between the stimulus
and the passive discharge. During that delay, the outputs
of the stimulator were in high impedance state, so that no
current flowed. The duration of the delay was set at 100
s because it was shown by van den Honert and Mortimer
to be the most efficient value [24]. For each configuration
of electrode sites and stimulation amplitude, the stimulus
with immediate discharge was generated 1 s after the cor-
responding stimulus with delayed discharge. The protocol
including all the stimuli for all 64 configurations of elec-
trode sites took approximately 40 minutes per case. Dur-
ing the experiment, the animal body temperature was main-
tained by means of a thermostated heating pad.

During the stimulation electromyographic (EMG) sig-
nals were simultaneously recorded using monopolar needle
electrodes from the plantar interossei (PL), gastrocnemius
medialis (GM) and tibialis anterior (TA) muscles, which
are innervated by different fascicles or subfascicles of the
sciatic nerve. Those muscles were chosen upon the knowl-
edge of the topographical distribution of the muscular fas-
cicles in the rat’s sciatic nerve [4] and based also on pre-
vious studies [5, 14]. The TA muscle is innervated by the
peroneal fascicle, whereas GM and PL muscles are inner-
vated by fibres with distinct locations in the tibial fascicle.
The EMG data were collected at 20 kHz, well above the
expected frequency of the evoked compound muscle action
potentials (CMAP) which was approximately 200-500 Hz
(compare with Fig. 3).

For the sake of clarity, the names of the variables used in
this study and their values are listed in Table 1.
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Fig. 3 Sample recording of = ;
the CMAP of PL, GM and TA 2
muscles elicited by the same

stimulus delivered to the sciatic

nerve. The signals were ampli-
fied by x1,000 for the PL mus-
cle and by x200 for GM and TA
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Table 1 Sumrpary ,Of the Variable name No. of values Possible values (levels)
variables used in this paper and
their possible values (levels) Stimulation mode 2 Immediate discharge, delayed discharge
Configuration type 2 Monopolar, bipolar
Electrode configuration 64 8 monopolar and 56 bipolar configurations
Muscle 3 Plantar interossei (PL), gastrocnemius medialis (GM),
tibialis anterior (TA)
Muscle activation level 5 10 %, 30 %, 50 %, 70 %, 90 %
Amplitude 15 20-300 pA in steps of 20 pA

2.2 Data processing

In order to compare the charge required to activate the
muscles in each stimulation mode, the minimal amplitude
of stimulation (/1) that elicited 10, 30, 50, 70 and 90 %
of the maximum CMAP amplitude of each of the three
muscles was determined for each electrode configuration
tested. The five selected levels of muscle activation were
equally spread between the 10 and 90 % of muscle activa-
tion to ensure that the observed changes are not specific of
a particular segment of the recruitment curve.

In the EMG recordings, the amplitude of the CMAP
of each muscle was measured from the baseline to the
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maximal peak of the M wave and normalized to the maxi-
mum CMAP amplitude obtained for each muscle in the
experiment [5, 19] in order to evaluate the relative efficacy
of each stimulating condition in the selective activation of
the three muscles. CMAP amplitudes lower than 5 % of the
maximum CMAP were considered as 0. An example of the
recorded CMAPs is presented in Fig. 3.

For each electrode configuration and stimulation mode,
up to 15 sets (three muscles x 5 activation levels) of Iy, to
elicit the specified muscle activation level were determined.
However, when intraneural electrodes with active sites of
small surface area are used, the region of nerve activa-
tion is limited to fibres in the vicinity of the cathode [19].
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Therefore, with the current amplitude limited to 300 pA,
for some configurations of electrode sites, only partial acti-
vation of the muscles was achieved. Thus, for those config-
urations, some sets of /iy could not be determined. There-
fore, the statistical analysis was made only for cases in
which the I, was determined in both stimulation modes.

In order to assess how the delayed discharge after stimu-
lus influences the stimulus amplitude required to achieve
a specified level of muscle activation, Iy, values obtained
for various monopolar and bipolar configurations in the two
stimulation modes have been averaged for each experiment.
Then, a two-way ANOVA was applied with two variables:
“configuration type” and “stimulation mode” with repeated
measures for “stimulation mode”. When a significant inter-
action between explanatory variables was detected by
ANOVA, multiple comparisons using Holm-Siddk method
[1, 12] were performed afterwards for comparing pairs of
situations. The P values provided in the results of the mul-
tiple comparisons analysis are the multiplicity-adjusted P
values [27].

Each time I1yi, was found, and the corresponding selec-
tivity index (SI) was determined. SI was calculated for each
stimulation mode, electrode site configuration, muscle and
level of muscle activation, as the ratio between the normal-
ized CMAP of the muscle for which I,i, was found, u;, and
the sum of the normalized CMAPs obtained in the same
stimulation conditions for all three muscles:

3
ST = i/ > (1
i=1

This equation was initially proposed by Veraart et al. [25].
However, in the original version, the normalized contrac-
tion forces of the isolated muscles, and not CMAPs, were
compared in the equation. Similarly as it has been done in
some other studies [5, 13, 19], we have chosen a simplified
version, using CMAPs instead.

In order to assess whether the delayed discharge affects
the selectivity of muscle activation, ANOVA was per-
formed as above, but instead of Iy, the corresponding SI
values were considered.

3 Results

An example of the EMG responses recorded from the three
muscles during stimulation in one bipolar configuration is
presented in Fig. 4. The differences in the amplitude of the
consecutive responses, caused by interleaved generation of
stimuli with delayed (stronger responses) and immediate
discharge, can be clearly observed.

The box-and-whisker plots of the averaged Iy
and SI values, depending on the stimulation mode and

configuration type obtained in the six experiments, are
presented in Fig. 5. Additional plots presenting mean val-
ues and 95 % standard deviations of the I, depending on
the different variables assessed are presented in the online
resources.

When testing charge requirements, ANOVA yielded
significant differences for both the configuration type
(F(1,10) =28.2,P < 0.001) and the stimulation mode
(F(1,10) = 1,277, P < 0.001), as well as for the interac-
tion between them (F (1, 10) = 93.9, P < 0.001). The mul-
tiple comparisons using the Holm-Sidak method indicated
significant differences between monopolar stimulation with
immediate and with delayed discharge (P < 0.001) and
bipolar stimulation with immediate and with delayed dis-
charge (P < 0.001).

The ratio between the amplitudes required to achieve the
same level of muscle activation using delayed and immedi-
ate discharge was calculated. The ratios averaged 0.73 and
0.65 for the monopolar and bipolar configurations, respec-
tively. These ratios indicate that the delayed discharge
allowed to decrease by 30 % on average the required ampli-
tude to achieve a specified level of muscle activation and
that this effect was slightly stronger for bipolar configura-
tions of electrode sites.

The Sls corresponding to the I, were analysed simi-
larly. The ANOVA showed significant influence on selec-
tivity of configuration type (F(1,10) =9.69,P = 0.011)
and the stimulation mode (F(1,10) = 11.28, P = 0.007),
as well as for the interaction between them
(F(1,10) =9.03,P = 0.013). The multiple comparisons
using Holm-Siddk method indicated significant differ-
ences between monopolar stimulation with immediate and
with delayed discharge (P < 0.01), but not between bipo-
lar stimulation with immediate and with delayed discharge
(P = 0.81).

The ratio between the averaged SIs obtained in the two
stimulation modes was calculated in a similar way as for
the Imin values. Its amount reached 0.98 and 0.999 for
monopolar and bipolar configurations, respectively. These
ratios indicate that the use of delayed discharge slightly
(2 %) decreased the selectivity of the monopolar config-
urations. This decrease was not significant for the bipolar
configurations.

As already explained above, it was not always possible
to determine I,jp. From a total of 5,760 potential I, val-
ues (6 experiments per 64 electrode sites configurations
with five levels for each of three muscles), in 1,820 cases
(31.6 %) Imin was determined in both stimulation modes,
and only these values have been taken into account in the
statistical comparisons. It is worth to note that in 857 cases
(14.9 %) Inin was measurable only in the stimulation mode
with delayed discharge but not with immediate discharge,
whereas in only 1 case (0.02 %) In,in was determined only
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in the stimulation mode with immediate discharge and not
with delayed discharge. Detailed information about the
number and proportion of the I, determined for the two
stimulation modes, with immediate and with delayed dis-
charge, depending on the electrode configuration type, is
presented in Table 2.

4 Discussion
The results of this study show that adding a short delay
between the first, cathodic, phase of the biphasic stimu-

lus waveform and the anodic discharge phase significantly
decreases the charge required to activate nerve fibres. This
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is also directly observed in the EMG recordings (Fig. 4)
and confirmed by the number of configurations for which
the specified level of muscle activation was obtained only
when using delayed discharge (Table 2). Whenever Inin
could not be determined, it indicates that the required
charge was higher than the maximal charge tested (6 nC).
When the activation level was achieved in the mode with
immediate discharge, it was also (except one case) achieved
in the mode with delayed discharge. On the contrary, an
important part of the activation levels was achieved only in
the mode with delayed discharge (14.9 % of all cases).

Our observations are consistent with the findings
reported by van den Honert and Mortimer [24]. They
explained that when short stimuli are applied, the first
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Fig. 5 The box-and-whisker plots of the Imin (left) and of the corresponding SI (right) obtained in the six experiments for different stimulation

conditions. Whiskers indicate the maximal and minimal values

Table 2 Number of I,;, determined for different electrode sites con-
figurations, muscles and levels of muscles activation depending on
stimulation mode and configuration type

Stimulation mode for which Configuration type
data are available -
Monopolar Bipolar
Immediate and delayed discharge 464 (63.3) 1,356 (26.9)
Immediate discharge only 0(0.0) 1(0.0)
Delayed discharge only 53(7.4) 804 (15.9)
None 203 (28.2) 2,879 (57.1)
Total 720 5,040

Values in parentheses indicate the percentage of all I, that could be
determined for the particular configuration type

cathodic phase initializes processes in the fibre membrane
leading to initialization of the action potential; however,
due to the relatively long time constants of these pro-
cesses, they may be abolished by the anodic phase gener-
ated shortly after the first one. They also showed that inclu-
sion of a delay as short as 100 s between the two phases
of the stimulus is sufficient to eliminate this blocking
phenomenon.

In addition, our study provides novel contributions, as
we show that: i) the effect of the delay between stimulus
phases is as relevant using intrafascicular transverse elec-
trodes (in which current flows mainly transversely) as with
cuff electrodes (in which current flows mainly longitudi-
nally); ii) the inclusion of the delay between the two phases
of the waveform only slightly affects stimulation selectiv-
ity (Fig. 5). This last point is important because stimulation

selectivity is crucial for many practical applications of elec-
trical nerve stimulation, and it was also the initial aim for
designing the TIME concept.

The effect of delayed discharge was more marked for
bipolar than for monopolar stimulation configurations.
First, it may be due to monopolar stimulation generating
more longitudinal current in comparison with the trans-
versal placed bipolar stimulation [20]. Second, the differ-
ence may be linked to the more limited region of activation
in the bipolar configuration. It is possible that the ratio of
the fibres being close to the threshold for activation in that
limited region is higher than when monopolar stimulation
is performed. Van den Honert and Mortimer [24] showed
that the fibres close to activation threshold are those more
prone to suffer activation block by the second phase of the
stimulus waveform. In such a case, the bipolar configura-
tion would be more sensitive to activation abolition caused
by the immediate discharge, and, in consequence, delaying
the discharge would be more beneficial than in the monop-
olar configuration. Further studies are, however, necessary
to verify this hypothesis. It should be also investigated
why selectivity loss was significant only in the monopolar
configurations.

Despite the fact that the recruitment curves are steeper
when the second phase of the stimulation waveform is
delayed, as it was shown by Gorman and Mortimer [8], it
affects in the same manner all muscles; thus, it does not
affect much the selectivity of targeted activation. Our study
also confirms that the selectivity of stimulation using TIME
is higher for bipolar than for monopolar configurations,
as already reported in [14]. However, bipolar stimulation
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requires higher charge to achieve the same level of mus-
cle activation as compared with the monopolar stimula-
tion (Fig. 5). This is why the percentage of combinations
for which the specified level of muscle activation was not
achieved was much higher for bipolar configurations than
for monopolar configurations (Table 2).

Another relevant finding in our study is that the ampli-
tude of stimulation may be decreased by using the delayed
discharge mode to around 30 % compared with the ampli-
tude of the stimulation with the immediate discharge
mode. This ratio is however dependent on the delay dura-
tion and the time constant of the discharge [24]. It is also
possible that the reduction in amplitude of the stimulus
needed may vary with the type of neural interface used.
Therefore, further studies are necessary to determine the
extent to which charge requirements may be decreased by
modulating the delay to the discharge phase. Simulations
may help to provide answer to this question. For example,
results of simulation performed by Hofmann et al. [11]
suggest that delaying discharge may decrease the required
charge by as much as 50 %, but in their study 30 % reduc-
tion of required charge was obtained only for delays longer
than 1 ms. This discrepancy may be caused by various
stimulation conditions in their and our study. Therefore,
using more realistic models, for example, in [19], should
be considered.

Although delaying the negative phase of stimulation
reduces required charge, it also causes the electrode poten-
tial to remain relatively negative during a long period.
Therefore, long delaying of the reversal phase should be
avoided. In our study, the duration of this delay was set to
100 s, which is sufficient to prevent the suppressing effect
of the discharge phase [24] and may be short enough that
deleterious Faradaic reaction products do not accumulate to
an unacceptable level [16].

There are a few cases in which using a discharge imme-
diately after the first stimulus phase may be desired, for
example, when precise control of the muscle activation
level is required. In such a case, generating the second
phase of stimulus immediately after the first one will pro-
duce less steep recruitment curves, so the same changes in
the amplitude will produce smaller changes in the ampli-
tude of muscle response [8]. Another situation in which a
delayed discharge is not desired refers to neural recordings
performed in the proximity of the stimulating electrode.
In this case, the immediate discharge will allow for bet-
ter compensation of the ionic displacement in the volume
conductor caused by the first phase of stimulation and will
reduce the stimulus artefact duration. Both effects contrib-
ute to decrease of the observed stimulus artefact, and thus,
it will decrease the stimulation artefact observed in near
recording electrodes [15].

@ Springer

5 Conclusion

We confirmed that the inclusion of a delay between the
cathodic and the anodic phases of a biphasic stimu-
lus waveform allows to decrease the charge required to
achieve the same level of muscle activation as compared to
an immediate discharge. This phenomenon appears to be
stronger for biphasic than for monophasic stimulation con-
figurations. We have also shown that the proposed modi-
fication of the stimulus waveform only slightly affects the
stimulation selectivity achieved by using transverse intra-
fascicular stimulation. Further studies are necessary to con-
firm to which degree charge requirements may be reduced
by delaying the second phase of the stimulus. Since there
are no technical limitations for applying such a delay in the
stimulus waveform generation, this technique may be of
interest for applications involving electrical stimulation of
nerve fibres.
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