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Frequency Generate More
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Deep brain stimulation (DBS) has been used for treating many brain disorders. Clinical
applications of DBS commonly require high-frequency stimulations (HFS, ~100 Hz) of
electrical pulses to obtain therapeutic efficacy. It is not clear whether the electrical energy
of HFS functions other than generating firing of action potentials in neuronal elements.
To address the question, we investigated the reactions of downstream neurons to pulse
sequences with a frequency in the range 50-200 Hz at afferent axon fibers in the
hippocampal CA1 region of anesthetized rats. The results show that the mean rates of
neuronal firing induced by axonal HFS were similar even for an up to fourfold difference
(200:50) in the number and thereby in the energy of electrical pulses delivered. However,
HFS with a higher pulse frequency (100 or 200 Hz) generated more randomness in the
firing pattern of neurons than a lower pulse frequency (50 Hz), which were quantitatively
evaluated by the significant changes of two indexes, namely, the peak coefficients and
the duty ratios of excitatory phase of neuronal firing, induced by different frequencies
(560-200 Hz). The findings indicate that a large portion of the HFS energy might function
to generate a desynchronization effect through a possible mechanism of intermittent
depolarization block of neuronal membranes. The present study addresses the demand
of high frequency for generating HFS-induced desynchronization in neuronal activity,
which may play important roles in DBS therapy.

Keywords: high frequency stimulation, unit spikes, firing rate, randomness, desynchronization, electrical energy

INTRODUCTION

Deep brain stimulation (DBS) is an established therapy for treating motor disorders such as
Parkinson’s disease and essential tremor (Cury et al., 2017). Due to its fast and reversible actions, as
well as fewer side effects than pharmacological treatments, DBS therapy has also shown promise for
treating other neurological diseases such as epilepsy, depression, and Alzheimer’s disease (Laxton
etal., 2010; Kennedy et al., 2011; Vonck et al., 2013). However, the precise mechanisms of DBS have
not yet been determined, limiting the development and informed application of DBS treatment
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to various neurological disorders (Udupa and Chen, 2015;
Florence et al., 2016). One of the key questions desired to be
addressed is why DBS requires a high-frequency persistent pulse
stimulation to obtain therapeutic efficacy in most treatments
(Herrington et al., 2016). Because stimulation frequency is an
important determinant of the consumption of electrical energy
and the battery life-span of implantable pulse generators, answers
to the question are important for the advancement of DBS
therapy.

Clinical investigations have shown that a pulse frequency
higher than 90 Hz is effective, whereas a pulse frequency lower
than 60 Hz is ineffective or even worsens the symptoms in
treating tremors by DBS (Birdno and Grill, 2008; McConnell
et al, 2012). Additionally, high-frequency stimulation (HES)
(around 130 Hz) has been shown to be more effective than low-
frequency stimulation in treating epilepsy (Jobst, 2010; Vonck
etal., 2013). Thus, regular DBS therapy utilizes HFSs (commonly
above 100 Hz) of electrical pulses in treating most brain disorders.

According to biophysical theory of excitable cells, a
sequence of stimulation pulses could induce neuronal firing
by transferring electrical energy into “neuronal energy” by
depolarizing membranes to generate action potentials and to
transmit excitation signals. Therefore, it seems reasonable to
speculate that more electrical energy delivered by stimulations
of a higher frequency would generate more neuronal firing.
However, over-delivery of electrical energy by intensive HFS
can generate a depolarization block of voltage-gated channels
in neuronal membranes thereby preventing continuous firing
of action potentials (Benazzouz et al, 1995; Beurrier et al.,
2001). Therefore, the stimulated neurons (or neuronal elements)
could only generate action potentials with a frequency far lower
than the frequency of HFS (Hashimoto et al., 2003; Hamani
and Temel, 2012; Florence et al., 2016; Feng et al., 2017). Such
a low firing rate could be achieved by a lower stimulation
frequency that consumes less electrical energy without inducing
depolarization block. Then, what is the role of HFS that consumes
more electrical energy?

Hypotheses on the mechanisms of DBS originally focused on
whether the targeted nuclei are being excited or suppressed by
HES (Vitek, 2002; Florence et al., 2016), but the focus has shifted
from excitability to desynchronization in recent years (Medeiros
and Moraes, 2014; Popovych and Tass, 2014). Increase of
synchronous bursting and rhythmic oscillation of large neuronal
populations are associated with many brain diseases such as
motor disorders and epilepsy (Gatev et al.,, 2006; Rampp and
Stefan, 2006; Hammond et al., 2007; Jiruska et al., 2013). Studies
have shown that HFS utilized by DBS can reduce pathological
oscillations and synchronous activity of target neurons (Wingeier
et al., 2006; Deniau et al., 2010; Eusebio et al., 2011; Medeiros and
Moraes, 2014). Therapeutic effects of DBS may be attributed to a
desynchronization effect rather than a rate change of neuronal
firing (Hashimoto et al, 2003; McCairn and Turner, 2009).
Therefore, we hypothesize that HFS with a higher frequency
could generate more randomness in neuronal firing thereby
resulting in a desynchronization effect of DBS.

To test the hypothesis, we investigated the reactions
of downstream neurons to pulse stimulation with different

frequencies (50-200 Hz) at afferent axon fibers in the
hippocampal CA1 region of anaesthetized rats. Axons are more
prone to be excited by extracellular pulses of HES than other
structure elements of neurons (Ranck, 1975; Nowak and Bullier,
1998; Johnson and Mclntyre, 2008). The outputs of axonal
HES can spread widely through projections of axonal fibers
(Nowak and Bullier, 1998), which may play important roles
in DBS therapy (Girgis and Miller, 2016; Herrington et al,
2016). Therefore, the present study of axonal stimulation could
reveal important mechanisms of DBS and especially provide a
new explanation for the demand of high frequency pulses in
effective DBS.

We conducted the investigation in hippocampal region
because the clear lamellar organizations of neuronal structures
in hippocampus facilitate the manipulation of stimulation and
recording in vivo (Andersen et al., 2000, 2007). In addition,
hippocampus per se is a potential target for the treatments of
brain disorders such as epilepsy and Alzheimer’s disease (Jobst,
2010; Laxton et al., 2010). Therefore, the results of axonal HFS
in hippocampal regions could be valuable in advancing the
applications of DBS.

MATERIALS AND METHODS
Animal Surgery

All surgical procedures were carried out in accordance with
the Guide for the Care and Use of Laboratory Animals
(China Ministry of Health). The protocol was approved by
the Institutional Animal Care and Use Committee, Zhejiang
University, Hangzhou. Twenty adult male Sprague-Dawley rats
(321 + 49 g) were used in this study under anesthesia with
urethane. Details of surgery and electrode placements were
similar to previous reports (Feng et al., 2013, 2017). Briefly, a
16-channel silicon electrode probe (Model Poly2, NeuroNexus
Technologies, United States) was inserted into hippocampal CA1
region to record electrical potentials (Figure 1A). A stimulation
electrode, concentric bipolar stainless steel electrode (FHC,
Bowdoin, ME, United States) was inserted into Schaffer
collaterals of the CA1 region to apply orthodromic stimulation in
the upstream of the recording probe. Four neighboring contacts
in the recording probe located in pyramidal cell layer were used to
collect unit spikes. Another contact located in stratum radiatum,
approximate 0.2 mm from the pyramidal layer, was used to collect
post-synaptic potentials induced by the stimulation of Schaffer
collaterals.

Recording and Stimulating

Details of recording and stimulating apparatuses have been
reported previously (Feng et al., 2017). Briefly, sixteen-channel
signals collected by the recording probe were amplified with a
frequency band of 0.3-5000 Hz and then sampled at a rate of
20 kHz/channel with 16-bit analog-to-digital conversions. HFS
sequences were biphasic current square-pulses with each phase
width of 0.1 ms, current intensity of 0.3-0.5 mA, and pulse
frequency of 50, 100, or 200 Hz. The duration of pulse sequences
was 1 min.
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FIGURE 1 | Changes of evoked potentials in the downstream region during HFS of afferent fibers in the rat hippocampal CA1 region. (A) Schematic diagram of the
locations of recording electrode array (RE) and orthdromic stimulation electrode (SE) in the CA1 region. Two contacts on the recording array separated 0.2 mm were
used to collect the potentials in the pyramidal layer (Pyr.) and stratum radiatum (S. rad.), respectively. Typical evoked potentials (PS and fEPSP) by a single pulse are
showed on the right. (B=D) Neuronal responses to 1-min HFS trains with 50, 100, and 200 Hz pulse frequencies (denoted by the bars). Large PS and fEPSP were
evoked by the first stimulation pulse at the onset of HFS. However, in the late HFS period, no more PS potentials appeared in the pyramidal layer and only small
oscillations paced pulses in the stratum radiatum. Nevertheless, unit spikes (indicated by hollow arrow heads in the expanded plots) persisted. (E) Comparison of the
oscillation amplitudes among HFS with different pulse frequencies of 50, 100, and 200 Hz. With similar amplitudes at the onset of HFS (denoted by A1 and listed on
the bottom), the mean oscillation amplitudes at the end of HFS (denoted by Ay) were suppressed more by higher frequencies. The A, values were calculated by
superposing and averaging the inter-pulse signals in the last 1 s of HFS. See the insets at the lower right of plots (B-D). The green waveforms are superposed
signals, and the black curves are average waveforms. Two repeated inter-pulse intervals are drawn for clarity. The solid arrow heads (with dot lines) over the
waveforms indicate the removed stimulation artifacts.
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Data Analysis of Unit Spikes

After removing stimulation artifacts, signals of multiple unit
activity (MUA) were obtained by high-pass filtering the raw
recording signals with a cut-oft frequency of 500 Hz. MUA signals
of four neighboring channels located in the pyramidal layer
were used to extract single unit activity (SUA) of pyramidal cells
and interneurons. See the reference for the processing details of
artifact removal, spike detection, and spike sorting (Feng et al.,
2017).

To investigate the effects of axonal HFS on the downstream
neurons, mean firing rates of MUA and SUA were calculated
during the late 30-s period of 1-min HFS and during the baseline
(30 s) before HFS as a control. The initial 30-s period of
the 1-min HFS was not used to analyze unit spikes, because
population spikes (PS) possibly appeared in the period and might
contaminate unit spikes, especially during HFS with a lower
stimulation frequency of 50 Hz (Feng et al., 2013).

To evaluate the changes of phase-locked relationship between
unit spikes and stimulation pulses during HFS with different
frequencies, peri-stimulus time histograms (PSTH) were
calculated with a bin width of 0.5 ms and a unit of “spike counts
per bin.” Two indexes, the peak coeflicient and the duty ratio of
excitatory phase, were used to quantify the distribution of unit
spikes in the inter-pulse intervals of HFS. The definition of the
peak coeflicient is as follows:

Peak coefficient = AC/Cyye (1)

where AC = (maximum value of PSTH — Cue), and
Cave = average value of PSTH over the time span of inter-
pulse interval. A large value of peak coefficient indicates a non-
uniform PSTH with a sharp peak; otherwise, a peak coefficient
~( indicates an even distribution of PSTH.

The definition of duty ratio of excitatory phase is as follows:

Duty ratio of excitatory phase = (2)

number of "excitatory” PSTH bins
total number of PSTH bins

x 100%

where the “excitatory” PSTH bin is defined as a bin with the
unit spike counts above 1.2 times of the mean value of baseline
recording in the mimic PSTH (see below for the measurement
of mimic PSTH). A redundancy of 20% is used in the threshold
setting for anti-interference, because the mean coeflicient of
variation (CV = standard deviation/mean value) of bins in
baseline equivalent PSTHs was ~0.1 and 2-fold CV (~0.2) would
cover ~95% interferences of a normal distribution. Thus, the
duty ratio is the percentage of “excitatory” bins in a PSTH, and
describes the concentration of excitatory effects that increase
neuronal firing. A small value of duty ratio indicates a narrow
phase of excitation or no excitatory phase (duty ratio = 0);
otherwise, a duty ratio ~100% indicates that neuronal firing
increases in the entire time span of inter-pulse intervals.

The two indexes together offer a quantification of the phase-
lock relationship between neuronal firing and stimulation pulses.
A PSTH with a larger peak coefficient and a smaller duty ratio

indicates a stronger phase-locked excitatory effect of stimulation
on neuronal firing; otherwise, a PSTH with a smaller peak
coeflicient and a larger duty ratio indicates a more random effect
of stimulation on neuronal firing.

For control, mimic PSTHs were calculated from baseline
recordings of unit spikes by setting mimic inter-pulse intervals as
20, 10, and 5 ms corresponding to “stimulation” frequencies of 50,
100, and 200 Hz. Average value (spike counts per bin) of baseline
mimic-PSTH was used to calculate the duty ratio of excitatory
phase in the formula (2).

Additionally, during HFS, coupling ratio between stimulation
pulses and single unit spikes was used to evaluate the efficiency of
stimulus pulses in inducing action potentials in the downstream
neurons:

number of unit spikes

3)

Coupling ratio =
g number of stimuation pulses

All statistical data were shown as mean =+ standard deviation.
Paired t-test for two data groups (e.g., HFS group vs.
corresponding baseline group) or one-way ANOVA with post hoc
Bonferroni tests for three data groups were used to determine
statistical significances of the differences among data groups.

RESULTS

Field Potentials and Unit Activity Evoked
by HFS With Different Frequencies

To investigate the effects of afferent stimulation on the
downstream CA1 neurons, we examined the evoked potentials
both in the pyramidal cell layer (Pyr.) and in the stratum
radiatum (S. rad.) during stimulations of Schaffer collaterals
(Figure 1A). Similar to previous reports (Feng et al., 2013, 2017),
large PS and field excitatory postsynaptic potentials (fEPSP) (i.e.,
highly synchronous responses of downstream neurons) appeared
in the initial periods of HFS sequences with any stimulation
frequencies of 50, 100, and 200 Hz (see expanded insets “a” in
Figures 1B-D). The duration of epileptiform PS activity was
longer for lower stimulation frequency 50 Hz, similar to the
previous report (Feng et al., 2013).

Following disappearance of PS activity, in the pyramidal layer,
unit spikes persisted without integrating into PS potentials. In
the stratum radiatum, small potential oscillations paced with
each stimulation pulse, indicating impulses of HFS coming from
the afferent fibers (see expanded insets “b” in Figures 1B-D).
The amplitudes of oscillations decreased significantly with the
increase of HFS frequency (Figure 1E). With similar amplitudes
of fEPSP (A)) at the onset of 1-min HFS sequences, the mean
oscillation amplitudes (A;) of post-synaptic potentials at the
last 1 s of HFS were only ~15, ~2, and ~0.2% of A; for 50,
100, and 200 Hz stimulations, respectively. The data indicate
a frequency-dependent attenuation of the effect of individual
pulses on post-synaptic potentials.

The stimulations in the late steady-state period of HFS failed to
induce large PS events; however, they did increase the firing rates
of post-synaptic neurons in the pyramidal layer (Figure 2A). The
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FIGURE 2 | Increase of multiple unit activity (MUA) in the CA1 region during HFS of afferent axons. (A) A typical example of neuronal responses to a 1-min train of
200 Hz HFS. The high-pass filtered signal (>500 Hz) shows that the MUA increased during the late period of HFS that was absent of obvious PS activity.

(B) Comparisons of MUA firing rates between baseline recordings and during late 30-s periods of 1-min HFS with 50, 100, and 200 Hz pulse frequencies. No
significant differences existed among the firing rates of the baseline recordings and during HFS, respectively, for the three groups with different frequencies (ANOVA

rates of multiple unit spikes (MUA) during the late 30-s periods
of HES with 50, 100, and 200 Hz were all significantly greater than
baseline rates of MUA before HES. Nevertheless, there was no
significant differences among the mean MUA rates during HFS
of different frequencies (Figure 2B; ANOVA F = 1.1, P = 0.34).
A silent period (10-30 s) without neuronal firing always appeared
immediately after the termination of HFS, indicating that the unit
spikes during late HFS must have been induced by the stimulation
(Figure 2A).

These results suggest that the difference of pulse frequencies
did not cause significant differences in the firing rates of
downstream neurons at MUA level, whereas up to a fourfold
difference (200:50 frequency) of electrical energy existed among
the delivered HFS sequences. The similarity in firing rates posed
a difficulty in explaining the frequency-dependent effects of DBS.
Nevertheless, the post-synaptic potentials evoked by individual
pulses were frequency dependent (Figure 1E), which might
change the patterns of neuronal firing. We hypothesize that the

extra electrical energy delivered by pulses of a higher frequency
would change the firing timing of downstream neurons, rather
than their firing rates. Therefore, we next tested the hypothesis
by analyzing the distributions of unit spikes in PSTHs during HFS
with different frequencies.

Flattening PSTH Distributions of MUA by
Stimulation With a Higher Frequency

As a control, mimic PSTH of baseline recording showed that
the MUA distribution in mimic inter-pulse intervals was flat,
indicating a random distribution of neuronal firing under the
situation without stimulation. Figure 3A shows an example of
mimic PSTH of 100 Hz HFS for a 30-s segment of baseline
recording.

During 50 Hz HEFS, the PSTH of MUA was highly non-
uniform with a sharp peak at ~10 ms within the 20 ms inter-pulse
intervals. Most unit spikes appeared in the time range of 8-13 ms
(Figure 3B, left). The non-uniformity of the PSTH decreased with
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FIGURE 3 | Changes of the PSTH distributions of MUA firing by HFS with various pulse frequencies. (A) Making mimic PSTH of MUA firing from 30-s baseline
recording for control. Left: a typical baseline MUA signal (30 s) was divided by virtual intervals of 10 ms (100 Hz). Right: superimposed signals of all 10 ms segments
in the 30-s MUA (up) and the corresponding mimic PSTH (down). The blue line denotes the mean value of PSTH. (B) Typical plots of MUA PSTH during late 30-s
HFS with 50, 100, and 200 Hz pulse frequencies. Up: superimposed signals of all inter-pulse intervals. Down: PSTH plots. In the PSTH plots, the red lines and blue
lines denote the self-mean values (Cave) and the baseline mean values, respectively. AtextitC is the difference between the peak value and the self-mean. The pink
bins of PSTH are with values greater than the baseline mean values (termed as excitatory bins). (C) Comparisons of the PSTH distributions under the identical time
duration of 20 ms by dividing the PSTH of 100 and 200 Hz into two and four same portions, respectively. (D,E) Comparisons of the peak coefficient (AC/Caye) and
the percentage of excitatory bins (i.e., duty ratio of excitatory phase) among HFS with stimulation frequencies of 50, 100, and 200 Hz.
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the increase of stimulation frequency (Figure 3B, middle and
right).

Because the amount of unit spikes are cumulated in different
time spans of 20, 10, and 5 ms (4:2:1) for 50-, 100-, and
200-Hz PSTHs, respectively; in order to intuitively compare
the PSTH distributions of various frequencies, we divided the
PSTHs of 100- and 200-Hz HFS evenly into two and four
portions, respectively, and connected the portions together to
form a PSTH with 20 ms time span, the same as 50-Hz
HES. Similarly, a mimic PSTH of baseline MUA with 20-ms
intervals was also made as a control (Figure 3C). These PSTHs
with an identical time span clearly show that the increase
of stimulation frequency flattened the distribution of MUA
in the inter-pulse intervals, indicating a decrease of phase-
locked relationship between the neuronal firing and the HFS
pulses.

Statistical data of PSTH suggest that with the increase of
stimulation frequency, the mean values of peak coefficient
decreased significantly (ANOVA with post hoc Bonferroni tests,
P < 0.001 for comparisons 50 vs. 200 Hz or 100 vs. 200 Hz,
P < 0.05 for comparison 50 vs. 100 Hz, Figure 3D); meanwhile,
the mean values of duty ratio increased significantly (ANOVA
with post hoc Bonferroni tests, P < 0.001 for all three multiple
comparisons, Figure 3E).

These data indicate that with similar rates of HFS-evoked
firing, stimulations with a lower frequency 50 Hz induced a
phase-locked firing, while HFS with higher frequencies 100 and
200 Hz generated a more random pattern of neuronal firing. The
extra energy delivered by more pulses of a higher frequency might
function to randomize the neuronal firing.

Because MUA signals include unit spikes from a group of
neurons, the change of phase-locked relationship revealed from
MUA did not necessarily represent the behavior of individual
neurons. The dispersion in firing time could be a result of
randomized firing time of different neurons, or a result of
regular firing time of individual neurons but out of phase from
each other. Therefore, we next examined the firing distributions
of SUA.

Flattening PSTH Distributions of SUA by
Stimulation With a Higher Frequency

High-frequency stimulation of Schaffer collaterals can excite two
types of neurons in the downstream CAl region: pyramidal
cells and interneurons. Analysis of SUA from the two types
of neurons showed that, during the late 30-s periods of
I-min HFS with 50, 100, and 200 Hz, the mean firing
rates of the neurons all increased significantly comparing
to baseline firing (Table 1), although the mean firing rates
during HFS of the three different frequencies were not
statistically different for both interneurons (ANOVA, F = 1.8,
P = 0.17) and pyramidal cells (ANOVA, F = 1.6, P = 0.20).
Additionally, the coupling ratios between single unit spikes
and stimulation pulses decreased significantly with the increase
of stimulation frequencies (Table 1). The coupling ratios and
firing rates of interneurons were greater than pyramidal cells
because of the lower excitation threshold of interneurons
(Csicsvari et al., 1998).

Scatter plots of SUA timing in sequential inter-pulse intervals
illustrated the distribution of neuronal firing (Figure 4A). For
control, during baseline recording before HFS, the unit spikes
distributed randomly in mimic intervals of 20 ms (Figure 4A,
Top row). However, during 50 Hz HFS, the unit spikes distributed
centrally in a narrow band except a minor portion of postponed
unit spikes (Figure 4A, Middle row). Because the coupling ratios
were far smaller than 100% (Table 1), even at the stimulation
frequency of 50 Hz, the neurons already failed to respond to every
stimulation pulse. Even if an action potential was induced, its
latency could be lengthened thereby resulting some of the unit
firing out of the phase-locked firing timing.

With the increase of stimulation frequencies to 100 and
200 Hz, the coupling ratios decreased further and the
distributions of spikes became more and more randomized to
finally lose an obvious phase-locked firing timing (Figure 4A,
Middle row). The PSTHs of SUA with a same interval of 20 ms
showed a decrease of peak and an increase of flattening with the
increase of stimulation frequency (Figure 4A, Bottom row).

Statistical data suggest that for both pyramidal cells and
interneurons, the peak coefficients of PSTHs decreased
significantly (ANOVA, P < 0.001 for all multiple comparisons,
Figure 4B) and the duty ratios of PSTHs increased significantly
(ANOVA, P < 0.001 for all multiple comparisons, Figure 4C)
with the increase of HFS frequency.

The obvious peak at around 8-9 ms in the PSTH plots of
50 and 100 Hz indicated the latency of neuronal responses to
stimulation pulses. If the interval between stimulation pulses
coincided with the peak time of PSTH, the distribution pattern
of PSTH would be similar to the PSTH of 100 Hz (corresponding
to an inter-pulse interval of 10 ms), except that the peak
would overlap more exactly with the zone of stimulation
artifacts. However, the firing was not induced by the overlapped
stimulation pulse but by the preceding pulse. Additionally,
according to the small coupling ratios (Table 1), many of the
stimulation pulses failed to induce an action potential.

These results indicate that the changes of PSTH distributions
of SUA were similar to those of MUA. The flattening trend of
MUA distributions by HES with higher frequencies should be
attributed to a more random firing of individual neurons, but
not a collective effect of a population of neurons firing at regular
intervals yet mutually out of phase. Moreover, the results suggest
that with an adequately high frequency, the axonal HFS was
able to generate a temporally random excitatory effect on the
downstream neurons instead of a sharp effect phase-locked with
stimulation pulses, thereby resulting in a desynchronization effect
of DBS.

DISCUSSION

The major findings in this study include the following: (1)
the neuronal firing rates induced by axonal HFS with different
frequencies (50, 100, and 200 Hz) were similar despite an up to
fourfold difference in the number of stimulation pulses and in
the electrical energy delivered by stimulations. (2) Stimulation
with a higher pulse frequency generated more randomness
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TABLE 1 | Changes of mean firing rates and coupling ratios of pyramidal cells and interneurons downstream during the late 30-s periods of 1-min 50, 100, and 200 Hz

HFS in the Schaffer collaterals of hippocampal CA1 region.

Neuron type HFS frequency (Hz) Neuron number  Firing rate in baseline (counts/s) Firing rate during HFS (counts/s)? Coupling ratio (%)®
Interneurons 50 12 56 +5.0 241 +1565 48.3 £ 30.9
100 17 55+57 32.5 +28.1 32.5+28.5
200 31 59+6.2 20.2 +£17.8 10.1 £ 8.9
Pyramidal cells 50 26 1.3+£15 51+3.0 10.3+£59
100 45 12+11 6.6 +4.3 6.6 +4.3
200 79 1.4+13 52+48 26+24

aMean firing rates during HFS of 50, 100, and 200 Hz were all significantly greater than their corresponding firing rates in baseline recordings before HFS (paired t-test,
P < 0.001), but were not statistically different from each other for both interneurons (ANOVA, F = 1.8, P = 0.17) and pyramidal cells (ANOVA, F = 1.6, P = 0.20).

bMean coupling ratios of the three HFS frequencies were significantly different from each other for both interneurons and pyramidal cells (one-way ANOVA, F > 20,
P < 0.001,; post hoc Bonferroni tests P < 0.001 for all multiple comparisons: 100 vs. 50 Hz, 200 vs. 50 Hz, and 100 vs. 200 Hz).

in neuronal firing timing instead of increasing firing amount.
Possible mechanisms underlying the findings and their clinic
implications are discussed below.

HFS-Induced Axonal Block Might Limit
the Increase of Neuronal Firing Rate With

Increasing Stimulation Frequency

Previous studies have shown that HFS with a frequency over
50 Hz can partially block the activation of axons in hippocampus
and subthalamus in vitro and in vivo (Jensen and Durand,
2009; Zheng et al, 2011; Feng et al, 2013; Rosenbaum et al,,
2014). Simulation studies suggest that the outflow of potassium
ions induced by intense excitation of axons may accumulate in
the small peri-axonal space, thereby generating a depolarization
block on axonal membranes because of inactivation of sodium
channels (Bellinger et al., 2008; Liu et al,, 2009). Under the
situation of partial block of axons, HFS pulses can still generate
intermittent impulses to the projecting neurons (Garcia et al,,
2003; Jensen and Durand, 2009; Feng et al., 2014, 2017). Based
on those previous results, here we might as well focus on the
mechanism of HFS-induced axonal failures to explain our first
finding: a saturation in the increase of neuronal firing rates with
the increase of stimulation frequency, although involvements of
other mechanisms, such as failures in synaptic transmissions,
cannot be excluded currently.

Axonal block induced by HFS is frequency dependent (Jensen
and Durand, 2009; Feng et al., 2013, 2014). Each pulse of HFS
with a higher frequency could only generate action potentials
in a smaller amount of axons thereby generating smaller field
post-synaptic potentials (Figure 1). Nevertheless, stimulations
with a higher frequency had more pulses and generated more
synaptic inputs to the post-synaptic neurons. The summed
excitation of smaller but more inputs could counter balance the
excitation from larger but less inputs generating by stimulations
with a lower frequency (Feng et al, 2014). Therefore, the
mean firing rates of both MUA and SUA did not change
significantly within 50-200 Hz frequency range of stimulations
(Figure 2 and Table 1). The extra electrical energy delivered
by stimulations with a higher frequency could have other
functions (e.g., randomizing firing) than increasing firing rates
of neurons.

Additionally, despite of no statistical significances, the mean
rates of neuronal firing seemed reaching a peak at the middle
frequency 100 Hz for both types of neurons. That is, the mean
firing rates during 200 Hz stimulation were even smaller than the
values during 100 Hz stimulation (Table 1). The decline of firing
rates by 200 Hz stimulation is reasonable given that a further
higher frequency up to kilohertz can completely block axonal
firing in peripheral nerves (McGee et al., 2015).

HFS With Higher Frequency Generates

More Randomness in Neuronal Firing
The second interesting finding of our study is that increasing
stimulation frequency from 50 to 200 Hz can weaken the
phase-locked relationship between unit spikes and stimulation
pulses. The smaller coupling ratio induced by axonal HFS
with a higher frequency could cause randomness in neuronal
firing. For example, during 200 Hz HFS, the mean coupling
ratio was ~10% for interneurons, indicating an interneuron
might fire once following one of every 10 pulses, that is,
about 10 firing opportunities could be “randomly” chosen in
every 50 ms. By contrast, during 50 Hz HFS, only about
two opportunities could be chosen because of the mean
coupling ratio was ~50%, meaning more concentrated (i.e., less
random) in firing timing. In addition, the loss of phase-locked
firing time in the inter-pulse intervals of a higher frequency
stimulation generated additional randomness (Figures 3, 4).
Both the decreased coupling ratio and the loss of phase-
locked relationship could be caused by the mechanism of
HFS-induced axonal block and nonlinear dynamics in the
recovery course of the block. Presumably, with a higher
frequency (e.g., 200 Hz), stimulated axons could constantly
be on the way to repolarize, or to recover from a state
of prolonged depolarization caused by continuous inputs
of stimuli. More randomness in the timing of neuronal
firing could result because of the nonlinear dynamics of
membrane repolarization (Hodgkin and Huxley, 1952; Grill,
2015). Therefore, the “extra electric energy” delivered by a
higher frequency might bring randomness to the firing timing
of neurons through elevating the membrane potentials of
stimulated axons.

Additionally, although the random neuronal firing during
stimulations with a higher frequency seemed close to baseline
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FIGURE 4 | Changes of the PSTH distributions of SUA firing. (A) Examples of raster plots and PSTH plots of an interneuron’s firing with HFS of 50, 100, and 200 Hz
frequencies. Top: raster plots of spikes in baseline before HFS (=30 to 0 s) in mimic interval 20 ms. Middle: raster plots of spikes during the late 30-s period of HFS.
Bottom: PSTH plots during the late period of HFS. The time spans of the three groups of plots were unified to 20 ms to facilitate the comparison of firing rates
directly. The PSTH plots of 100 and 200 Hz are duplications of two and four same portions, respectively. (B,C) Comparisons of the peak coefficients (AC/Caye) and
the duty ratio of excitatory phase of PSTH for individual interneurons and pyramidal cells during HFS with different stimulation frequency of 50, 100, and 200 Hz.

firing, it could not be a return to baseline firing because of the In summary, axonal HFS of a higher frequency
“silent period” of tens of seconds without unit spikes immediately =~ generated more randomness in the firing timing of
following the withdrawal of HFS (Figure 2). The silent period downstream neurons. With similar total amount of firing,
clearly showed that the neuronal firing during HFS was driven the increase of firing randomness suggests not only a
by the stimuli, not “spontaneous” baseline firing. Otherwise, the ~ decrease of synchronized firing among different neurons
baseline firing should have continued following the withdrawal but also a decrease of rhythmic firing of individual
of HFS. neurons. The present study provides a novel viewpoint
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for revealing the mechanism of frequency-dependent efficacy
of DBS.

Implication to the New Findings of HFS
Synchronized and rhythmic firing events are related to
pathological reactions of many brain disorders. For example,
increase of synchronous bursts and low frequency oscillations
in neurons of the basal ganglia and thalamus accompany motor
symptoms of Parkinson’s disease (Birdno and Grill, 2008; Gale
et al., 2008). Populations of neurons fire in an excessive and
synchronized manner in epileptic seizures (Le Van et al., 2003;
Lopes et al., 2003).

Recent studies have suggested that desynchronization of
neuronal firing is an important mechanism to the therapeutic
effects of DBS (Wilson et al., 2011; McConnell et al., 2012;
Medeiros and Moraes, 2014). Effective DBS for treating
movement disorders overrides pathological oscillations and
synchronous activity by replacing them with HFS-induced
patterns of activity (Llinas et al., 1999; Birdno and Grill,
2008). Electrical stimulation therapy for epilepsy control has
also utilized a strategy to de-synchronize epileptogenic neural
networks (Cota et al., 2009; Medeiros and Moraes, 2014).
However, the desynchronization effect of DBS requires a
stimulation with a high enough frequency (Brown et al., 2004).

The present study addresses the necessarity of a higher
frequency for generating HFS-induced desynchronization. With
a pulse frequency over 100 Hz, a large portion of the HFS
energy utilized by regular DBS might not aim to generate
transmissible signals - action potentials, but to add more
randomness in the sequences of action potentials thereby causing
desynchronization of firing among neurons. As suggested above,
a possible mechanism underlying this function of HFS might be
intermittent depolarization block of neuronal membranes. The
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Stroke is one of the main causes of death all over the world. As the combination of
acupuncture and electric stimulation, electroacupuncutre is a safe and effective therapy,
which is commonly applied in ischemic stroke therapy in both experimental studies
and clinical settings. The review was performed via searching for related articles in the
databases of OVID, PUBMED, and ISI Web of Science from their respective inceptions
to May 2018. In this review, we summarized the mechanism of EA for ischemic stroke
via a series of factors, consisting of apoptosis related-factors, inflammatory factors,
autophagy-related factors, growth factors, transcriptional factors, cannabinoid CB1
receptors, and other factors. In summary, EA stimulation may effectively alleviate ischemic
brain injury via a series of signal pathways and various other factors.

Keywords: electroacupuncture, ischemic stroke, apoptosis, neuroprotection, neurotrophic factors (NTFs)

INTRODUCTION

Ischemic stroke is a primary cause for dependency, disability, and death worldwide (Liao et al.,
2017). Occlusion of the middle cerebral artery is the most common cause of ischemic stroke,
resulting in high death rates ranging from 40 to 80% (Wicha et al., 2017). Ischemic stroke activates
several detrimental cascades that regulate many pathological changes, consisting of apoptosis,
excitotoxicity, inflammatory response, and oxidative stress (Li et al., 2017b). Electroacupuncture
(EA) stems from the combination of modern electrical stimulation and traditional acupuncture and
is a special type of acupuncture (Zhan et al., 2018). Compared to other conventional therapies, EA is
widely accepted because it is a relatively safe, cheap, and straightforward therapy (Zhan et al., 2018).
EA treatment following ischemic brain injury may produce neuroregenerative or neuroprotective
effects via suppressing apoptosis, alleviating glutamate excitotoxicity, enhancing cerebral blood
flow and growth factor production, regulating oxidative injury, maintaining blood-brain barrier
integrity, and generating cerebral ischemic tolerance (Chang et al., 2018).

LITERATURE RESEARCH CRITERIA

In this Narrative Review, the MEDLINE (PubMed), EMBASE, Cochrane Central Register of
Controlled Trials (CENTRAL) databases (from inception to May 2018) were queried to identify
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related abstracts and articles. The search terms were
electroacupuncture” and “stroke” or “cerebral ischemia,
and the concerned disease is ischemic stroke.

The Effect of EA Therapy on the
Pathogenesis and Pathological Process of

Ischemic Stroke

Neurogenesis

Regulation of various growth factors may prompt both
neurogenesis and angiogenesis, and improve motor function in
the early phases post-stroke (Talwar and Srivastava, 2014). Shin
et al. suggest that acupuncture may improve adult neurogenesis
via upregulating the expression levels of neurotrophic factors
(NTFs) in the brain (Shin et al,, 2017). Cheng et al. indicate
that the combination of EA and intranasal administration of
NGF may effectively promote functional recovery and mitigate
ischemic brain injury following focal ischemic stroke via
elevating cell proliferation and survival (Cheng et al., 2009). Kim
et al. suggest that 2Hz EA stimulation at Baihui and Dazhui
following ischemic brain injury may upregulate endogenous
neurogenesis via enhancing differentiation and proliferation of
NSCs via the VEGF and brain-derived neurotrophic factor
(BDNF) pathway, which contributes to prompting post-ischemic
functional recovery (Kim et al, 2014). Tao et al. show that
EA intervention with 1-20 Hz following ischemic stroke could
increase the proliferation of reactive astrocytes by promoting the
expression of crucial trophic factors, such as BDNFE, to provide
a protective effect against ischemic damage in peri-ischemic
regions (Tao et al., 2016).

Kim et al. show that EA at a frequency of 2Hz and an
intensity of 1 mA may induce prominent improvement of motor
and neurological functions and exert neuroprotection against
ischemic brain injury via elevating the expression of SDF-1a and
BDNF (Kim et al., 2013b). EA combined with mesenchymal stem
cell transplantation may improve the recovery of neurological
function and upregulate the expression of neurotrophic factors,
for instance neurotrophin-4/5 (NT4) and BDNE involved
in neurogenesis in mice with ischemic stroke (Kim et al,
2012, 2018). The promotion of NT4 and BDNF secretion
in the ischemic brain was accomplished via their common
receptor, tropomyosin receptor kinase B (TrkB) (Ahn et al,
2018). In addition, EA may improve synaptic plasticity in rats
with ischemic stroke via protecting synaptic ultrastructure and
promoting the levels of NGE BDNF, GAP-43 and p38 in the
ischemic brain’s cortex (Yi et al., 2006).

Ephrins and Eph receptors are regarded as growth-associated
inhibiting factor and are the largest tyrosine kinase family,
participating in development processes of the central nervous
system. Ren et al. show that EA intervention may improve
neural plasticity in peri-ishcemic brain cortexes of rats with
acute ischemic stroke, which might involve the enhancement
of the ephrin-A5 expression (Liu et al., 2008). Retinoic acid
is a crucial regulator of neurogenesis in the hippocampus
and subventricular zone. EA may promote neurological deficit
recovery via regulation of retinoic acid expression to effectively
alleviate ischemic brain damage (Hong et al, 2013). Nestin

is a cytoplasmic intermediate filament protein and normally
expressed during CNS development (Michalczyk and Ziman,
2005). Ki67, a nuclear protein, is considered as a mitotic marker
and expressed at the outset stage of mitosis in the neurogenesis
process. EA at 2 Hz may decrease nestin immunoreactive cells
and Ki67 in rats after cerebral ischemia/reperfusion (Liao
et al., 2017). Heparan sulfate proteoglycans (HSPGs) exist in
the extracellular matrix and the cell surface, which is closely
associated with synapse function and development (Long et al.,
2016). EA treatment can reduce modified neurological severity
scores (mNSS) and prompt neural functional recovery following
cerebral ischemic stroke via elevating the expression of HSPGs
and Slit2 (Long et al., 2016).

GAP-43, as a key factor of axonal growth cones, participates
in the process of axonal regeneration (Huang et al., 2017b).
EA at acupoints of Neiguan and Zusanli may prompt neural
remodeling and improve neural function in cerebral ischemic
rats, which is related to promoted expression of GAP-
43 surrounding the brain infarction region (Zhou et al,
2011). Nogo protein-A (Nogo-A) is a key myelin-related
axonal growth inhibitory protein, mainly inhibiting axonal
regeneration after ischemic stroke (Huang et al, 2017b). EA
treatment at acupoints along both the Lung Meridian and
the Pericardium Meridian may decrease the level of serum
Nogo-A in post-stroke rats. Moreover, stimulation in the
Pericardium Meridian exerts a better effect than in the Lung
Meridian (Chen et al, 2015b). Huang et al. suggest that
a treatment of EA at Quchi and Zusanli with 20Hz for
30 min may promote axonal regeneration via increasing the
expression of Gap-43 and decreasing the expression of the
Nogo-A signal pathway (Huang et al., 2017b). In addition, the
upregulation of phospho-LIMK1 and total LIMK1 levels was
related to the synaptic-dendritic plasticity in the hippocampal
CA1l region, and EA may down-regulate the expression of
miR-134, negatively modulating LIMK1 to elevate synaptic-
dendritic plasticity (Liu et al, 2017). Guo et al. show that
EA stimulation may significantly increase the expression of
IGF-1 mRNA in the striatum and hippocampus, involving the
neuroprotective mechanism of EA (Guo et al.,, 2004). Wang et al.
suggest that glia maturation factor (GMF) activation is involved
in glial activation. EA intervention is reported to suppress
ischemia-elicited astrocyte activation and reduce the expression
of GMF. Thus, it is speculated that EA might inhibit astroglial
activation via decreasing GMF (Wang et al., 2014) (as shown in
Table 1).

Astrocytes are important for the regeneration and recovery
of neuronal function and glial fibrillary acidic protein (GFAP)
is regarded as a biomarker of astrocytes in the central neuronal
system (Seri et al., 2001). High-frequency EA treatment with
15HZ for 30 min daily for 5 days may decrease the GFAP
expression in the hippocampus and the neocortex in rats with
post-stroke pain (Tian et al.,, 2016). EA stimulation with 2 Hz
at the acupoints of ST36 and ST37 may improve neurological
dysfunction, increase rotarod test times, and decrease cerebral
infarct areas. In addition, 2 Hz EA may elevate the number of
GFAP immunoreactive cells and decrease nestin immunoreactive
cells and Ki67 in rats after cerebral ischemia/reperfusion(Liao
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TABLE 1 | Summary for mechanisms of EA for regulating neurotropic and transcriptional factors against ischemic brain injury.

References Species/model Acupuncture

type/frequency/intensity/time

Acupoints Results

Wang et al., 2003 Wistar rat/MCAQ EA/20-3 HZ/3 mA/30 min
Pan et al., 2012 SD rat/MCAO EA/20 HZ/2-4 V//30 min
Tao et al., 2016 SD rat/MCAO EA/1-20 HZ/30 min

Kim et al., 2013b C57BL/6J/photothrombotic

cortical ischemia model

EA/20 HZ/1 mA/20 min

Kim et al., 2012 SD rat/MCAO EA/3 HZ/until the limb and the ear
twitched/5 min

Ma and Luo, 2008  Wistar rat/MCAO EA/40-60HZ/5 V/15min

Zhou et al., 2011 rat/MCAO EA/20 min

Huang et al., 2017b  SD rat/MCAQ EA/ 20 Hz/30min

Baihui (DU20) Renzhong (DU26)
Hegu (LI4) Quchi (LI 11)

Quchi (LI11) Zusanli(ST36)
Baihui (GV20) Dazhui(GV14)

Enhancement of the VEGF expression
Up-regulation of serum VEGF
Enhancement of BDNF

Increase of BDNF and SDF-1a

Baihui (GV20) Motor recovery improvement and
BDNF/trkB promotion
Hegu (LI 4) Angiogenesis factors promotion and

anti-angiogenesis factors down-regulation
Promotion of GAP-43

Up-regulation of Gap-43; down-regulation
of Nogo-A.

Zusanli (ST36) Neiguan (PC 6)
Zusanli (ST36) Quchi (LI11)

et al, 2017). Wang et al. suggest that glia maturation factor
(GMF) activation is involved in glial activation, while EA
intervention of 5-20Hz for 30 min at Baihui and Shuigou is
reported to suppress ischemia-elicited astrocyte activation and
reduce the expression of GMF. Thus, it is speculated that EA
might inhibit astroglial activation via decreasing GMF (Wang
et al., 2014).

Angiogenesis

Vascular endothelial growth factor (VEGF) is usually related
to angiogenesis formation after cerebral ischemic damage,
consequently exerting neuroprotective effects to alleviate the
infarct volume (Kim et al., 2018). EA at the acupoints of Baihui
and Renzhong induced an elevation of VEGEF, which might be
associated with a reduction of the infarct area via activating
angiogenesis and promoting tissue repair by the proliferation
of activating astrocytes following ischemic stroke (Wang et al.,
2003). High levels of VEGF induced by EA intervention at
Quchi and Zusanli may promote chemotaxis, mobilization and
homing of EPCs so as to promote neovascularization (Zhao
et al,, 2010). EA stimulation with 20 Hz for 30min at both the
Pericardium Meridian and the Large Intestine Meridian may
elevate VEGF expression and the VEGF-positive microvessel
number in ischemic stroke rats, indicating an elevation of
cerebral angiogenesis, and stimulation at Quze-Neiguan exerts
a better effect than Hegu-Quchi (Pan et al, 2012). Xie et al.
show that EA may upregulate and accelerate the formation of
stromal cell-derived factor-la (SDF-1a) concentration gradient
and result in the enhancement of angiogenesis and endothelial
progenitor cells in an ischemic brain as well as promote
the recovery of neurological function (Xie et al., 2016). EA
stimulation may promote the expression level of angiogenic
growth factors Ang-1 and VEGF and decrease the expression
level of endostatin, involved in the process of angiogenesis in
ischemic brain tissues from rats (Ma and Luo, 2008) and the
mechanism of decreasing ischemic damage (Ma and Luo, 2007).

Autophagy
Cytoplasmic light chain 3(LC3) plays a key role in evaluating
levels of autophagy (Glick et al, 2010). LC 3-II may be

transformed from LC3-I and localizes in autophagosomal
membranes, and the number of autophagosomes is closely
related to the ratio of LC3-II/ LC3-I (Li et al., 2017b). Liu et al.
demonstrate that EA treatment with 1-20 Hz for 3 days may
downregulate the ratio of LC3BII/LC3BI as well as decrease
the number of autolysosomes, lysosomes, and autophagosomes
in the peri-ischemic cortex (Liu et al., 2016a). Furthermore, Li
et al. illustrated the activation of autophagy in neurons after
ischemia by way of high expression levels of Beclin 1 and LC3
in the peri-infarct cortex(Li et al., 2017b). The expression of
autophagosome membrane makers, such as Unc-51-like kinase 1
(ULK1), autophagy-related gene 13 (Atg13) also may be reduced
by EA treatment with 1-20 Hz for 3 days after ischemic stroke
(Liu et al., 2016a).

The mammalian target of rapamycin (mTOR) kinase produces
two functionally different complexes via interacting with other
partners, individually named as mTOR complex 1 (mTORC1)
and mTORC2; mTORCI is a main regulator of autophagy and
autophagosome formation (Liu et al, 2016a). Formation of
autophagosome is regulated by the mTORCI pathway and LC3-
IT (Liu et al, 2016a). Liu et al. indicate that EA treatment
at the acupoints of ST36 and LII1 significantly upregulated
the expression of mTORC1 and the expression of the ULK
complex, indicating that the neuroprotection of EA treatment
against ischemic injury might be involved in the suppression of
autophagy and autophagosome formation (Liu et al., 2016a).

Apoptosis
EA of 2Hz combined with melatonin may exert a
neuroprotective effect against apoptosis by improving

neurological deficits and infarcted volume, elevating B-
cell lymphoma 2 (Bcl-2) and decreasing Bcl2-associated X
protein(Bax) (Liu and Cheung, 2013). EA with 5-20Hz for
30 min once daily at Baihui (DU20) and Shenting (DU24) may
enhance Bcl-2 at both protein and mRNA level, phosphorylated-
CREB at the protein level, and the activity of glutathione
peroxidase and superoxide dismutase in the hippocampus
of rats after ischemic stroke (Lin et al, 2015a). On the
contrary, EA suppressed the production of Bax and reduced the
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malondialdehyde level (Lin et al., 2015a). Guo et al. indicate that
the neuroprotection induced by EA with taurine might be related
to the alleviation of P53 over-expression and up-regulation of
the radio of Bcl-2/Bax in ischemic cortexes of rats (Guo et al,,
2002). Xue et al. show that EA treatment may contribute to
upregulating the expression level of Bcl-xL and anti-apoptotic
Bcl-2 in ischemic stroke rats (Xue et al., 2014). Chen et al.
demonstrate that EA with 1-20Hz for 30 min at Quchi and
Zusanli may improve cerebral infarction and neural function,
and elevate the ratio of anti-apoptotic Bcl-2/Bax in ischemic
brain tissue via PI3K/Akt signaling pathway activation (Chen
et al, 2012). The neuroprotection of EA preconditioning at
the Quchi acupoint against neuronal apoptosis might be partly
regulated by the expression of Bcl-2 and Bax via ePKC activation
(Wang et al., 2011). EA may increase bcl-2 expression and reduce
caspase-3 expression, which might contribute to alleviation
of neuronal apoptosis in cerebral ischemia-reperfusion rats
(Chen et al.,, 2009). Xue et al. demonstrated that EA of Zusanli
(ST36) and Quchi (LI11) may notably suppress the activities
of pro-apoptosis factors, including caspase-3,—8, and—9 (Xue
et al., 2014). Wang et al. show that EA may inhibit the activation
of caspase-9 and decrease the number of apoptotic cells (Wang
et al., 2002).

EA treatment with 4-20Hz may suppress the death
receptor (DR)-mediated apoptotic pathway, which may induce
neuronal apoptosis after hypoxia-ischemia, alleviating DR5-
induced neuronal apoptosis following ischemic stroke (Xue
et al, 2014). Among the members of the apoptosis protein
family inhibitor (IAP), anti-apoptotic cIAP-1 and—2 levels were
significantly elevated in the cerebral cortex of post-stroke rats
after EA treatment (Xue et al,, 2014). Shi demonstrates that
acupuncture exerts anti-apoptotic effects via inducing the nerve
growth factor receptor (trk-A) expression following cerebral
ischemic stroke (Shi, 1999) (as shown in Table 2).

Inflammatory

1-20 Hz EA treatment were inserted at 2-3 mm depth into Quchi
and Zusanli, and may reduce the levels of pro-inflammatory
cytokines, including IL-1B, IL-6, and TNF-q, in rats following
ischemic stroke (Lan et al., 2013). Acupuncture may alleviate

the enhancement of IL-6, IL-1B, and TNF-a, and suppress
the microglia activation in ischemic brain tissues, suggesting
that the microglia activation may be closely associated with
the anti-inflammation effect of acupuncture (Han et al., 2015).
EA treatment of 1-20 Hz at Quchi (LI11) and Zusanli (ST36)
mediated the miR-9/ NF-kB signaling pathway and decreased
the production of the proinflammatory cytokines, IL-1f and
TNF-a (Liu et al,, 2016¢). Huang et al. show that EA treatment
with 2-20Hz at Baihui and Shenting may effectively decrease the
excessive expression of pro-inflammatory cytokine interleukin-
18 (IL-1B) mediated by spinal microglial P2X7R so as to relieve
pain hypersensitivity (Huang et al., 2017a). Wang et al. suggest
that the mRNA levels of Il6st/Gp130, Cntfr and Lifr were
significantly elevated following EA treatment, demonstrating
that the IL-6 type cytokines exert a crucial effect in chronic
or subacute phases of ischemic stroke following multiple EA
interventions (Wang et al., 2014). The combination of EA 2 Hz
and melatonin induced an inhibitory effect on COX-2 and
TNF-a, playing a key role in neuroprotective effect to alleviate
cerebral infarct volume and neurological deficit following
ischemic stroke (Liu and Cheung, 2013). Scalp acupuncture may
improve ischemic brain injury and inhibit cytokine-mediated
inflammation via inhibiting leukocyte infiltration, prompting
neurofunctional recovery, downregulating the expression of
IL-18 and TNF-a and elevating IL-10 expression in rats (Zhang
etal., 2007). Scalp acupuncture with 2-100Hz at the points Baihui
and Qubin may elevate TGF-betal level and downregulate the
expression of NF-kB and COX-2 in cerebrum tissues so as to
attenuate ischemic brain injury, inhibiting leukocyte infiltration
and improving neurofunctional recovery in rats (Zhang et al.,
2009).

MMP-9 and MMP-2, the key members of the MMP family,
might result in the degradation of extracellular matrix and
aggravate cerebral infarct volume, which are associated with
BBB destruction and other pathological processes after ischemic
brain damage (Lin et al., 2016). Xu et al. suggest that ischemic
brain injury-induced enhancement of MMP2 may be notably
alleviated by EA stimulation in ischemic rats (Xu et al., 2014).
MMP-2/MMP-9 expression was suppressed by EA treatment in
brain ischemic rats and EA may alleviate learning and memory

TABLE 2 | Summary for mechanisms of EA for regulating apoptotic related factors against ischemic brain injury.

References Species/model Acupuncture Acupoints results
type/frequency/intensity/time

Xue et al., 2014 SD rat/MCAO EA/4-20 HZ/30 min Quchi (LI11) Zusanli(ST36) Elevating the ratio of Bcl-2/Bax

Chen et al.,, 2012 SD rat/MCAO EA/1-20 HZ/30 min Quchi (LI11) Zusanli (ST36) Enhancement of Bcl-2/Bax ratio

Wang et al., 2011 SD rat/MCAO EA Quchi (LI11) Zusanli (ST36) Up-regulation of Bcl-2; down-regulation of Bax

Liu and Cheung, 2013 SD rat/MCAO EA/2 HZ/0.5 mA Zusanli (ST36) xiajuxu(ST39) Promotion of BCL-2 and Bax

Liu et al., 2016a SD rat/MCAO EA/6 /0.2 mA/30 min Quchi (LI11) Zusanli (ST36) Inhibition of LC3B)II/I, ULK1, Atg13, Beclin1;
promotion of MTORC1

Wang et al., 2002 MCAO EA Activation of the Akt and inhibition of the
caspase-9

Xue et al., 2014 SD rat/MCAO EA/4-20 HZ/30 min Zusanli(ST36) Quchi(LI11) Promotion of PI3K, p-Akt, p-Bad and Bcl-2

Chen et al., 2009 SD rat EA Up-regulation of bcl-2; down-regulation of
caspase-3

Frontiers in Neuroscience | www.frontiersin.org 18

December 2018 | Volume 12 | Article 929


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

Xing et al.

Mechanisms of EA Therapy for Ischemic Stroke

TABLE 3 | Summary for mechanisms of EA for regulating inflammatory factors against ischemic brain injury.

References Species/model  Acupuncture

type/frequency/intensity/time

Acupoints Results

Liu et al., 2016b SD rat/MCAO EA/1-20HZ/6 /0.2 mA /30 min
Huang et al., 2017a SD rat/MCAO EA/2-20 Hz/0.2 mA/30 min
Zhang et al., 2007 SD rat/MCAO scalp acupuncture
Liu and Cheung, 2013 SD rat/MCAO EA/2 HZ/0.5mA
Wang et al., 2014 SD rat/MCAO EA/5-20 Hz/1.0-1.2 mA/30 min
Zhang et al., 2009 SD rat/MCAO scalp acupuncture /2-100 HZ/2 mA
Liu et al., 2016¢ SD rat/MCAO EA/4 V//1-20 HZ/30 min
Ma et al., 2016 SD rat/MCAO EA/2 Hz/1 mA/30 min
Jiang et al., 2017 SD rat/MCAO EA/1 mA/20 Hz for 5 min, 2 Hz for
30min
Xu et al., 2014 SD rat/MCAO Acupuncture and EA/2 HZ/1
mA/20 min
Lan et al., 2013 SD rat/MCAO EA/1-20 HZ/muscle twitch threshold
Lin et al., 2015b, 2016 SD rat/MCAO EA/20 HZ/1-3 mA/30 min

Quchi (LI11) Zusanli (ST36)
Baihui (DU20) Shenting(DU24)

Reduction of IL-18, IL-6, and TNF-a
Down-regulation of IL-1pvia P2X7R
Down-regulation of IL-18, TNF-a, IL-10
Inhibition of COX-2 and TNF-a
Promotion of 16st/Gp130, Cntfr and Lifr

Zusanli (ST36) xiajuxu(ST39)
“Baihui” (GV 20) and “Shuigou”
(GV 26)

Baihui(GV20) Qubin (GB7) Inhibition of COX-2 NF-kappaB;
enhancement of TGF-betal
Inhibition of IL-1B and TNF-a

Reduction of MMP-9; Promotion of

Quchi (LI11) Zusanli (ST36)
Baihui(GV20) Siguan

TIMP-1
Baihui (GV 20), Promotion of CYLD and reducing
Hegu(LI4), Taichong (LR 3) CX3CL1
Zusanli (ST36) Baihui (GV20) Reduction of MMP2

Quchi (LI11) Zusanli (ST36)
Baihui (DU20) Shenting(DU24)

Inhibition of TNF-a, IL-18, and IL-6.
Reduction of MMP-2 and MMP-9

dysfunction as well as anatomical damage in post-stroke rats (Lin
etal., 2016). 2 Hz EA at Bajhui and Siguan markedly elevated the
expression of tissue inhibitors of metalloproteinases-1 (TIMP-
1) and reduced the expression of matrix metalloproteinase—9
(MMP-9) at protein and mRNA levels, leading to a balance
disorder of MMP-9/TIMP-1expression, which might be involved
in neuroprotection caused by EA at the Siguan and Baihui
acupoints against ischemic brain injury (Ma et al., 2016).

Cylindromatosis (CYLD) is mainly expressed in peri-
infarct cortical neurons, exerting anti-inflammatory and
neuroprotective effects in rats after cerebral ischemia/reperfusion
(Jiang et al., 2017). Enhancement of CYLD expression induced
by EA at the points of Baihui, Hegu, and Taichong may reduce
neuronal CX3CL1 expression and inhibit NF-kB nuclear
translocation, subsequently suppressing pro-inflammatory
cytokines and microglial activation in peri-infarct regions
(Jiang et al, 2017). EA exerted anti-inflammatory effects
via inhibition of the neuronal NF-kB pathway, which was
related to increases of neuronal A20 expression induced by
EA treatment in the ischemic brain of rats (Zhan et al., 2016).
EA-induced downregulation of the STAT expression following
ischemic stroke may exert benefits for rats with chronic and
acute ischemic stroke (Su et al., 2012). Wang et al. show that
shot single-time EA stimulation at Baihui and Shuigou may
significantly upregulate the levels of Stat5a, Stat5b, and Stat6
and multiple EA treatments may remarkably downregulate the
levels of Statl and Stat2 (Wang et al,, 2014). EA may lower
the peak expression level of heat shock protein 70 (Hsp70)
and adrenocorticotrophic hormone (ACTH) so as to prompt
neuronal repair, decrease inflammatory response and suppress
excessive stress (Shi et al., 2017) (as shown in Table 3).

Blood-Brain Barrier
The blood-brain barrier (BBB) may maintain and protect
homeostasis in the CNS and closely govern signaling

transmission with the peripheral nervous system (Zhang
et al, 2018). EA stimulation provides a beneficial effect in
ischemia-reperfusion injured rats via mediating the expression
of tight junction proteins, including claudin-5, occludin and
Z0O-1 (Zhang et al., 2014). EA (100 Hz, 2mA) of GV 15 and GV
20 with increased NGF levels in the brain may increase BBB
permeability in the ischemic cerebral tissue (Lin et al., 2009).
EA stimulation at Renzhong (DU26) and Baihui (DU20) may
enhance aquaporin-4 expression after ischemic brain damage,
which possibly protects the BBB (Peng et al., 2012). Zhang et al.
suggested that 8 min duration of EA pretreatment at GV20 and
GV26 may significantly enhance exogenous NGF concentrations
and increase BBB permeability in the cerebral cortex of rats
with ischemic stroke (Zhang et al., 2018). Zou et al. showed
that EA preconditioning with a density-sparse wave at Baihui
decreases brain edema and BBB permeability by suppressing the
expression of p-caveolin-1 and the degradation of tight junction
proteins (Zou et al., 2015). EA preconditioning of GV 26 and
GV 20 may effectively improve BBB damage via upregulating the
level of MMP-9 mRNA, MMP-9 protein and VEGF mRNA after
ischemic brain injury (Lin et al., 2015b).

Different Types of Factors Involved in the

Process of EA Therapy Neuroprotection
MiRNAs

MiRNAs are a critical class of non-coding RNAs (ncRNAs)
composed of 18-24 nucleotides. MiRNAs are important
regulating molecules in the etiology and pathology of ischemic
brain injury and the percentage of MiRNA changes can be up
to 20% in ischemic stroke (Chen et al., 2017). MiR-9 can bind
to NF-kB so as to take part in the process of inflammation
caused by ischemic brain damage. EA treatment at Quchi
(LI11) and Zusanli (ST36) with 1-20 Hz exerts neuroprotective
effects via the miR-9-NF-kB downstream pathway after cerebral
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ischemic injury (Liu et al., 2016c). Zhou et al. show that
the neuroprotective effect of EA may be partly reversed by
miR-191a-5p, which may aggravate neuronal damage following
ischemic stroke. Moreover, reduction of miR-191a-5p in the
cortex and primary neurons of rats may improve neurological
deficits, decrease infarct volumes, reduce neuronal apoptosis and
elevate cell viability (Zhou et al, 2017). Zheng et al. suggest
that EA treatment at Neiguan (PC6) and Renzhong (GV26)
with a frequency of 2 Hz may reverse the upregulation of rno-
miR-494 at 24h following ischemic stroke. Therefore, rno-
miR-494 might be involved in the neuroprotective effect of
EA in the process of ischemic brain damage (Zheng et al.,
2016). EA may change the expression level of cell proliferation-
associated miRNA, including rno-miR-6216, rno-miR-206-3p,
rno-miR-494-3p, and rno-miR-3473, which might be related to
the improved functional recovery and cerebral blood supply
after stroke (Zheng et al., 2016). Hippocampal synaptic plasticity
induced by EA was associated with miR-134-mediated LIMK1,
involved in the improvement of memory and learning in the
period of ischemic-injury recovery (Liu et al., 2017). MiR-181b
may be enhanced by EA with 2/10Hz for 5 successive days in
the penumbras, and EA may prompt neurobehavioral function
recovery via regulating the expression of RhoA,GAP43, and PirB
(Deng et al., 2016).

lon and lonic Channel Proteins

EA for 30 min/day may protect neurons against ischemic
damage via modulating the level of Ca?* to suppress Ca’*t
overload in the infarct region of the brain (Xu et al., 2002).
The large-conductance Ca®t)_activated K+ (BKCa) expression
level was down-regulated by EA at the Shuigou acupoint, which
may prompt the recovery of pathological damage and improve
neurological deficit in cerebral ischemic rats (Wang et al., 2016).
Zhang et al. demonstrate that EA treatment at the Shenting and
Baihui for 30 min/day exerts an important therapeutic effect
in cognitive recovery, and the key mechanism is related to the
regulation of CaM-CaMKIV-CREB (Zhang et al., 2016). EA
treatment may effectively suppress the activity and expression
level of CaM, subsequently increasing the CREB and CaMKIV
expression (Zhang et al., 2016). Ren et al. show that EA treatment
may regulate the expression of Na(v)1.6 and Na(v)1.1 following
ischemic stroke, which may be related to the neuroprotection
mechanism of EA treatment (Ren et al., 2010b). EA stimulation
(density wave, frequency 10Hz and intensity 1mA) at PCe6,
SJ5, SP6, and ST36 may modulate the expression of Navl.l
following acute ischemic stroke, which may be involved in the
protective mechanism of EA treatment for ischemic brains (Ren
et al,, 2010a). Sun et al. show that transient receptor potential
melastatin7 (TRPM7) plays an important role in the process
of ischemic stroke, and EA may reverse the up-regulation of
TRPM7 expression in cerebral infarction rats. The pathway of
trkA might be involved in the effect of EA on TRPM7 (Zhao
et al., 2005). Moreover, the expression level of the water channel
proteins, AQP9 and AQP4, may be markedly inhibited after EA
treatment with a 2 Hz frequency (intensity, 1 mA) at GV20 and
ST36 in the infarct brain, demonstrating that the neuroprotection

mechanisms of EA are partially involved in the improvement of
inflammation-mediated cerebral edema (Xu et al., 2014).

ACh and Related Receptors

Kim et al. indicate that EA stimulation at a 2Hz frequency
of 1mA intensity for 20 min may significantly increase the
release of acetylcholine (ACh) from the cholinergic nerve in
the ischemic brain cortex. ACh upregulation contributes to the
release of NO from endothelial cells, and the over-expression
of NO leads to vasodilation (Kim et al., 2013a). EA treatment
at 2/15 Hz sparse-dense frequency and an intensity of 1 mA for
30 min may significantly reverse downregulation in the mRNA
level of a7nAChR, choline acetyltransferase, and five subtypes
of muscarinic receptors, subsequently alleviating damage of the
central cholinergic system (Chi et al., 2018).

Nitric Oxide Synthase (iNOS)

Shi suggests that enhancement of NO levels in peri-infarction is
closely relevant to iNOS immunoactivity and acupuncture may
suppress iNOS immunoactivity via reducing the NO content in
ischemic stroke rats (Shi, 1999). The effect of EA stimulation at
Baihui and Dazhui with 2 Hz for 20 min on moderate ischemic
damage is completely inhibited in eNOS KO mice, demonstrating
that the neuroprotection of EA is closely related to eNOS (Kim
et al., 2013a).

Nogo Protein and Its Receptors

In the spinal cord, the medulla oblongata and the cerebral cortex
of ischemic stroke rats, upregulation of Nogo-66 receptor (NgR)
expression is a critical cause of remote-organ damage of acute
cerebral ischemia (Tan et al., 2014b). The neuroprotective effect
induced by EA at Baihui (GV 20), Shuigou (GV 26), and Neiguan
(PC 6) might be significantly associated with suppressing the
expression level of NgR protein, which is the receptor of myelin
growth suppression regulator Nogo-A in the brains of rats with
hypertensive ischemic brain damage (Tan et al., 2014b). Tan
et al. demonstrate that the up-regulation of NgR1 and Nogo-A
induced by ischemia may be reversed by EA treatment at days
14 and 28 following ischemic stroke in renovascular hypertensive
rats, and EA may alleviate neural damage following cervical
spinal cord injury (Tan et al., 2014a). Deng et al. show that PirB
protein and pirb mRNA levels in the penumbra are reduced by
EA treatment at a dense-disperse frequency of 2/10 Hz and an
intensity of 1-2 mA at the Baihui point within 28 days following
ischemia/reperfusion, and the decrease of pirB might promote
neurite outgrowth following oxygen-glucose deprivation damage
(Deng et al., 2016).

MAPK Signal Pathway

EA treatment may suppress the nuclear translocation of NF-
kBp65 and the expression of MyD88 and p38 MAPK so as to
inhibit the production of pro-inflammatory cytokines, which is
a possible mechanism for explaining how EA ameliorates the
excessive activated microglia (Liu et al., 2016b). Liu et al. suggest
that EA treatment at Zusanli and Quchi with dense disperse
waves of 1-20 Hz may suppress nuclear translocation of NF-
kB p65 in the peri-ischemic cortex of rats following ischemic
stroke (Liu et al., 2016¢). Systemic EA stimulation with 1-20 Hz
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at the points of Zusanli and Quchi may suppress the activation
of the TLR4/NF-kB pathway after ischemia/reperfusion injury
by decreasing crucial target points of the TLR4/NF-kB signaling
pathway (Lan et al., 2013). As two crucial downstream target
points of the NF-kB signaling pathway, pro-apoptotic Fas, and
Bax are significantly suppressed by EA treatment. The protection
mechanisms of EA at Shenting and Baihui on the improvement
of cognitive impairment might be involved in the suppression
of NF-kB-mediated cell apoptosis in ischemic/reperfusion rats
(Feng et al., 2013).

Huang et al. show that EA stimulation may provide
protection against ischemic cerebral damage via activating the
ERK1/2 pathway (Huang et al., 2014). EA notably elevates the
expression of ERK phosphorylation so as to prompt cerebral
cell proliferation, and the expression levels of cyclin-dependent
kinase (CDK)4 and cyclin D1 are also enhanced via ERK
activation in ischemic brain tissues (Xie et al., 2013).

EA intervention with disperse waves of 4 and 20Hz for 3
days may activate the PI3K/Akt signal pathway, which might
be associated with the anti-apoptotic form of IAP(inhibitor of
apoptosis protein) and the Bcl-2 (Xue et al., 2014). Activation
of the PI3K/Akt signaling pathway induced by EA intervention
may be involved in EA’s mechanism against ischemic brain injury
(Sun et al., 2005). Furthermore, as the PI3K activators, EA may
upregulate the serum levels of GDNF and BDNF (Chen et al.,
2012). Li et al. show that EA stimulation at GV26 may partially
reduce the enhancement of AnglI and its receptor-regulated IP3
signal pathway induced by ischemic stroke, and then improve
blood supply and decrease vasoconstriction in the infarct region,
providing a neuroprotective effect in ischemic rats (Li et al.,
2014).

Zhao et al. demonstrate that EA stimulation with disperse
waves of 4 and 20 Hz for 21 days may prompt the neurogenesis
of NSCs via enhancing the Notch1 expression level after ischemic
brain injury (Zhao et al., 2015). EA therapy with frequencies of 1
or 20 Hz for 30 min/day markedly suppresses the transcription of
GSK3 and upregulates the expression of p-catenin and Wntl in
neural progenitor cells (NPCs), suggesting that EA may prompt
the NPCs’ proliferation in the peri-ischemic cortex by the Wnt/f-
catenin pathway at the Zusanli (ST36) and Quchi (LI11) points
(Chen et al,, 2015a). Wu et al. show that the phosphorylation
level of AMP-activated protein kinase oo (AMPKa) in motor
cortex, somatosensory cortex and caudate putamen regions may
be elevated by EA, promoting motor functional recovery and
neural activity following ischemic brain injury (Wu et al.,, 2017).

Glutamate and Its Receptors

Glutamate accumulation occurs immediately following ischemic
stroke, leading to an excessive enhancement of glutamate
receptors and resulting in neurotoxicity (Liu et al, 2015).
Yue et al. suggest that EA and acupuncture treatment may
upregulate the serum gamma-aminobutyric acid (GABA) levels
and decrease serum glutamate (Glu) levels as well as the ratio
of Glu/GABA compared to those before treatment in patients
with stroke, but EA exerts a better effect on those than the
acupuncture group (Yue et al., 2012). Zhang et al. demonstrate
that acupuncture (twice daily for 1 week, 20 min for each time) at

Baihui may prevent damage of synaptic transmission and spike
encoding at GABAergic neurons from ischemic stroke, and the
preventive effect is related to the resistance ability of GABAergic
cells to changes in refractory periods and changes of spike
threshold potentials following stroke (Zhang et al., 2011). Shi
shows that acupuncture may decrease the N-methyl-D-aspartate
receptor subtype 1 (NMDAR1) mRNA mediated excitotoxicity
of glutamate after cerebral ischemia-reperfusion injury (Shi,
1999). EA stimulation with dense-sparse frequencies (sparse 4 Hz
for 1.5s and dense 16 Hz for 1.5s alternately) may increase
the expression of TrkA and reduce the over-expression of the
NMDARI1 subunit in MCAO rats (Sun et al., 2005). EA with 2 Hz
may improve long-term potentiation and behavior impairment
after ischemic stroke via reversing the upregulation of transient
receptor potential vanilloid subtype 1 (TRPV1) and NMDARI1
in the hippocampal CAl regions (Lin and Hsieh, 2010). EA
stimulation may reverse the promoted level of NMDARI mRNA
induced by ischemic stroke (Sun et al., 2005). Zhao et al. show
that a bidirectional mediation of extracellular inhibitory and
excitatory amino acid (glutamate, aspartate, and taurine) levels
may be involved in EA, with 15HZ induced neuroprotection
following ischemic stroke (Zhao and Cheng, 1997).

Protein Kinase C

Expression of protein kinase C (PKC) in the vascular smooth
muscle of the focal ischemic brain was notably suppressed by EA
treatment following cerebral infarction, which might be involved
in the protective mechanism of EA for ischemic stroke (Xu et al.,
2012). EA treatment (15 Hz, 1 mA) at Shuigou may improve acute
cerebral infarction via relieving arterial spasm in acute cerebral
infarction rats via up-regulating the activity and immunoactivity
of PKC in the vascular smooth muscle of the middle cerebral
artery (Lt et al., 2015).

5-Hydroxytryptamin

The possible mechanism of post-stroke insomnia recovery caused
by low-frequency EA intervention may be involved in the down-
regulation of plasma norepinephrine and the upregulation of
plasma 5-hydroxytryptamine (5-HT) (Tang et al., 2015). Head
point-through-point EA therapy may effectively treat post-stroke
depression via significantly upregulating plasma 5-HT levels in
patients (Xue et al., 2007).

Cannabinoid CB1 Receptors

In the central nervous system, endocannabinoids exert a series of
different functions through the significantly localized stimulation
of cannabinoid CB1 receptors (CB1R) in the cortex, basal ganglia
and hippocampus (Liu et al., 2015). Tian et al. suggest that
delta-opioid receptors may be up-regulated by EA stimulation at
Shuigou and Neiguan for 30 min/day so as to protect the brain
against ischemic brain injury (Tian et al.,, 2008). Enhancement
of glutamate receptor subunit 2 (GluR2) induced by EA with
2-15HZ for 30 min/days exerts a neuroprotective effect against
global cerebral ischemia via CBIR, providing a new possible
therapy target (Liu et al., 2015).
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EA at the point of Quchi and Zusanli may enhance the expression
of p-Rb, CDK4, and CyclinD1, and BrdU labeling in the peri-
ischemic striatum and cortex after stroke (Tao et al., 2016). EA
at Zusanli and Quchi with 1-20 Hz may lead to promotion of
the gene and protein expression level of cyclin E, CDK2, CDK4,
and cyclinD1, shortening the G1-phase, omitting the G0/S and/or
G1/S transition point and resulting in continued proliferation
(Huangetal,, 2014). EA treatment notably decreases the negative
regulators p27Kip and p21Cipl in the protein and gene levels,
which may effectively reverse the effect of these factors in
suppressing positive regulatory factors, thus enhancing cell
proliferation (Huang et al., 2014).

Transcriptional Factors

EA treatment could reduce the neurological score, alleviate
neurological dysfunction in rats following ischemic stroke, and
promote the expression level of Slit 2 and Robo 1, which
might be involved in the mechanism of EA treatment for
alleviating brain infarction in the clinic (Lu et al, 2013).
EA intervention at acupoints alleviates the downregulation
of cell division-cycle 42 (Cdc 42) and upregulation of Slit-
Robo GTPase-activating protein-1 (stGAP 1) caused by brain
ischemia in rats, demonstrating that EA could exert benefits

in neurological function following ischemic stroke (Lin et al.,
2016). Lu et al. show that EA promotes the expression of
Monocarboxylate transporter 1 (MCT1) in astrocytes and
enhances the transportation of lactate from astrocyte to neurons
as energy substrates (Chen et al, 2015b). EA (15Hz, 2mA)
plays a key role in establishing collateral circulation and blood
vessel regeneration via enhancing the expression level of Apelin-
APJ for vascular endothelial cells in ischemic rat brains (Yang
et al,, 2017). Li et al. show that EA may raise hypoxia-inducible
factor-1a (HIF-1a), reduce cerebral IV and promote recovery of
neurological function in cerebral ischemic rats (Li et al., 2017a).
After damage of cerebral tissue, abnormal activated astrocytes
will prompt the synthesis and release of pain signal transduction-
associated mediators, for example cyclooxygenase-2 (COX-2).
COX-2 expression was markedly upregulated in the damaged
hippocampus of animal models after global cerebral ischemia,
and EA may exert an analgesic effect via reducing COX-2
expression in the hippocampus (Tian et al., 2016).

Serum Proteins

Pan et al. show that EA may change the expression level of
multiple serum proteins, including upregulation of gelsolin, beta-
2-glycoprotein I proteins, C3, C4B, and complement component
I, and downregulation of SerpinGl protein in acute ischemic
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stroke patients (Pan et al., 2011). EA at Shenting and Baihui
with 1-20Hz for 30 min daily for 7 days may downregulate
the expression of Ras homologous member A, and upregulate
the expression of F-actin proteins, Ras-related C3 botulinum
toxin substrate 1 and cell division cycle 42, Which demonstrates
that dendritic spine plasticity and Rho GTPases play a key role
in the mediation of EA effects related to cognitive function
recovery after ischemic brain injury (Lin et al., 2016). Suppression
of platelet-associated complement-1 (PAC-1) induced by EA
at yangning meridian acupoints may promote the recovery of
paralyzed lower extremities in patients with acute ischemic brain
injury (Tang et al., 2015).

CONCLUSION

In recent years, EA has not only been applied as a supplementary
treatment for post-stroke recovery but also as a preventive
intervention for stroke. EA has shown neuroprotective
effects in both animal studies and clinical trials. There
is growing evidence that EA attenuates ischemic brain
injury via regulating considerable molecules, for instance
apoptosis-related ~ factors, inflammation-related  factors,
autophagy-related factors, glutamate and its receptors,
miRNAs, neurotropic, and transcriptional factors, becoming
involved in different signal pathways, as shown in Figure 1.
Meanwhile, the clinical effects of EA included life quality
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Aim: Percutaneous tibial nerve stimulation is used to decrease incontinence in
chronic neurogenic bladder. We report the findings from a subset of patients in a
randomized control trial of transcutaneous tibial nerve stimulation (TTNS) for bladder
neuromodulation in acute spinal cord injury (SCI) in whom heart rate variability (HRV) was
recorded before and after cystometrogram (CMG). The aim was to correlate autonomic
nervous system (ANS) changes associated with the CMG changes after the trial using
HRYV analyses.

Methods: The study was a double-blinded sham-controlled 2-week trial with
consecutive acute SCI patients admitted for inpatient rehabilitation, randomized to TTNS
vs. control sham stimulation. Pre- and Post- trial CMG were performed with concurrent
5-min HRV recordings with empty bladder and during filling. Primary outcomes were
changes with CMG between/within groups and associations to the HRV findings.

Results: There were 10 subjects in the TTNS group and 6 in the control group. Pre-trial
baseline subject characteristics, blood pressures (BPs), and CMG were similar between
groups. In both groups, the pre-trial systolic BP increased during filling CMG. After
the trial, the control group had significantly increased detrusor pressure and counts
of detrusor-sphincter dyssynergia on CMG, not seen in the TTNS group. Also, the
control group did not maintain rising BP post-trial, which was observed pre-trial and
remained in the TTNS group post-trial. HRV was able to detect a difference in the ANS
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response to bladder filling between groups. Post-trial HRV was significant for markers of
overall increased parasympathetic nervous system activity during filling in the controls,

not seen in the TTNS group.

Conclusion: Preliminary evidence suggests that TTNS in acute SCl is able to achieve
bladder neuromodulation via modulation of ANS functions.

Clinical Trial Registration: clinicaltrials.gov, NCT02573402.

Keywords: spinal cord injuries, heart rate variability, neuromodulation, autonomic nervous system, neurogenic
urinary bladder, transcutaneous electric stimulation

INTRODUCTION

Neurogenic bladder develops over time after a period of spinal
shock following acute spinal cord injury (SCI), leading to
detrusor hyperreflexia (DH), detrusor sphincter dyssynergia
(DSD), decreased bladder compliance and capacity, and
increasing detrusor pressures. It is estimated that DH and/or
DSD occurs in 95% of suprasacral SCI with up to 50% developing
serious urologic complications (Weld and Dmochowski, 2000;
Bacsu et al., 2012). The status quo for the management of
neurogenic bladder in acute SCI is limited to maintaining safe
pressures and volumes through a combination of timed voiding,
catheterization, and anticholinergic bladder medications.
Although significant reductions in morbidity and mortality have
been achieved, little is done to mitigate the development of DH
and DSD (Whiteneck et al., 1992). However, neuromodulation of
the acute neurogenic bladder has the potential to alter the natural
course of neurogenic bladder in SCI.

For example, when invasive sacral neuromodulation was
performed in acute SCI, the group receiving the implanted device,
under continuous operational condition, maintained normal
bladder capacity, reported improved quality of life scores, and the
detrusor did not develop hyperactivity (Sievert et al., 2010). The
control group experienced the typical sequelae of SCI neurogenic
bladder over time, including decreased bladder capacity and
frequent UTIs complicated by sepsis and hospitalizations. Using
similar proposed neural pathways, the afferent input from tibial
nerve stimulation (TNS) improves bladder outcomes through
neuromodulation of the spinal reflexes which may also prevent
development of the pathologic reflexes suspected to cause
DH/DSD (Gupta et al., 2015).

We hypothesized that neuromodulation of the bladder
in acute SCI can be achieved with transcutaneous TNS as
measured by cystometrogram and performed a double-blinded,
randomized sham-controlled pilot trial of 19 subjects (Stampas
et al., 2018). We reported the findings of safety and feasibility
of 30-min sessions of TTNS in acute SCI as well as evidence
of efficacy based on CMG findings of reduced bladder capacity
and increased counts of DSD in controls compared to the TTNS
group (Stampas et al., 2018). The CMG can provide information
about the lower urinary tract physiology, which is only half of
the story regarding the importance of an SCI neurogenic bladder
treatment. The autonomic response to bladder stimulation and
filling is an equally important component of this pathology that
has remained elusive.

The most common precipitating stimulus of autonomic
dysreflexia (AD), the only SCI cardiovascular condition to
directly cause death characterized by sudden episodic increases
in blood pressure (BP) in response to noxious simulation below
the level of injury (Karlsson, 1999; Dolinak and Balraj, 2007)
originates from the bladder (Lindan et al., 1980). In those
with SCI levels of thoracic level 6 (T6) and above, AD is
thought to occur in approximately 50-90% of people (Snow
et al., 1978; Lindan et al., 1980; Curt et al., 1997; Sharif and
Hou, 2017). Therefore, another goal of improving neurogenic
bladder in SCI is to improve the response of the ANS to
bladder stimuli and subsequently reduce or eliminate AD.
A leading theory behind the development of AD is that the
sympathetic preganglionic neurons below the level of injury
undergo maladaptive neuroplasticity which leads to the reflexive
release of massive amounts of norepinephrine resulting in AD
(Sharif and Hou, 2017). Furthermore, pelvic afferent fibers are
upregulated following SCI, of which the unmyelinated C-fibers
play an essential role in eliciting AD (Hou et al., 2008). Therefore,
it is imperative to understand whether neuromodulation of
the bladder can impact the development of AD. To this end,
heart rate variability (HRV) and BP measurements can be used
to measure the ANS responses during bladder filling as well
as the changes in the ANS as it relates to the developing
neurogenic bladder.

Heart rate variability measurements, reflecting the ANS
balance between the sympathetic (SNS) and parasympathetic
nervous system (PNS), have the potential to be used as a
clinical tool, requiring a non-invasive electrocardiogram (ECG)
measurement using established guidelines for their recording and
interpretation, producing frequency- and time-domain variables
(Task Force of the European Society of Cardiology the North
American Society of Pacing Electrophysiology, 1996). HRV has
been found to be a reliable and reproducible measurement in
SCI (Ditor et al., 2005). Recently, HRV measurements have been
performed concurrently with CMG testing in chronic SCI and
controls, with findings of significant differences between groups
(Huang et al., 2016). The ability to detect differences in the ANS
via HRV while filling the bladder during CMG may improve
the understanding of the autonomic component of neurogenic
bladder and the changes as it develops.

Many of the HRV analyses in SCI have focused on the
frequency-domain findings, likely owing to the validation study
in SCI (Ditor et al., 2005). According to the Task Force of the
European Society of Cardiology and the North American Society
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of Pacing and Electrophysiology, the High-frequency (HF)
spectral component represents cardiac parasympathetic control
(Task Force of the European Society of Cardiology the North
American Society of Pacing Electrophysiology, 1996). The Low-
frequency (LF) spectral component has been generally accepted
to represent baroreflex-mediated (sympathetic-driven) vagal
outflow. The LF to HF ratio has been used to describe the
cardiac sympathovagal balance. Total power in HRV reflects the
range of overall variation of the sympathetic and parasympathetic
nervous system. Largely under-reported in the SCI literature,
the time-domain variables reflect the parasympathetic activity
(NN50, pNN50, RMSSD). However, the standard deviation of all
normal-to-normal intervals (SDNN) reflects the sympathetic and
parasympathetic activity influencing HRV.

The aim of this exploratory study was to correlate CMG
and ANS changes, specifically BPs and HRYV, before and after
TTNS during filling CMG in a subset of patients from the
pilot randomized sham-control trial of TTNS in acute SCI
(Stampas et al., 2018) who had concurrent ANS measurements.
We hypothesized that TTNS could neuromodulate the bladder
function and alter the response of the ANS during bladder
filling with routine use. Specifically, we hypothesized that
(1) TTNS would prevent the harmful CMG changes that would
be found in the control group and (2) that ANS response
to bladder filling would differ between groups based on HRV
and BP recordings.

MATERIALS AND METHODS

Patients with acute SCI were recruited for this study from
July 2016 to October 2017 during admission to inpatient
rehabilitation. Patients were screened using the electronic
medical record (EMR) and then approached to complete
verification of the inclusion/exclusion criteria and consent.
Inclusion criteria were: (1) acute traumatic SCIL; (2) 18-
65 years old; (3) within 6 weeks of injury; (4) neurologic
level of injury T9 and rostral, to avoid damage to the lower
motor neurons (LMNs) of the bladder. Exclusion criteria
were: (1) prior central nervous system disorder; (2) peripheral
neuropathy; (3) premorbid genitourinary diagnoses; (4) known
LMN injury to the bladder or its potential due to multitrauma;
(5) ventilator assistance for respiration due to the challenges in
performing the cystometrogram in these subjects. See Table 1 for
subject details.

Study Design

Upon consent, baseline CMG was performed and subjects were
randomized into TTNS and control groups in a 2:1 ratio,
stratified by areflexic bladder to ensure a balanced distribution
between the two groups (Figure 1). After this pre-trial CMG,
TTNS versus control stimulation was performed and upon
completion, post-trial CMG was performed within 3 days after
the final intervention. Following the CONSORT 2010 guidelines,
randomization and experiments were performed by the research
assistant, while the principle investigator and subjects were
blinded to treatment allocation. Further details can be found in

TABLE 1 | Baseline demographics.

Control (n = 6) TTNS (n =10) p-value
Mean (SD)
Age (years) 51.8 (9.6) 38.1(14.2) 0.06
Duration of injury (days) 19.5 (6.7) 22.7 (9.1) 0.45
Admission FIM motor 15.5 (5.5) 17.5 (6.3) 0.45
Admission FIM bladder 1(0) 1(0)
Admission FIM cognition 30.3 (4.3) 27.3 (6.1) 0.41
Frequency (%)
Male 1 (17%) 7 (70%) 0.12
Tetraplegia 4 (67%) 4 (40%) 0.61
Neurologic level 0.47
C1-4 3 (50%) 4 (40%)
C5-8 1(17%) 0
T1-T4 1(17%) 5 (40%)
T5-T9 1(17%) 1 (10%)
AIS severity 0.46
A 3 (50%) 8 (70%)
B 0 1 (10%)
¢} 2 (33%) 1(10%)
D 1(17%) 0

TTNS, transcutaneous tibial nerve stimulation group, FIM, functional independence
measure; AlS, American Spinal Injury Association (ASIA) Impairment Scale; AIS A,
complete injury; AIS B, motor complete, sensory incomplete injury; AIS C, motor
incomplete injury with less than half of the muscles below the level of injury with
antigravity strength; AIS D, motor incomplete with at least half the muscles below
the level of injury with antigravity strength.

the complete pilot trial publication (Stampas et al., 2018). This
study was approved by the Institutional Review Board and is
registered with clinicicaltrials.gov: NCT02573402.

The Interventions

Those in the TTNS group received 30 min of TTNS per day
for 10 days within a 16-day period. TTNS was applied to
the right leg with the negative electrode behind the internal
malleolus and the positive electrode 10 cm. superior to the
negative electrode, verified by big toe flexion with rising current
intensity (Amarenco et al, 2003). Stimulation frequency of
10 Hz and 200 ps duration was used with current intensity
increased until toe flexion, then lowered (sub-motor) for 30 min
at constant stimulation (Amarenco et al, 2003; Finazzi Agro
et al., 2005). Those in the control group received sham
stimulation in which the electrodes were placed and the
stimulator was activated until toe flexion, but then immediately
reduced to zero intensity. The display on the device was
covered in both arms to prevent subjects from reading the
current intensity.

The Assessment

The urodynamic methodology complied with International
Continence Society recommendations (Schafer et al., 2002).
Subjects were brought to the urology procedure suite, transferred
to the examination table, and catheterized to empty the
bladder. Disposable adhesive electrodes were attached to each
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FIGURE 1 | Study Timeline. tSClI, traumatic spinal cord injury; I/E, inclusion/exclusion criteria; CMG, cystometrogram; HRV, heart rate variability; TTNS,

electrocardiogram (ECG) lead and the white “right arm” and
black “left arm” electrode leads were placed along the 1st
intercostal spaces in the subclavicular area on the right and
left chest wall, respectively. Subjects were asked to remain
motionless without speaking as the 5-min ECG recordings were
collected using the HRV heart rhythm scanner (Biocom 5000
Wireless ECG Recorder, Biocom Technologies, Poulsbo, WA,
United States). After the CMG catheter was inserted and waiting
5 min with emptied bladder, ECG recordings started with Empty
bladder recordings. At the initiation of bladder filling, Filling 1
recordings began for 5 min, followed by Filling 2 recordings for
5 min. ECG signals were saved for off-line HRV analyses.

Cystometry was performed with the patient supine through a
double lumen 7 Fr. catheter with computerized analysis of the
results using normal saline at 25 to 30°C with a filling rate of
40 ml per minute, terminating at 600 ml of bladder capacity
or sooner as clinically indicated. Clinical indications for early
termination of the CMG includes overflow leaking and AD.
Filling 1 was 0-200 cc followed by Filling 2 with approximately
200-450 cc of infused saline, based on the volumes infused during
the 5-min HRV recordings. Filling phases were used because the
5-min HRV recording could not record the entire CMG. The
same procedures were followed for both pre- and post- TTNS
trial measurements, with bladder empty and bladder filling, at a
similar time of day. Blood pressures were measured with Welch
Allyn® Vital Signs Monitor 300 before and during filling, every
5 min or sooner as clinically indicated. A rise of systolic BP
greater than or equal to 20 mmHg was defined as AD (Curt
et al., 1997). The Numerical Pain Scale (NPS) was recorded for
each patient at the time of CMG as a possible HRV confounding
variable (Karri et al., 2017).

Data Analyses

From the larger pilot trial (Stampas et al., 2018) the primary
outcomes were safety and feasibility measures and the secondary
outcomes were the within- and between-group CMG changes
after TTNS. Measurements included: maximum detrusor
pressure (cmH,O); bladder capacity [maximum volume infused
(ml)]; frequency of DSD and DH (count); volume at first
involuntary detrusor contraction (ml); and subjective measures

of first sensation and desire to void [based on infused volume
of saline (ml)]. DH was defined as a non-volitional increase in
detrusor pressure of at least 6 cm H,O (Kaplan et al.,, 1991).
DSD is defined as the presence of involuntary contractions
of the external sphincter during detrusor contractions
(Blaivas et al, 1981). Factors that may affect the bladder
including medication use in the 24 h prior to the CMG and
presence of an indwelling catheter were recorded and used in
the analyses.

For this study cohort with ANS measures from the larger pilot
trial, the primary outcome measures were the ANS differences
with bladder filling within and between groups based on HRV
and BP changes. Kubios HRV analysis software (University
of Eastern Finland, Joensuu, Finland) was used offline to
analyze the ECG recordings via time and frequency domains.
Time-domain parameters included Mean R-R interval (RR is
the interval between successive Rs on the QRS complex of
the ECG wave), Mean HR (heart rate), STDHR (standard
deviation of HR), SDNN (standard deviation of normal to
normal R-R intervals), RMSSD (root mean squared of successive
differences), NN50 (pairs of successive R-R beat lengths that
differ by more than 50 ms), and pNN50 (the proportion
of NN50 for total number of beats). Frequency domain
measurements included low-frequency (LF), high-frequency
(HF), the ratio LF/HE, and total power (the sum of power of all
frequency bands, reflecting the range of variation of the overall
autonomic regulation).

Statistical Methodology

Descriptive statistics were provided for baseline demographics
for the control and TTNS groups, with comparisons using
Wilcoxon Rank Sum and Fischer’s exact test for continuous and
categorical data, respectively (Table 1). We compared the CMG
outcomes before and after the trial within and between the two
groups (Figure 2 and Table 2). For between group comparison,
Wilcoxon rank sum and Fisher’s exact tests were performed on
continuous and categorical variables, respectively. For within
group comparison before and after the trial, multilevel mixed-
effects linear regression was performed controlling for subject
and duration of injury variability for continuous variables, and
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multilevel mixed-effects logistic regression was performed for
categorical variables. Using similar statistical methods used in
the CMG analyses, measures of the ANS at the time of CMG
after the bladder was emptied (Empty Bladder) were performed
between groups and within groups pre-/post-trial (Table 3).
Between group ANS difference during Filling 1 (first 5 min
of CMG filling to approximately 200 cc) and Filling 2 (next
5 min of CMG filling to approximately 450 cc) were performed
using Wilcoxon rank sum test (Table 4). Multilevel mixed-effects
linear regression was used to compare ANS differences within
the groups pre- and post-trial, as well as the ANS changes
from empty to Filling 1 to Filling 2 pre- and post-trial
(Figures 3, 4). Finally, CMG variables that changed significantly
were added as the dependent variables in multilevel mixed-effects
linear modeling with the ANS variables as the independent

variables. HRV variables that had significant pre-trial differences
between groups were excluded. As an exploratory study, no
adjustments were made for multiple comparisons, with plans
to confirm all results with a larger scale study. Stata 14.0
(StataCorp., 2015) was used for the analyses, with p < 0.05 set
for significance.

RESULTS

Pre-trial

There were six control and 10 TTNS subjects that had HRV
analyses performed from within the TTNS trial. Due to
technical difficulties, we were unable to perform HRV on

Frontiers in Neuroscience | www.frontiersin.org

February 2019 | Volume 13 | Article 119


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Stampas et al.

SCI TTNS: CMG ANS Findings

TABLE 2 | Cystometrogram data.

Pre-trial Post-trial Pre vs. post
Control (n=6) TTNS (n =10) Control (n=6) TTNS (n =10) Control(n=6) TTNS(n=9)
Variables Mean (SD) p-value Mean (SD) p-value p-value
Maximum detrusor pressure 33 (12) 34 (21) 0.91 48 (21) 42 (27) 0.55 0.04 0.11
(cmH»0)
Bladder capacity (ml) 566 (88) 589 (31) 0.79 465 (171) 548 (115) 0.23 0.06 0.1
Freq. detrusor Hyperactivity 3.5(3.9) 1(1.5) 0.16 1.2(1.6) 1.1(1.4) 0.95 0.17 0.47
Freq. of detrusor-sphincter 0.33(0.82) 0.2 (0.42) 1 1.2 (1.6) 0.6 (0.8) 0.55 0.01 0.23
dyssynergia
N (%) N (%)
Presence of:
Involuntary contraction 4 (67%) 5 (50%) 0.63 4 (67%) 6 (60%) 1 0.92 0.63
First sensation 4 (67 %) 4 (40%) 0.61 4 (67%) 4 (40%) 0.61 0.34 0.28
First desire 4 (67%) 3 (30%) 0.3 4 (67%) 2 (20%) 0.12 0.4 0.07
Strong desire 3 (50%) 2 (20%) 0.3 4 (67%) 1 (10%) 0.04 0.77 0.09
Detrusor areflexia 2 (33%) 5 (560%) 0.63 2 4 1 0.92 0.63
Spinal shock 1(17%) 2 (30%) 1 0 1 1 0.32 0.32
Autonomic dysreflexia 0 3 (30%) 0.25 0 1(11%) 1 NA 0.3
Indwelling catheter 2 (33%) 4 (40%) 1 3 4 1 0.42 0.15
Bladder medication 0 0 0 0 - -
Spasm medication 4 (67%) 2 (20%) 0.12 3 3 0.61 0.96 0.97
Subgroup analysis of those with sensation/contraction Mean volumes in ml (SD)
First involuntary contraction 226 (168) 304 (81) 0.46 258 (258) 258 (105) 0.52 0.06 0.96
First sensation 103 (116) 162 (89) 0.39 97 (41) 361 (131) 0.02 0.96 0.01
First desire 145 (91) 221 (127) 0.29 126 (43) 427 (78) 0.06 0.6 0.03
Strong desire 262 (262) 341 (28) 0.56 285 (179) 482 0.48 0.265 -

SD, standard deviation; Freq., frequency; TTNS, transcutaneous tibial nerve stimulation; cmH»QO, centimeters pressure of water; mi, milliliters; DH, detrusor hyperreflexia;
DSD, detrusor-sphincter dyssynergia; AD, autonomic dysreflexia. Significant difference of bold values p < 0.05.

TABLE 3 | Autonomic nervous system data, empty bladder significant differences.

Pre-trial Post-trial Pre vs. post
Control (n = 6) TTNS (n =10) Control (n = 6) TTNS (n =9) Control (n = 6) TTNS (n =9)
Variables Mean (SD) p-value Mean (SD) p-value p-value
Systolic BP 111 (8) 110 (17) 0.95 123 (14) 116 (15) 0.44 0.04 0.28
SDNN (ms) 23 (16) 45 (20) 0.02 38 (32) 38 (22) 0.81 0.02 0.04
Total power (ms?) 456 (509) 2300 (2366) 0.02 1838 (2495) 1524 (1579) 0.81 0.03 0.03

ms, milliseconds, bpm, beats per minute; BR, blood pressure; SDNN, standard deviation of normal to normal R-R intervals. Significant difference of bold values p < 0.05.

one subject in the TTNS group post-trial. There were no
baseline demographic differences between groups in terms
of age, duration of injury, sex, functional independence
measure (FIM) scores on admission, levels of injury, and SCI
severity (Table 1).

There were also no Pre-Trial differences on CMG between
groups regarding maximum detrusor pressure, bladder capacity,
frequency of DH and DSD, the occurrence of AD and filling
sensations, and the volume of saline infused at the time of these
sensations (Figure 2 and Table 2).

Although there were no group differences in BPs during Pre-
Trial measurements with Empty Bladder (Figure 3 and Table 3),
there was increased overall ANS activity in the TTNS group

compared to the control group as reflected by SDNN and total
power (p = 0.02 for both) (Table 3). This was also observed during
filling CMG at Filling 1, with increased SDNN (p = 0.02) and
total power (p = 0.02) in the TTNS group compared to controls
(Table 4). The TTNS group also had increased RMSSD (p = 0.04)
reflecting parasympathetic activity during Filling 1 compared to
the controls (Table 4).

Both groups increased SBP during bladder filling on Pre-Trial
CMG (Figure 3A). In the control group during Pre-trial CMG
from Filling 1 to Filling 2, there was increased parasympathetic
activity (increased mean RR, decreased mean HR, p = 0.006 for
both; increased STDHR, p = 0.008) and increased overall ANS
activity (SDNN, p = 0.005) (Table 4). STDHR also significantly
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TABLE 4 | Autonomic nervous system, filling cystometrogram data comparisons, significant differences.

Pre-trial Post-trial Pre vs. post
Between Between
group group
Control (n = 6) TTNS (n =10) difference Control (n = 6) TINS (n=9) difference Control (n=6) TTNS (n=9)
Mean/SD p-value Mean/SD p-value p-value
F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2 F1 F2
DBP (mmHg) 68/8 68/7 7/9 74/12 0.7 0.6 76/10 7711 72/13 80/16 0.3 0.8 0.2* 003 05 0.2
SDNN (ms) 20/11 30/16 43/21 49/31  0.02 0.2 32/16 29/20 3717 40/21 08 0.3 <0.001 0.8 0.5 0.4
STDHR (bpm) 2/2 3/2 3/1 3/2 0.07 03 3/1 3/2 3/2 3/2 04 05 <0001 0.3 0.8 0.3
RMSSD (ms) 11/5 15/7 31/29 36/35 0.04 0.1 31/28 30/31 29/19 27/16 0.8 0.8 0.02 0.1 0.8 0.4
NN50 (count) 1/2 4/6 28/57 31/55 0.1 0.1 20/25 25/42 20/26 21/33 1 1 0.02 0.1 0.5 0.4
PNN50 (%) 0.3/0.5 172 13/21 15/21 041 0.1 8/10 10/14 13/16 10/12 08 1 0.01 0.05 1 0.4
LF (ms?) 0.05/0.006 0.1/0.004 0.05/0.01 0.06/0.02 0.2 0.4 0.04/0.003 0.07/0.04 0.05/0.01 0.06/0.03 0.7 0.9 0.01 0.2 0.3 0.8
Total power (ms?) 476/580 712/512 1582/1268 2222/3308 0.02 0.2 853/672 599/644 1508/1298 1824/1888 0.5 0.2 0.04 0.6 1 0.7

F1, filling period 1, F2, filling period 2, ms, milliseconds; bpm, beats per minute; SDNN, standard deviation of normal to normal R-R intervals; STDHR, standard deviation
of heart rate; RMSSD, root mean squared of successive differences;, NN50, pairs of successive R-R beat lengths that differ by more than 50 ms; pNN50, the proportion
of NN50 for total number of beats; LF, low frequency; *Wilcoxon rank-sum test used. Significant difference of bold values p < 0.05.
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FIGURE 3 | Significant blood pressure (BP) changes during bladder filling, pre- and post-trial. Dashed line represents transition to post-trial testing, red brackets and
green brackets are within group differences in the TTNS and controls, respectively. Blue brackets are pre- post-trial differences. (A) In both groups, SBP increases
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Post, post-trial; E, empty bladder; F1, filing phase 1; F2, filing phase 2; TTNS, transcutaneous tibial nerve stimulation; SBP, systolic blood pressure; DBP, diastolic
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increased from Empty Bladder to Filling 2, p = 0.035 (Figure 4A).
In the TTNS group, mean RR decreased from Filling 1 to
Filling 2 and from Empty Bladder to Filling 2, p = 0.024, 0.006,
respectively. Sympathetic tone decreased in the TTNS group as
reflected by LF from Empty Bladder to Filling 1 (p = 0.004)
and increased from Filling 1 to Filling 2 (p = 0.04, Figure 4C),
and parasympathetic tone decreased (HE p = 0.045) from Empty
Bladder to Filling 2.

Post-trial

After the trial, the control group significantly increased
maximum detrusor pressure (mean, SD), from 33 + 12 to
48 £+ 21 cmH;0 (p = 0.04), and increased DSD events from
0.33 £ 0.82 to 1.2 £ 1.6 (p = 0.01) (Figure 2 and Table 2).
There were also more in the control group (n = 4) with
strong desire to void compared to the TTNS group (n = 1,
p =0.04). Comparing pre- and post-trial, there were no significant
changes in the presence of involuntary bladder contractions and
filling sensations in both groups. However, in those with filling

sensation, the first sensation of filling was higher in the TTNS
group (361 & 131 ml) compared to the control group (97 =41 ml,
p = 0.02). Furthermore, the TTNS group significantly increased
the volumes needed for first sensation, from 162 % 89 to
361 £ 131 ml (p = 0.01), as well as first desire to void, from
221 127 ml to 427 += 78 ml (p = 0.03).

After the trial, there were several ANS differences. In the
control group, there was a significant rise in the resting SBP with
empty bladder, from 111 £ 8 to 123 + 14 mmHg (p = 0.04,
Figure 3A and Table 3). The control group also significantly
increased DBP during Filling 2, from 68 & 7 to 77 = 11 mmHg
(p = 0.03, Figure 3A and Table 4). Overall ANS variability
increased in the control group before and after the trial as
reflected by the changes in SDNN and total power, p = 0.02
and 0.03, respectively. The control group was observed to have
an overall increase in ANS activity (SDNN, total power) and
PNS activity (STDHR, RMSSD, NN50, pNN50, Figure 4B)
and a decrease in sympathetic tone (LE, Figure 4C) during
Filling 1 (Table 4).
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In the TTNS group, post-trial CMG was significant for
increasing SBP during filling, from Filling 1 to Filling 2
(p =0.003), as well as from Empty Bladder to Filling 2 (p < 0.001,
Figure 3A). DBP also increased from Filling 1 to Filling 2
(p = 0.042) and from Empty Bladder to Filling 2 (p < 0.001,
Figure 3B). This was not seen in the control group after the trial.
The control groups demonstrated increased parasympathetic
activity from Filling 1 to Filling 2 (Mean RR, p = 0.02; Mean
HR, p = 0.012; HE, p = 0.017). In the TTNS group, there was
decreased sympathetic activity from Empty Bladder to Filling 1
(LE p = 0.032, Figure 4C).

Significant CMG Variables Associated to
ANS Variables

In the controls, increasing parasympathetic activity was
associated to: (1) increasing maximum detrusor pressure
(as NN50 increased, maximum detrusor pressure increased by
0.23 cmH,0, p = 0.02, 95%CI 0.04-0.43; as pNN50 increased,
maximum detrusor pressure increased by 0.78 cmH,O, p = 0.026,
95% CI 0.09-1.46); (2) volume to first sensation and first desire
increased with increasing HF (as HF increased, volume to first
sensation increased (p = 0.021, 95%CI 32 387) and volume to
first desire increased (p = 0.03, 95%CI 23 397).

In the TTNS group, as LF/HF increased, DSD decreased by
0.17 (p = 0.009, 95%CI —0.3 —0.04). As HF increased by 0.1,
volume of first sensation decreased by 158 ml (p = 0.021, 95%CI

—292 —24). Increasing volume to first desire was significantly
associated to several ANS variables: (1) as DBP increased, volume
increased by 6.97 ml (p < 0.001, 95%CI 6.95-6.99); as SDNN
increased, volume increased by 7.2 ml (p = 0.001, 95%CI 2.9-
11.6); as NN50 increased, volume increased by 5.25 ml (p < 0.001,
95%CI 5.25-5.25); as total power increased, volume increased
by 0.035 (p < 0.001, 95%CI 0.035-0.035). Volume to first desire
decreased with increasing HF (p < 0.001, 95%CI —249 —127) and
increasing LF (p < 0.001, 95%CI —203 —201).

DISCUSSION

In this cohort of subjects from the larger pilot trial, we observed
that the previous findings of improved CMG parameters in the
TTNS group were associated with paralleled ANS changes. Our
concomitant findings from BP and 5-min ECG recordings with
HRYV analysis add to the paucity of knowledge in the developing
SCI neurogenic bladder and provide insight to the effects of
bladder neuromodulation with TTNS on the autonomic nervous
(ANS) system response to bladder filling.

The postulated mechanism of action of percutaneous TNS
and sacroneuromodulation is that stimulation of the peripheral
sensory afferent fibers block competing abnormal visceral afferent
signals from the bladder and prevent the reflexive, efferent motor
response resulting in detrusor hyperactivity and dysynergia
(Sanford and Suskind, 2016). We postulated that this mechanism
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can be achieved with TTNS, impacting overall sensation from
the bladder, leading to prolonged times to sensation and
decreased overall reflexive efferent responses causing DSD and
potentially DH. The findings from our pilot data support this
mechanism, with TTNS group findings of delayed bladder filling
sensations and subsequent decreased reflexive motor efferent
activity represented by fewer events of DSD during bladder
filling. With the addition of the ANS measurements, we sought
to describe the ANS response to bladder filling with TTNS
compared to controls.

Similar to the reported increase in systolic BP in non-SCI
subjects and chronic tetraplegia approaching maximal bladder
capacities, we found an increase in SBP as the bladder fills in
both the controls and TTNS group Pre-trial (Figure 3A) (Huang
et al,, 2016). Over time, this physiologic response is lost in the
control group, but is maintained in the TTNS group (Figure 3A).
Importantly, there were no pre- post-trial differences in ANS
measures in the TTNS group (Figure 4). This may suggest that
the neuromodulation from TTNS not only maintains bladder
mechanical responses, but also the sensory afferent responses
which are communicated to the ANS.

Unlike the TTNS group after the trial, ANS measures were able
to detect several changes in the control group. The control group
displayed evidence of increased parasympathetic activity during
early filling (NN50, pNN50) and decreased sympathetic activity
(LF) with subsequent decreased HR and increased RR during
late filling. This may explain the lack of increased SBP during
filling which was seen pre-trial (Figure 3A). Furthermore, these
findings suggest that the neurogenic bladder sensory afferents
may trigger an increased parasympathetic response before the
normal capacity to void is achieved.

In the control group, mixed-effects linear modeling was
significant for increasing volume to first sensation and first
desire to void associated to increasing parasympathetic activity
measured by HF. The opposite association was observed in the
TTNS group, with increasing HF associated to reduced volumes
to first sensation and first desire to void. Although the meaning
of this relationship remains to be determined, that opposite
findings were observed in the control and intervention group
are noteworthy suggesting that HRV differences are associated
with CMG differences and that TTNS affects the ANS response
to bladder filling. Further research with larger sample sizes is
warranted to clarify these relationships.

This study also highlights the need to perform urodynamic
evaluations in all people with SCI. We found that completeness of
injury (AIS A) did not preclude sensation during bladder filling
or the desire to void during CMG. This study, as well as the
findings from others, demonstrate that physical exam, including
the International Standards for Neurological Classification of SCI
(ISNCSCI) exam, poorly correlate with CMG findings of lower
urinary tract dysfunction, even during the acute phase of injury
(Weld and Dmochowski, 2000; Patki et al., 2006; Bellucci et al.,
2013). Furthermore, there are very few ways to measure changes
in the ANS function and response in the human neurogenic
bladder, and those that exist are limited to specialized laboratory
tests, including measurements of neurotransmitters and other
messaging proteins (Ochodnicky et al., 2013). We propose that

the addition of feasible, clinic-setting measurements of BP and
HRYV to measure ANS activity during serial CMG can increase the
knowledge of the developing neurogenic bladder and the impact
of neuromodulation. While CMG provides us with reflexive and
mechanical responses, BP and HRV data provides ANS-mediated
neurophysiologic responses to bladder filling.

There are several limitations to this study. The study was
powered primarily based on sample size of convenience to
measure safety and feasibility of TTNS in acute SCI rehabilitation,
not CMG and HRV parameter changes. Findings from these
pilot trials will help develop larger trials. Although baseline BP
recordings were similar between groups, randomization did not
balance the overall ANS activity as measured by SDNN and
total power, significantly higher in the TTNS group at baseline.
Also, HRV measurements may be influenced by time of day
and diet, perhaps requiring a more controlled environment
to precisely measure differences. Furthermore, neurologic and
physiologic changes are expected to be seen in acute SCI. Serial
CMGs and HRV measurements have not been performed in
acute SCI and given the low numbers in the pilot trial, it
is unclear how representative the changing values before and
after the trial are due to TTNS versus natural history of acute
SCI. That a significant difference exists between the two groups
supports the hypothesis that TTNS can modulate the ANS and
warrants further research. Long-term sustainability of efficacy
can only be speculated based on this 2-week protocol with
outcomes measured within 3 days of trial completion. Finally,
the use of HRV in neurogenic bladder is novel and the analyses
conducted are likely an over-simplification of the PNS and SNS
response to bladder filling. The HRV variables measure different
aspects of the ANS variability and therefore have differing
responses. Much like the research in orthostatic hypotension in
the non-SCI population, a composite of HRV variables utilizing
mathematical modeling may be necessary to define correlates
to CMG findings (Sannino et al., 2015). Importantly, HRV was
able to detect a difference between groups. Further research is
necessary to better understand the utility and knowledge gained
from HRV during CMG.

CONCLUSION

Preliminary evidence suggests that TTNS in acute SCI is able to
achieve bladder neuromodulation based on stable CMG findings
and lack of morbid changes in the TTNS group compared
to controls. The morbid CMG changes in the control group
were associated with HRV markers of increased parasympathetic
tone and corresponding BP findings. Further research is needed
to understand the neuromodulation effects of TTNS in acute
SCI neurogenic bladder and the response of the ANS during
bladder filling as measured by BP and 5-min ECG recordings
with HRV analyses.
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Objective: Postherpetic neuralgia (PHN) is the most common complication of herpes
zoster, manifesting as a persistent, spontaneous, knife-like pain or paroxysmal burning
that seriously affects a patient’s quality of life. An effective treatment of PHN is lacking.
This retrospective study examined the efficacy and safety of stellate ganglion (SG) pulsed
radiofrequency (PRF) on facial and upper limb PHN.

Methods: Eighty-four patients with PHN on the face or upper limbs were enrolled for
the study. Patients were randomly divided into two surgical groups according to the
order of enrollment; one group underwent SG block (SG-B group, n = 42) and the other
underwent SG pulsed radiofrequency (SG-P group, n = 42). After surgery, patients were
followed at 1 week, 2 weeks, 1 month, 3 months, and 6 months. Observation at each
follow-up included basic patient characteristics, visual analog scale (VAS), quality of life
(QOL) using Physical Component Summary (PCS), and Mental Component Summary
(MCS) to assess, total effective rate, complications and side effects.

Results: Compared with preoperative values, VAS decreased in both groups after
surgery (P < 0.05). In the SG-B group, VAS increased after 1 month, while in the SG-
P group, VAS gradually decreased at later follow-up time points. VAS decreased more
significantly in the SG-P group after 1 month (P < 0.05). PCS and MCS increased
in both groups after the operation, and the difference was significant compared with
preoperative values (P < 0.05). The total effective rates of the SG-B and SG-P groups
were 64.3 and 83.3%, respectively. The total effective rate of the SG-P group was higher
than that of the SG-B group (P < 0.05). The incidence of complications and side effects
in the SG-B group was higher than that in the SG-P group (P < 0.05).

Conclusion: SG pulsed radiofrequency treatment of facial and upper limb PHN is safe
and effective. It is a treatment method worth promoting.

Keywords: pulsed radiofrequency, stellate ganglion, facial and upper limb, postherpetic neuralgia, visual
analog scale
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INTRODUCTION

Postherpetic neuralgia (PHN) refers to the pain and discomfort
that persists for more than 1 month after the disappearance of
a herpes zoster (HZ) rash (Fashner and Bell, 2011). PHN is the
most common complication of herpes zoster, manifesting as a
persistent spontaneous, knife-like pain or paroxysmal burning
that seriously affects a patient’s quality of life (Johnson et al.,
2010). Herpes zoster in the area of the face and limbs is a high risk
factor for PHN due to the sensitivity of the affected area (Forbes
et al., 2016). The mechanism of PHN is complex and lacks an
effective method of treatment.

The stellate ganglion (SG) is formed by the union of the
inferior cervical ganglion with the first thoracic ganglion. The
dominant area of the stellate ganglion is the face and upper
limbs. Stellate ganglion block (SGB) is an effective, minimally
invasive treatment for neurovascular diseases in the dominant
area (Jeon, 2016). Blocking the stellate ganglion can effectively
improve the blood circulation of the facial and upper limb
areas (Kim et al., 2018) and regulate the disordered endocrine
system. At the same time, SGB may have preventive effects
on PHN by reversing or preventing profound sympathetic
stimulation and vasoconstriction, thereby restoring intraneural
blood flow, preventing nerve ischemia and damage, alleviating
neuralgia and reducing the occurrence of PHN (Boas, 1998;
Makharita et al., 2012). However, due to the short duration
of local anesthesia, the number of SGB treatments generally
need to be increased, which increases the chance of secondary
injury. Repeated treatment can lead to patient suffering, poor
compliance, and poor quality of life.

Sluijter first proposed pulsed radiofrequency (PRF) for pain
treatment (Sluijter, 1997). Since then, it has become a novel
means of pain management. PRF delivers short bursts of
radiofrequency currents (conducted through a needle) to nervous
tissue without damaging the tissue. PRF has a 480 ms pulse
intermission period that diffuses the generated temperature so
that the temperature of the electrode does not exceed 42°C.
This temperature does not cause nerve damage, and thus avoids
complications such as hypoesthesia, paresthesia, and dyskinesia.
PRF exerts analgesia mainly through neuromodulation. PHN is
commonly treated with a combination of therapies.

Postherpetic neuralgia is one of the causes of complex
regional pain syndrome (CRPS). While there are a few reports
of SG pulsed radiofrequency being used for CRPS (Singh
Rana et al., 2015; Kim et al., 2017), there are no reports of
SG pulsed radiofrequency being used for PHN in facial and
upper limb areas.

In this study, SG pulsed radiofrequency was used to treat facial
and upper limb PHN; its clinical efficacy, safety, and long-term
quality of life compared with SGB were evaluated.

MATERIALS AND METHODS

Patients
From January 2015 to December 2016, 84 patients with PHN
on the face or upper limbs were enrolled at the Department

of Pain Management, Shengjing Hospital of China Medical
University (Figure 1). Postherpetic pigmentation or lesions were
distributed unilaterally; included were 24 cases of lesions in the
area of trigeminal innervation, 18 cases of lesions in the area
of facial nerve innervation, and 42 cases of lesions in the upper
limbs. Patients were randomly divided into two surgical groups
according to the order of enrollment: one group underwent SG
block (SG-B group, n = 42) and the other group underwent
SG pulse radiofrequency (SG-P group, n = 42). The study
was approved by the Ethics Committee of Shengjing Hospital
affiliated with China Medical University. Before surgery, all
patients were informed of surgical risks and complications.
Written informed consent according to the Declaration of
Helsinki was obtained from all patients.

The inclusion criteria were as follows: (1) visual analog scale
(VAS) was > 5 points within 24 h of enrollment; (2) lesions of the
face and upper limbs had healed, but severe intractable pain, local
skin hyperalgesia, numbness, and abnormal sensation persisted;
(3) the natural course of the disease exceeded 1 month; (4) age
>30 years; (5) no nausea, vomiting, dizziness, constipation, or
urinary retention before randomization.

The exclusion criteria were as follows: epilepsy, trigeminal
neuralgia, intracranial space-occupying lesions, hematological
disorders, or abnormal blood coagulation, history of severe liver
and kidney dysfunction or history of severe cardiopulmonary
disease, pregnancy, and history of drug abuse.

Surgical Procedure

The patients were placed in a supine position, and the
appropriate needle, under CT guidance, was positioned at the
base of the C7-T1 parapophysis. A safe route was chosen
to avoid injury to the vessel, and the puncture point and
puncture angle were clearly defined. After disinfecting the
area, a 22G needle or radiofrequency needle was selected.
The needle was inserted at the CT positioning angle and
gradually advanced under CT guidance until the tip touched
the base of C7 and T1 parapophysis, then withdrawn 1-2 mm.
No blood or cerebrospinal fluid was drawn back. The SG-B
group was injected with 5 mL of 5% lidocaine. The SG-P
group was subjected to a radiofrequency test (Baylis Medical
Inc., Montreal, Canada): 50 Hz, 0.1-0.3 V sensory test, no
neural numbness to the upper limbs or other areas; 2 Hz,
0.4~1.0 V exercise test, no corresponding segmental muscle
tremors and jumping sensation. The PRF was 42°C for 300 s
(pulse width 20 ms and frequency 2 Hz). The PRF was
performed for two cycles. The needle was withdrawn and
pressure applied to the puncture point. No abnormalities
were observed. When vital signs were stable, the patient was
returned to the ward.

Since antiepileptic drugs are commonly used to treat
neuropathic pain, both groups were treated with the antiepileptic
drugs carbamazepine (Beijing Novartis Pharmaceutical Co.,
Ltd., China), gabapentin (Jiangsu Enhua Pharmaceutical Co.,
Ltd., China), and pregabalin (Pfizer Manufacturing Deutschland
GmbH, Germany). The opioid analgesia drug oxycontin
(Mundipharma Pharmaceutical Co., Ltd., China), and the
neurotrophic drug neurotropin (Nippon Zoki Pharmaceutical
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[ Follow up ]

y

[ 42 patients completed ]

FIGURE 1 | Study flowchart. All 84 patients were included in the treatment.

y

[ 42 patients completed ]

Co., Ltd., Japan), were also used. The analgesic effect of all of these
drugs were unsatisfactory.

Observations and Follow Up

Preoperative information included gender, age,
pain  duration, pain location, affected side of the
body, VAS, the dosage of antiepileptic and opioid

analgesia drugs.

Patients were followed at 1 week, 2 weeks, 1 month, 3 months,
and 6 months with a “blind” method by the non-surgical staft.
The following parameters were assessed:

(1) visual analog scale (VAS) to assess the pain level. (0 points —
painless, 10 points — unbearable pain).

(2) Thirty six item short-form health survey (SF-36) (Lam
et al, 2005) to assess the quality of life (QOL). The
questionnaire includes 36 questions; they were used to
generate eight scales, including physical, and mental states.
The QOL of patients before and after surgery at each
time point was assessed. Physical state includes: physical
function, physical role, bodily pain, and general health.
Mental state includes: vitality, social function, emotional
role, and mental health. All the data were summarized to
calculate Physical Component Summary (PCS), and Mental
Component Summary (MCS).

Total effective rate. The assessment criteria for pain relief is
divided into four levels. Subjective symptoms and clinical
signs were assessed at 6 months: complete remission of
pain (CR, pain relief >75%), partial remission of pain

3)

(PR, 50%< pain relief <75%), mild remission of pain
(MR, 25%< pain relief <50%), and no remission of
pain (NR, pain relief <25%). Significant effective rate
(%) = [(CR 4+ PR)/n] x 100%, Total effective rate
(%) = [(CR + PR + MR)/n] x 100%.

Incidence of complications and side effects: including local
hematoma, brachial plexus block, pneumothorax, vascular
injury (common carotid artery, vertebral artery, vein, etc.),
high epidural and subarachnoid block; local anesthetic
related adverse reactions (vertigo, dizziness, tinnitus, chills,
local anesthetic poisoning, etc.); pain induration and
others such as hoarseness/aphonia, pharyngeal foreign body
sensation, infection, arrhythmia, etc.

(4)

Statistical Analysis

Data were analyzed using SPSS18.0 statistical software
(IBM Corporation, NY, United States). The measurement
data were first tested for normality using the single-sample
Kolmogorov-Smirnov test. The normal distribution variables
were compared using one-way analysis of variance (ANOVA)
followed by LSD pairwise comparison; values were expressed
as mean =+ standard deviation ( + SD); the changes of
VAS, PCS, and MCS for all time points among the groups
were compared using repeated analysis of variance test. The
abnormal distribution variables were compared using the
Kruskal-Wallis rank sum test; values were expressed as the
mediantinterquartile range. The enumeration data were
analyzed by chi square test or Fisher’s exact test. P < 0.05 was
statistically significant.
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RESULTS

Patient Characteristics

All patients completed the surgeries, and the procedures
were successful. The basic condition of patients in the
SG-B and SG-P groups were compared before surgery.
There was no significant difference in the gender, age, pain
duration, pain location and affected side, VAS, the dosage of
antiepileptic and opioid analgesia drugs between the two groups
(P> 0.05) (Table 1).

VAS Pain Scores

After surgery, VAS decreased in both groups, and the
difference was significant compared with preoperative values
(P < 0.05). At the early follow-up time points (1 and
2 weeks), VAS decreased in both groups, but there was no
significant difference between groups. In the SG-B group,
VAS increased after 1 month, while in the SG-P group VAS
gradually decreased at the later follow-up time points. VAS
decreased significantly in the SG-P group after 1 month,
and there was a significant difference between the two
groups. This difference persisted to the 6 month time point
(P < 0.05) (Figure 2).

Quality of Life Evaluation

Both groups of patients achieved varying degrees of improvement
in quality of life after pain relief, including physical function,
physical role, bodily pain, general health, vitality, social function,
emotional role, and mental health. The PCS and MCS increased
in the two groups after the operation at each observation
time point, and the difference was significant compared with
preoperative levels (P < 0.05). At the early time points post

changes in VAS after surgery

visual analogue scale

P: Presurgery

0 T T T T T 1
P 1w 2 ™ M ]

FIGURE 2 | Comparison of VAS pain scores pre-surgery and post-surgery in
the two groups. At 1 and 2 weeks, VAS decreased in both groups (P > 0.05);
VAS decreased significantly in the SG-P group after 1 month (P < 0.05).
Results are presented as means + SEMs. *Compared to pre-surgery,

P < 0.05; *Compared with SG-B group, P < 0.05.

treatment (1 and 2 weeks), both PCS and MCS gradually
increased, but there was no significant difference between the
two groups. In the SG-B group, PCS and MCS decreased after
1 month, while in the SG-P group, PCS and MCS continued to
gradually increase, indicating a prolonged improvement in the
quality of life. PCS and MCS increased significantly after 1 month
in SG-P group, and there was a significant difference between the

TABLE 1 | Pre-surgery patient characteristics in SG-B and SG-P groups.

Parameters Group P-value
SG-B SG-P
Patients (n) 42 42 -
Gender (F/M, %) 20 (47.6%)/22 (52.4%) 19 (45.2%)/23 (54.8%) 0.827
Age (years, range) 55.28 4+ 8.35 (34-72) 56.13 4 8.56 (35-70) 0.569
Pre-surgery pain duration (M, range) 8.32 £5.27 (3-17) 8.54 + 5.42 (3-20) 0.675
Pain location (n, %)
Trigeminal nerve 20 (47.6%) 21 (50.0%) -
Facial nerve 6 (14.3%) 7 (16.7%) -
Brachial plexus 16 (38.1%) 14 (33.3%) -
Affected side (n, %)
Right 28 (66.7%) 30 (71.4%) -
Left 14 (33.3%) 12 (28.6%) -
Pre-surgery VAS 7.52 +£1.38 7.61 +1.51 0.416
Pre-surgery drug dosage
Carbamazepine (mg/d, n) 558.65 + 79.53 (23) 562.02 + 80.19 (24) 0.493
Gabapentin (g/d, n) 2.78 + 0.45 (10) 2.81 +£0.52(9) 0.715
Pregabalin (mg/d, n) 426.86 £ 73.71 (9) 428.28 £ 74.64 (9) 0.532
Oxycontin (mg/day, n) 43.62 + 12.78 (42) 44.06 + 11.95 (42) 0.584

SG-B, stellate ganglion blockade; SG-F, stellate ganglion pulsed radiofrequency; VAS, visual analog scale. Data are presented as numbers (%) of patients or mean + SD.
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FIGURE 3 | Comparison of quality of life scores (SF-36) pre-surgery and post-surgery in the two groups. At 1 and 2 weeks, PCS and MCS increased in both groups
(P > 0.05); PCS and MCS increased significantly in the SG-P group after 1 month (P < 0.05). PCS, Physical Component Summary; MCS, Mental Component
Summary; Resullts are presented as means + SEMs. *Compared to pre-surgery, P < 0.05; *Compared with SG-B group, P < 0.05.

two groups. This difference persisted to the 6 month follow-up effects in the SG-B group was higher than that in the SG-P group
time point (P < 0.05) (Figure 3). (P =0.001) (Table 3).

Total Effective Rate

At 6 months post-surgery, the total effective rate of the SG-B and DISCUSSION

SG-P groups was 64.3 and 83.3%, respectively. The total effective

rate of SG-P group was higher than that of SG-B group, and the ~Postherpetic neuralgia is a chronic neuropathic pain.

difference was statistically significant (P = 0.047) (Table 2). It mainly manifests as spontaneous, allodynia, and
hyperalgesia. PHN is associated with the location of herpes

Incidence of Complications and Side and se\ferity of the pai.n. Patients with. herpes zoster %n
the facial and upper limb areas experience severe pain
Effects (Nagasako et al., 2002), and the damaged nerves are more
The procedures were completed within 30 min for both groups. prone to develop PHN. The etiology and mechanism of
Postoperatively, there were no pneumothoraces, no epidural and  pHN are unclear, and there are no effective treatments.
sub'arachnoid.blo'ckad'es, 1o infection, no arrhythmia and no  Because of the special anatomical positions of the facial
serious complications in either group. N and upper limb areas, the choice of treatment options
Both groups had local hematoma, nausea and vomiting, s limited. Thus, it is urgent that an effective method of
hoarseness/aphonia, and pharyngeal foreign body sensation. treatment be found.
After local cold compresses, the symptoms gradually resolved Postherpetic neuralgia is commonly treated with a variety

within 6 months without subsequent serious adverse reactions.  of drugs, including analgesics, anticonvulsants, antidepressants,
The SG-B group experienced headache, vertigo, and dizziness;

complications of brachial plexus block and pain induration also
occurred; the total incidence of complications and side effect was
52.4% (22/42). There was no headache, vertigo, or dizziness, and
no complication of brachial plexus block or pain induration in  Complications Group
the SG-P group; the total incidence of complications and side

TABLE 3 | Complications and side effects in SG-B and SG-P groups (%).

effect was 16.7% (7/42). The incidence of complications and side Se-B SG-P

Hematoma, n (%) 3(7.1) 2(4.8)

Headache/vertigo/dizziness, n (%) 2(4.8) 0(0.0)

TABLE 2 | Total effective rate in SG-B and SG-P groups (%). Nausea/vomiting, n (%) 4(9.5) 2(4.8)

Brachial plexus block, n (%) 5(11.9) 0(0.0)

Group n Excellent Effective Ineffective The total iffective Pain induration, n (%) 3(7.1) 0(0.0)

rate(%) Hoarseness/aphonia, n (%) 3(7.1) 1(2.4)

SG-B 42 16 1 15 64.3 Throat foreign body sensation, n (%) 2(4.8) 2(4.8)
SG-P 42 23 12 7 83.3* Incidence of complications and side effect (%) 22 (52.4) 7(16.7)*

SG-B, stellate ganglion blockade; SG-R, stellate ganglion pulsed radiofrequency;  SG-B, stellate ganglion blockade; SG-F, stellate ganglion pulsed radiofrequency;
*Compared with SG-B group, P < 0.05. *Compared with SG-B group, P < 0.05.
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and neurotrophic drugs. However, such treatment is generally
inadequate for cases involving moderate to severe pain (Sacks,
2013). When herpes invades the area of the face and upper
limbs, conventional drug therapy generally needs a longer course
of treatment, which can result in a greater chance of adverse
reactions. SGB can effectively relieve the acute pain of herpes
and reduce the incidence of PHN (Boas, 1998; Wu et al,
2000; Makharita et al., 2012). It is an effective method to treat
neurovascular diseases of the face and upper limbs and can
effectively relieve the complex regional pain syndromes (CRPS)
of the upper body (Datta et al., 2017).

The analgesic mechanism of SGB is still not clear, but most
likely involves central and peripheral mechanisms. The central
site is mainly located in the hypothalamus (Ranson et al., 1998;
Westerhaus and Loewy, 2001), regulating the autonomic nervous
system, endocrine system and immune system to maintain the
stability of the body’s internal environment (Yokoyama et al.,
2000). The peripheral effect of SGB is to block the voltage-
gated sodium channels on the nerve cell membrane through
local anesthetics, making it difficult for the neural membrane
potential to reach the action potential threshold, completely
and reversibly blocking the generation and conduction of
nerve impulses, blocking the spinal reflex pathway (Lynch
and Elgeneidy, 1996; Lipov et al,, 2009), and reducing the
sympathetic nerve excitability. The functions of the vasculature,
glandular secretion, muscle movement, bronchial smooth muscle
contraction, and pain transmission controlled by sympathetic
nerves are inhibited, thereby dilating blood vessels, increasing
the blood flow in the facial and upper limbs, and reducing
vascular resistance (Kang et al., 2010; Kim et al., 2018). SGB can
improve the neurotrophic status, blocking the vicious cycle of
pain (Reinauer et al., 1994). At the same time, it can enhance
the defense function and prevent nerve damage (Boas, 1998).
SGB can reduce norepinephrine (Mulvaney et al., 2010) and
prostaglandins in the brain and plasma, improve ischemic,
anoxic and metabolic abnormalities in local tissues, and remove
inflammatory mediators by increasing local blood circulation
(Park et al,, 2010; Gopal et al., 2013; Kim et al., 2013). SGB can
also significantly reduce the cortisol, aldosterone, angiotensin-
2, 5-hydroxytryptamine and substance P in the blood of
patients with pain (Wang et al., 2005; Jeon, 2016), change the
lymphocyte subsets and NK cell activity (Yokoyama et al., 2000),
inhibit the proinflammatory cytokines IL-1B, IL-6 and TNF-a,
regulate the early inflammation responses (Liu et al, 2013),
and promote nerve repair. SGB can effectively alleviate facial
and upper limb PHN. However, the SG has a special anatomic
location and the adjacent structures are complex. Severe
complications such as hoarseness, pneumothorax, epidural block,
subarachnoid space block, esophageal injury, vascular injury
and hematoma formation (Hirota et al., 2017) may occur as a
result of the surgery. Anesthetic drugs have a short duration
of action. In order to reduce pain and improve efficacy,
it is often necessary to increase the number of treatments,
which may increase the occurrence of side effects and patient
suffering. Therefore, it is desirable to find a therapeutic method
that is effective and that can maintain analgesia for an
extended period of time.

Radiofrequency is an effective treatment for chronic pain,
including conventional radiofrequency (CRF) and PRF. Kastler
et al. (2013) reported that CT-guided stellate ganglion CRF
treatment of upper limb chronic refractory CRPS-I was more
effective than SGB, with an effective rate of 67.6%. CRF produces
a high-temperature effect through high-frequency currents,
which causes coagulation and degeneration of pain-reducing
nerve fibers (A and C-type fibers) and blocks action potentials
to achieve analgesia. The mechanism of PRF is different from
CRE. The analgesic mechanism of pulsed radiofrequency is
unclear (Lin et al., 2014), and it is currently believed that
the analgesia is produced by neuromodulation (Cahana et al,
2006; Rehman et al., 2012). The radiofrequency current of PRF
is intermittent. This energy transfer does not cause protein
coagulation, does not destroy the anatomical basis of pain
impulse transmission, and does not cause nerve damage. PRF
analgesia is not achieved through temperature effects (Podhajsky
et al., 2005; Hamann et al., 2006).

In this study, the decrease in reported pain resulted from
a combination of treatments, including analgesic drugs, and
neurotrophic drugs. VAS decreased after the operation in
both groups, and the difference was significant compared with
preoperative values. VAS decreased early in both groups, but VAS
in the SG-B group increased after 1 month, while SG-P group
still maintained VAS reduction at the later time points. This may
be due to the gradual metabolism of local anesthetic drugs over
time. As a result, the long-term analgesic substances metabolize
and the effect gradually reduces, making it difficult to maintain
long-term analgesia. The effect of PRF may be at the microscopic
or even subcellular level (Cosman and Cosman, 2005). The effect
of neuromodulation is slow, but it can be maintained for an
extended period of time.

Inflammation and neurotrophic factors are involved in PHN
(Zhao et al., 2017). PRF can regulate the expression of multiple
genes in the conduction pathway, enhancing the expression
of anti-inflammatory factor genes (GABAB-R1, Na/KATPase,
and 5-HT3r) in the dorsal root ganglion, while decreasing the
expression of proinflammatory factor genes (TNF-a and IL-
6) (Vallejo et al,, 2013). PRF has an immunoregulation effect,
which has been shown to significantly reduce the level of
CD56", CD3™, IFN-y, and NK cell frequency, and increase
CD8™' T cell frequency and IL-6 in cerebrospinal fluid (Das
et al.,, 2018). PRF has been shown to upregulate the transcription
and translation of glial cell line-derived neurotrophic factor
(GDNF) in the sciatic nerve and spinal cord (Jia et al,
2016; Hailong et al., 2018) and reduce calcitonin gene-related
peptide (CGRP) expression in dorsal root ganglion (Ren et al,,
2018). PRF inhibited the excitatory neurotransmitter (glutamate)
induced by nociception and then induced an analgesic effect
on neuropathic pain (Huang et al, 2016). PRF increased
histone acetylation and potassium-chloride cotransporter 2
(KCC2) expression, partially restored GABA synaptic function,
alleviated inflammatory pain sensitization (Liu et al., 2017),
and attenuated JNK activation in the spinal dorsal horn (Chen
et al., 2014). Therefore, PRF effectively relieves pain, and can
be maintained over an extended period of time. This long-term
analgesic effect avoids repeated treatment of the stellate ganglion.

Frontiers in Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 170


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Ding et al.

SG PRF for PHN

In addition, sensory and exercise nerve tests can be performed
before PRF treatment, which will more accurately locate nerves
and avoid complications. Therefore, SGB could be used to test
the effect first. If the treatment was effective, then SG PRF
was used to obtain the positive result. The stellate ganglion is
composed of C3-C7 cervical inferior sympathetic ganglia and
T1 sympathetic ganglia. The gray traffic branch is connected
with the spinal nerves and contains the sympathetic nerve fibers
of the brachial plexus. In this study, the SG-B patient group
experienced headache, vertigo and dizziness, and there were
complications of brachial plexus block and pain induration.
No such complications occurred in the SG-P group. The SG-
B group had more complications and side effects than SG-
P group. The main complications were brachial plexus block
and pain induration, which may be related to the diffusion
and local injury of local anesthetic drugs. These complications
and side effects could affect patient compliance and affected
further treatment.

In summary, SG pulsed radiofrequency treatment of facial
and upper limb PHN proved superior to SG blockage. The SG
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Stroke is a leading cause of disability worldwide, and in approximately 60% of
individuals, upper limb deficits persist 6 months after stroke. These deficits adversely
affect the functional use of the upper limb and restrict participation in day to day
activities. An important goal of stroke rehabilitation is to improve the quality of life by
enhancing functional independence and participation in activities. Since upper limb
deficits are one of the best predictors of quality of life after stroke, effective interventions
targeting these deficits may represent a means to improve quality of life. An increased
understanding of the neurobiological processes underlying stroke recovery has led to
the development of targeted approaches to improve motor deficits. One such targeted
strategy uses brief bursts of Vagus Nerve Stimulation (VNS) paired with rehabilitation
to enhance plasticity and support recovery of upper limb function after chronic stroke.
Stimulation of the vagus nerve triggers release of plasticity promoting neuromodulators,
such as acetylcholine and norepinephrine, throughout the cortex. Timed engagement
of neuromodulators concurrent with motor training drives task-specific plasticity in
the motor cortex to improve function and provides the basis for paired VNS therapy.
A number of studies in preclinical models of ischemic stroke demonstrated that VNS
paired with rehabilitative training significantly improved the recovery of forelimb motor
function compared to rehabilitative training without VNS. The improvements were
associated with synaptic reorganization of cortical motor networks and recruitment of
residual motor neurons controlling the impaired forelimb, demonstrating the putative
neurobiological mechanisms underlying recovery of motor function. These preclinical
studies provided the basis for conducting two multi-site, randomized controlled pilot
trials in individuals with moderate to severe upper limb weakness after chronic ischemic
stroke. In both studies, VNS paired with rehabilitation improved motor deficits compared
to rehabilitation alone. The trials provided support for a 120-patient pivotal study
designed to evaluate the efficacy of paired VNS therapy in individuals with chronic
ischemic stroke. This manuscript will discuss the neurobiological rationale for VNS
therapy, provide an in-depth discussion of both animal and human studies of VNS
therapy for stroke, and outline the challenges and opportunities for the future use of
VNS therapy.

Keywords: stroke, vagus nerve stimulation, plasticity, rehabilitation, neuromodulation
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INTRODUCTION

Stroke is a leading cause of disability and a significant health
burden in the United States and worldwide (Murray et al., 2013;
Feigin et al., 2016). Upper limb deficits persist in approximately
60% of individuals after stroke (Wade et al, 1983), limiting
their use in day to day activities and impacting quality of
life of the individual (Franceschini et al., 2010; Morris et al.,
2013). An important goal of stroke rehabilitation research
is to develop effective, evidence-based therapies to reduce
impairment, facilitate functional upper limb use and improve
participation in activities without resorting to compensatory
strategies after chronic stroke.

Neurophysiological and neuroimaging studies have provided
an improved understanding of the neurobiological processes
underlying the brain’s ability to restore function by capitalizing
on residual networks after stroke (Krakauer, 2004; Ward, 2004;
Nudo, 2006; Murphy and Corbett, 2009; Dimyan and Cohen,
2011; Boyd et al., 2017; Sampaio-Baptista et al,, 2018). One
approach for improving chronic upper limb deficits is to augment
this capacity to reorganize, referred to as plasticity. Rehabilitation
by itself drives some reorganization of motor networks, but
these changes occur within a framework of architectural and
anatomical constraints which are believed to limit substantial
improvements (Kleim and Jones, 2008). As a result, strategies that
can enhance reorganization in conjunction with rehabilitation
may support greater recovery. Here, we will describe the
neurophysiological basis and implementation of VNS during
rehabilitation as a means to enhance plasticity and improve
post-stroke recovery.

CHOLINERGIC AND NORADRENERGIC
MODULATION OF CORTICAL
PLASTICITY

Activation of neuromodulatory networks is strongly linked
to plasticity (Gu, 2002), thus engaging these mechanisms
provides a potential strategy to enhance plasticity for stroke
recovery. Cholinergic neurons within the nucleus basalis (NB)
and noradrenergic neurons in the locus coeruleus (LC) are
part of the ascending neuromodulatory system that projects
diffusely to wide areas of the cortex. Release of acetylcholine
(ACh) from NB neurons and norepinephrine (NE) from LC
neurons plays an important role in many behavioral and
cognitive processes including arousal, memory consolidation
and attentional modulation of goal-directed behavior (Gu, 2002;
Aston-Jones and Cohen, 2005; Sarter et al., 2005; Hasselmo
and Sarter, 2011). The vagus nerve sends projections to the
nucleus tractus solitarius (NTS), which in turn projects to
the neuromodulatory nuclei. Therefore, understanding the role
of these neuromodulatory networks in cortical plasticity is
instructive for defining the basis for delivering VNS paired with
sensory or motor events to facilitate plasticity.

In a constantly changing world, the brain must extract
behaviorally relevant information to drive useful goal-
directed behaviors. Neuromodulatory networks, including

the cholinergic and noradrenergic systems which provide
diffuse neuromodulatory innervation throughout the cortex, are
uniquely poised to serve that role. Cholinergic and noradrenergic
neurons show phasic discharge during specific epochs of
behavior that may signal cue detection, novelty or reinforcement
feedback (Hasselmo, 1995; Arnold et al., 2002; Bouret and
Sara, 2004; Sarter et al., 2005, 2006, 2009; Parikh et al., 2007;
Hasselmo and Sarter, 2011). For example, transient cholinergic
activity in cortical neurons signals behaviorally relevant cues
while decreased activity is observed with missed cues (Parikh
etal., 2007). Rapid cholinergic activation provides reinforcement
feedback in response to both positive and negative events
(Hangya et al., 2015). Similarly, phasic discharge from LC
neurons predicts correct responses in a visual discrimination
task with increased cross-correlation among LC neurons (Usher
et al., 1999). These studies demonstrate that brief bursts of ACh
or NE are likely involved in the attentional modulation of cortical
neurons to encode the behavioral relevance of stimulus-specific
features during task performance.

The neuromodulator-driven attentional modulation of
cortical neurons must eventually be encoded into long-lasting
changes in synaptic efficacy with successful task learning (Hess
and Donoghue, 1994; Hess and Krawczyk, 1996; Kirkwood
et al., 1999; Rioult-Pedotti et al., 2000; Ziemann et al., 2006;
Seol et al, 2007; Cohen and Maunsell, 2009; Korchounov
and Ziemann, 2011; Carcea and Froemke, 2013; Hasan et al.,
2013). At a systems level, the changes in synaptic efficacy may
underlie reorganization of cortical maps specific to the learned
features of the task (Merzenich et al., 1988; Recanzone et al.,
1992, 1993; Pascual-Leone and Torres, 1993; Elbert et al., 1995;
Buonomano and Merzenich, 1998; Sterr et al., 1998; Feldman
and Brecht, 2005; Feldman, 2009; Froemke, 2015). Furthermore,
depletion of cortical ACh or NE resulting from lesions of their
respective nuclei or pharmacologic modulation with cholinergic
and noradrenergic antagonists blocks cortical plasticity and
impairs learning (Sato et al., 1987; Juliano et al., 1991; Heron
et al., 1996; Kilgard and Merzenich, 1998; Zhu and Waite, 1998;
Conner et al., 2003, 2005; Ramanathan et al., 2009; Vitrac and
Benoit-Marand, 2017). Together, these studies established a
causal role for the neuromodulatory networks in task-specific
learning and plasticity.

The vagus nerve projects to the NTS (Foley and DuBois,
1937; Prechtl and Powley, 1990) and consequently provides
rapid activation of the cholinergic and noradrenergic systems
(Roosevelt et al., 2006; Nichols et al., 2011; Porter et al,,
2012; Hulsey et al., 2017). Therefore, the engagement of these
neuromodulatory systems by VNS led to the prediction that
brief bursts of VNS paired with sensory or motor experience
could enhance cortical plasticity that was specific to the paired
experience. Repeatedly pairing a tone with VNS reorganized the
rat auditory cortex map, resulting in an expansion for the paired
tone (Engineer et al., 2011). A tone paired with trigeminal nerve
stimulation did not result in specific auditory cortex plasticity,
demonstrating that the enhancement of plasticity was unique to
stimulation of the vagus nerve.

Neuromodulatory networks share some features in
mediating plasticity in motor and auditory cortices (Gu,

Frontiers in Neuroscience | www.frontiersin.org

March 2019 | Volume 13 | Article 280


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Engineer et al.

Vagus Nerve Stimulation for Stroke

2002; Ramanathan et al., 2009). Since VNS paired with sensory
experience drives robust, specific plasticity in the primary
sensory cortex, this raised the possibility that pairing VNS
with motor training could also facilitate plasticity in naive rat
motor cortex. Indeed, repeatedly pairing VNS with a forelimb
movement during motor training increased the corresponding
map representation of that movement in motor cortex compared
to equivalent training in rats that did not receive VNS (Porter
et al, 2012). These studies laid the groundwork for using
VNS paired with motor training for improving upper limb
deficits after stroke.

VNS IMPROVES MOTOR FUNCTION IN
ANIMAL MODELS OF STROKE

Post-stroke recovery is associated with plasticity in motor
networks (Murphy and Corbett, 2009). The development of
strategies to enhance this plasticity and subsequently generate
greater recovery has been the focus of intense research. Based
on its ability to drive training-dependent neuroplasticity in
uninjured motor networks, a number of animal studies have
evaluated VNS paired with rehabilitative training to support the
recovery of motor function after stroke.

A study performed in an animal model of ischemic stroke
tested the hypothesis that VNS paired with rehabilitative training
could enhance post-stroke recovery (Khodaparast et al., 2013).
This study sought to evaluate the ability of VNS delivered during
motor training to improve recovery of forelimb strength, a main
contributor to disability after stroke (Canning et al., 2004; Harris
and Eng, 2007). Rats were trained to proficiency on a strength-
based forelimb task, and then underwent ischemic lesion of the
motor cortex. Rats that received brief bursts of VNS paired
with forelimb movement during motor training demonstrated
significantly greater recovery of volitional forelimb strength
compared to rats that received equivalent training without VNS.
Recovery persisted when assessed 1 week after the cessation of
stimulation, consistent with the notion that VNS drives stable
plasticity and providing an initial indication that the benefits of
VNS therapy may be lasting.

A second study built upon these initial findings and assessed
the ability of VNS to improve forelimb movement speed after
stroke. Rats were pre-trained on a skilled task that measured rapid
movement of the forelimb and underwent an ischemic lesion
of the motor cortex (Khodaparast et al., 2014). Corroborating
findings from the initial study, VNS paired with forelimb
movement during rehabilitative training resulted in significant
enhancement of functional recovery compared to equivalent
rehabilitation training without VNS (Figure 1A).

Rehabilitation can become less effective with increasing time
after stroke. To evaluate whether a long delay in therapy delivery
would impact the efficacy of VNS, a study evaluated whether VNS
paired with rehabilitative training could improve recovery in a
rat model of chronic ischemic stroke (Khodaparast et al., 2016).
VNS and rehabilitative training were initiated on the 7th week
post-stroke in rats with chronic, stable forelimb impairment.
Despite the delay in starting therapy, VNS delivered with

rehabilitative training produced significantly greater forelimb
recovery compared to equivalent training without stimulation
(Figure 1B). The degree of forelimb recovery after chronic
stroke was comparable to that observed in previous studies
of subacute stroke (Khodaparast et al, 2013, 2014). These
findings provide an initial demonstration that the efficacy
of VNS paired with rehabilitative training is not dependent
on time to begin the intervention after stroke. Additionally,
the observation that VNS therapy improves recovery when
initiated long after stroke suggests that VNS does not act by
augmenting the action of pro-plasticity factors upregulated in
response to stroke (Khodaparast et al., 2016). Alternatively,
VNS likely acts to enhance recovery by generating repeated,
temporally precise, consistent engagement of pro-plasticity
neuromodulatory circuits to reinforce rehabilitation-related
neural activity (Hays et al., 2013; Hays, 2016). The independence
from stroke-related plasticity is consistent with the ability of
VNS paired with training to drive cortical plasticity in uninjured
animals (Porter et al., 2012; Hulsey et al., 2016).

Advanced age is a major risk factor for stroke and is
associated with reduced plasticity, which could in turn influence
the effectiveness of VNS therapy. Thus, a study sought to
determine whether VNS delivered during rehabilitative training
could improve post-stroke recovery in aged rats (Hays et al,
2016). Rats aged at least 18 months were pretrained on a skilled
forelimb task and subsequently underwent ischemic lesions of the
motor cortex. Pairing VNS with rehabilitative training generated
robust improvements in recovery of forelimb strength compared
to equivalent training without VNS in aged rats. The magnitude
of recovery observed in aged rats that received VNS therapy
was comparable to that reported in previous studies using young
rats receiving the same intervention (Khodaparast et al., 2013).
The similar effectiveness in aged and young rats receiving VNS
is consistent with studies suggesting that age alone is not a
determinant in the benefits of rehabilitation and provides initial
evidence that advanced age does not preclude VNS-dependent
enhancement of post-stroke recovery (Bagg et al., 2002).

Generalization of improved functional recovery to tasks that
are not explicitly trained during rehabilitation is an important
consideration in the translation of therapies for clinical use, as
it has practical implications for administration of the therapy.
Given a fixed duration for a session of rehabilitation, a
therapist would need to determine whether a patient should
receive a greater number of stimulation pairings during a
more constrained set of rehabilitative exercises or whether to
deliver fewer stimulation pairings distributed across a greater
breadth of rehabilitative exercises. To provide data to guide this
determination, a recent study tested whether the VNS-dependent
recovery after stroke would generalize to a similar, untrained
task (Meyers E.C. et al., 2018). Rats were pre-trained on a
task that measured skilled forelimb rotation, then underwent an
ischemic lesion to motor cortex followed by training on the same
rotational task with or without VNS. Delivery of VNS paired
with rehabilitative training significantly enhanced recovery of
forelimb rotation compared to equivalent training without VNS.
After the completion of 6 weeks of motor training on the rotation
task, all rats were tested on a similar, but distinct task that
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FIGURE 1 | Vagus Nerve Stimulation-dependent recovery of motor function in rat models of stroke. (A) VNS paired with rehabilitative training significantly improves
recovery of forelimb motor function compared to equivalent training without VNS in a model of cortical ischemic stroke. The top panel shows a coronal brain section
with a representative ischemic lesion. Similarly, VNS paired with rehabilitative training enhances recovery of forelimb function after (B) chronic combined cortical and
subcortical ischemic and (C) intracerebral hemorrhage. The symbol “*” indicates p < 0.05 across groups at each time point (Adapted from Hays et al., 2014a,b;
Khodaparast et al., 2016).

measured volitional forelimb strength. Rats that had previously
received VNS paired with rehabilitative training on the rotation
task exhibited significantly improved recovery on the volitional
strength task compared to rats that had previously received
rotation training without VNS, suggesting that VNS-dependent
recovery may generalize to similar untrained movements. The
magnitude of recovery observed on the untrained task was
similar to that observed when VNS was paired with training
on the primary task, providing evidence of generalization.
Moreover, in this study, VNS-dependent recovery persisted
at least 7 weeks following cessation of stimulation, providing
additional corroborating evidence that the benefits of VNS
are long-lasting.

Other studies provide insight into the implementations of
VNS therapy that may be most beneficial. To determine the
stimulation paradigm that yields the greatest enhancement
in recovery, a study evaluated a range of distinct VNS
parameters on recovery of forelimb strength after stroke
(Hays et al, 2014b). Delivery of an equivalent amount
of VNS that is temporally dissociated from rehabilitative
training is less effective at promoting recovery than VNS
that is paired with forelimb movement during rehabilitative
training, suggesting that non-specific effects of stimulation
that do not require precise timing, such as reduction
of inflammation or neurogenesis, do not contribute to
VNS-dependent enhancement of recovery. Additionally, a
paradigm that delivered sixfold more stimulation in rapid
succession generated significantly less recovery than VNS
explicitly paired with forelimb movement rehabilitation.
Together, the results from this study emphasize the need to
optimize both the dose and timing of stimulation paradigms
for VNS therapy.

Additional studies support the use of VNS therapy for
mechanistically distinct forms of cerebrovascular injury.
Intracerebral hemorrhage (ICH) is a common and devastating
subtype of stroke with few post-injury treatment options.
Evidence from preclinical studies indicates that reorganization of
spared circuits supports recovery after ICH, similar to ischemic

stroke (Auriat et al., 2010; Liang et al., 2013; Santos et al., 2013).
Based on the premise that VNS enhances plasticity, a study
evaluated whether VNS paired with rehabilitative training may
lead to improved recovery in a model of ICH (Hays et al., 2014a).
Rats were trained to proficiency on a skilled forelimb task and
then received an injection of collagenase into the dorsolateral
striatum to induce hemorrhage. Delivery of VNS paired
with rehabilitative training significantly enhanced recovery
compared to equivalent training without VNS, providing a
preliminary demonstration that VNS therapy can improve
motor function after ICH (Figure 1C). Emerging evidence
extends these findings to other distinct forms of neurological
damage, indicating VNS can improve recovery in models
of traumatic brain injury (Pruitt et al, 2016), spinal cord
injury (SCL; Ganzer et al,, 2018), and peripheral nerve damage
(Meyers E. et al., 2018; Figure 2).

Cognitive deficits are not uncommon in patients following
ischemic stroke (Tatemichi et al.,, 1994). Preclinical studies
document improvements in memory retention with VNS (Clark
et al.,, 1995, 1998). While a small number of clinical studies
provide corroborating evidence for the role of VNS in improving
memory function, placebo-controlled studies in larger clinical
populations are needed to determine whether VNS facilitates
long-term improvement in cognitive function in humans after
stroke (Hoppe et al., 2001; Boon et al., 2006; Ghacibeh et al.,
2006; Sun et al., 2017). It is possible that short bursts of VNS
combined with a cognitive rehabilitative training paradigm may
promote plasticity and improve cognitive impairments after
stroke. While considerably more development is needed, these
findings raise the prospect that pairing VNS with cognitive
rehabilitation may represent a potential intervention for post-
stroke cognitive impairment.

Despite the evidence demonstrating VNS-dependent
enhancement of recovery across a range of preclinical models
of neurological injury, the mechanisms that underlie recovery
are not thoroughly characterized. In the following section, we
will discuss the putative mechanisms by which VNS modulates
neural plasticity to support recovery of function.
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FIGURE 2 | Vagus Nerve Stimulation therapy improves recovery in a variety of models of neurological injury. A meta-analysis of recovery across a range of rat models
of neurological damage demonstrates that VNS paired with rehabilitative training (VNS+Rehab) consistently improves recovery of forelimb motor function compared
to equivalent rehabilitative training without VNS (Rehab Alone). The data are presented as a forest plot. Markers denote standardized mean difference for
VNS+Rehab compared to Rehab Alone for each study, and horizontal lines indicate 95% confidence interval. The size of the indicator represents the number of

subjects. The blue diamond represents the summary effect.

NEUROBIOLOGICAL MECHANISMS OF
MOTOR RECOVERY AFTER PAIRED VNS

Structural plasticity in descending cortical spinal circuits has been
associated with recovery after stroke. A recent study evaluated
whether VNS paired with rehabilitative training influenced
reorganization of corticospinal tract (CST) connectivity
(Meyers E.C. et al, 2018). A retrograde transsynaptic tracing
study in rats revealed that VNS paired with rehabilitation tripled
synaptic connectivity in CST networks controlling the impaired
forelimb compared to equivalent rehabilitation without VNS,
providing a direct quantification of VNS-dependent plasticity
in motor networks after stroke. This reorganization of CST
connectivity was observed 2 months after the cessation of
VNS, suggesting that this plasticity is robust and enduring, and
consistent with the notion that this plasticity subserves long-term
restoration of motor function (Figure 3).

Vagus Nerve Stimulation engages a variety of molecular and
neuronal mechanisms via the ascending neuromodulatory
systems that may underlie the observed reorganization
of motor networks. After a stroke, treatment with brain-
derived neurotrophic factor (BDNF) increases functional
recovery, whereas reduction of BDNF levels prevented
the benefits of rehabilitative training (Schabitz et al,
2004; Ploughman et al, 2009). In rodents, both acute and
chronic VNS increased levels of BDNF in the hippocampus
but the elevated BDNF levels were not associated with
improvements in the forced swim or elevated plus-maze

tests (Follesa et al., 2007). It remains to be determined whether
elevated BDNF levels contribute to motor reorganization and
stroke recovery.

Engagement of neuromodulatory networks that regulate
synaptic plasticity also represents a means by which VNS
likely supports recovery. VNS drives activation of multiple
neuromodulatory networks, including the noradrenergic,
cholinergic, and serotonergic systems (Nichols et al., 2011;
Hulsey et al., 2017). These neuromodulators, in turn, act
synergistically to alter spike-timing dependent plasticity (STDP)
properties in active networks (Dan and Poo, 2004; Seol et al.,
2007). These neuromodulators are known to act within a
short window of approximately 5-10 s after neural activity,
referred to as the synaptic eligibility trace, to allow STDP (He
et al., 2015). Two studies provide initial evidence that VNS
generates temporally precise neuromodulatory feedback within
the synaptic eligibility trace to drive synaptic plasticity. First,
in a study examining plasticity in auditory cortex, only tones
presented concurrently with VNS were reinforced (Engineer
et al,, 2011). Tones delayed 15 s after VNS, which falls outside
the time window for synaptic eligibility, failed to generate
plasticity. Second, a study examined the requirement for a
temporal association between VNS and optimal trials during
rehabilitative exercises after SCI (Ganzer et al, 2018). VNS
delivery immediately after or within 2 s of the optimal trials
significantly enhanced recovery of motor function, while a delay
of approximately 25 s from the optimal trials failed to yield any
benefits compared to equivalent rehabilitation without VNS.
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FIGURE 3 | Vagus Nerve Stimulation paired with motor training enhances synaptic reorganization after stroke. Rats that receive VNS paired with motor training (red
bar) after stroke demonstrated a significantly greater increase in corticospinal tract (CST) connectivity to rehabilitated muscles compared to equivalent training

without VNS (blue bar). CST connectivity originating in both the ipsilesional and contralesional hemispheres was increased. These findings indicate that VNS drives
large-scale reorganization in motor networks after stroke which may underlie recovery of function (Adapted from Meyers E.C. et al., 2018). * indicates p < 0.05; **

indicates p < 0.01.
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These studies align well with the time scale of the synaptic
eligibility trace and provide a means by which VNS may drive
temporally precise neuromodulatory release to reinforce ongoing
neural activity related to the paired event.

RANDOMIZED CLINICAL TRIALS TO
ASSESS SAFETY AND EFFICACY OF
PAIRED VNS AFTER CHRONIC
ISCHEMIC STROKE

Transitioning from basic science investigation to clinical
studies moves the field closer to determining if these

promising findings can translate into improvements in
clinical care. Studies are now attempting to translate these
preclinical VNS experiments into clinical practice through
feasibility, safety, and more recently, pivotal clinical trials
in individuals with chronic stroke (Dawson et al, 2016;
Kimberley et al., 2018).

A single-blinded, randomized feasibility study evaluating VNS
paired with motor rehabilitation was performed by Dawson
et al. (2016) in 20 participants with chronic ischemic stroke
who had moderate to severe upper limb weakness. Subjects were
randomized to VNS paired with rehabilitation (n = 9; implanted)
or rehabilitation alone (# = 11; not implanted). VNS was triggered
by a therapist pushing a button during task-specific movements,

A

Therapist presses thumb
3 switch and initiates VNS
during movement

THERAPIST PATIENT

Wireless
transmitter

Implanted
device

FIGURE 4 | Vagus Nerve Stimulation paired with rehabilitation in the clinic and at home, (A) In-clinic rehabilitation with VNS: VNS is delivered by a therapist using a
push button timed with a task-specific movement. Pressing the button delivers a brief burst of VNS (0.5 s) during an active goal-directed movement. The VNS
system includes an implantable pulse generator (implanted device) that is implanted under the individual’s chest wall, an implantable lead, wireless transmitter (for
communication between the device and computer) and custom programming software. (B) Home-based VNS therapy: Participants are provided a magnet (inset) to
swipe over the device once before the start of each rehabilitation session to self-initiate 30 min of VNS (0.5 s burst of VNS every 10 s for 30 min). During the 30 min,
participants performed at-home exercises prescribed by the therapist and adapted to their functional level and goals.
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based on the notion that VNS provides timed engagement of
neuromodulatory networks to support rehabilitation-dependent
plasticity (Figure 4A). Stimulation parameters were selected
based on earlier preclinical studies (Engineer et al., 2011; Porter
et al,, 2012; Khodaparast et al., 2013, 2014, 2016; Hays et al,,
2016; Hulsey et al., 2016). The main outcome measures were
a change in upper extremity Fugl-Meyer Assessment (FMA-
UE) score and response rate (FMA-UE change >6 points was
considered clinically meaningful, discussed below). After 6 weeks
of in-clinic rehabilitation, participants in the paired VNS group
showed a 9.6-point improvement from baseline while the control
group improved by 3 points in the per-protocol analysis (between
group difference = 6.5 points, CI: 0.4 to 12.6, p = 0.038). The
response rates were 66 and 36.4% in VNS and control groups,
respectively. No serious adverse device effects were reported.
These results demonstrated the feasibility of using paired VNS
and did not raise safety concerns. Two limitations of this
study were the absence of an implanted control VNS group
and the lack of assessment of long-lasting effects of paired
VNS. These limitations were addressed in a second pilot study
(Kimberley et al., 2018).

This second study was a multicenter, fully blinded and
randomized study (Kimberley et al., 2018). All participants
were implanted with the VNS device, which allowed the
control group to crossover to receive paired VNS therapy
after completion of blinded follow-up and permitted within-
subject comparison of gains. To evaluate the lasting effects of
paired VNS, home-based therapy was included as part of the
study (Figure 4B). Differences between the two studies are
highlighted in Table 1.

Seventeen participants with chronic ischemic stroke who
had moderate to severe upper extremity impairment were
enrolled at four sites, with similar surgical procedure and

randomization (Figure 5A) to the first study. The study
design is shown in Figure 5B. Participants performed
6 weeks of in-clinic therapy followed by home-based
therapy. After 6-weeks of in-clinic therapy, participants in
both groups had 1 month of at-home exercises with no
VNS followed by 2 months of home-based therapy. During
home therapy, participants in both groups activated the
VNS device at the start of each 30-min session via a magnet
swipe over the implanted pulse generator to deliver either
Active or Paired VNS (0.8 mA) or Control VNS (0 mA),
respectively (Figure 4B).

After 2 months of home-based therapy, the Paired VNS group
continued the VNS therapy while the Control Group switched
over to receive paired VNS (Figure 5B). After 6 weeks of in-
clinic therapy, the FMA-UE score increased by 7.6 points for
the VNS group and 5.3 points for controls. Three months
after the end of in-clinic therapy (post-90), the FMA-UE
increased by 9.5 in the paired VNS group and 3.8 points
in controls. At post-90, response rate (FMA-UE change >6
points) was 88% in the VNS group and 33% in controls
(p =0.03) (Figures 6A,B).

After controls crossed-over to receive in-clinic Active
VNS, EMA-UE improved by 9.8 points from baseline
(p < 0.001) after 6 weeks. After an additional 2 months of
home-based VNS, FMA-UE improvement was maintained
at 9.7 points (p = 0.01). Therefore, the improvements
in upper limb impairment more than doubled after
rehabilitation paired VNS compared to rehabilitation alone,
an effect of approximately the same magnitude observed
in the preclinical studies of VNS for ischemic stroke
(Khodaparast et al., 2013).

It is of note that controls received similar intensity of in-
clinic and home rehabilitation (without VNS) and showed

TABLE 1 | Comparison of the two pilot VNS studies (Dawson et al., 2016; Kimberley et al., 2018).

Dawson et al., 2016

Kimberley et al., 2018

Number of sites 2 United Kingdom

Study design Randomized, single-blind (Assessor)

Number of participants 20 (VNS: n =9; Control: n = 11)

VNS implantation Only VNS group implanted
Long-term home therapy No
Inclusion criteria ARAT (Action Research Arm Test)

Outcome measure

end-points assessment

Imaging (Structural MRI) Yes

Safety (One) Transient vocal cord palsy and dysphagia after implant,
(Five) minor events including nausea, metallic taste in the
mouth. No serious adverse device effects.

Efficacy (FMA change from 9.6 vs. 3 (between group difference = 6.5 points, Cl: 0.4 to

baseline at 6 weeks)

End of in-clinic (6 weeks) assessment followed by a 30-day

12.6, p = 0.038). *Response rate: 66% vs. 36.4%

4 United States and United Kingdom

Randomized, blinded (Assessor, Therapist, Participant),
sham-controlled, cross-over

17 (VNS: n = 8; Control: n = 9)

Both VNS and Control group implanted

Yes

FMA-UE (Fugl-Meyer Assessment — Upper Extremity)
End of in-clinic (6 weeks) assessment followed by
30-day and 3-month assessment

Yes

(Three) Serious adverse events related to implantation
surgery including wound infection, shortness of breath
with dysphagia and hoarseness. No serious adverse
device effects.

7.6 vs. 5.3 (between group difference = 2.3 points, Cl:
—1.810 6.4, p = 0.2). *Response rate: 75% vs. 33%. At
3 months, post-therapy, 9.5 vs. 3.8 (between group
difference = 5.7 points, Cl: —1.4 to 11.5, p = 0.055).
*Response rate: 88% vs. 33% (p = 0.03).

*FMA change >6 points.
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FIGURE 5 | (A) Consort Diagram for the pilot study (from Kimberley et al., 2018). Twenty-two participants were enrolled in the study of which 17 were implanted.
Eight participants were randomized to the VNS group and 9 to rehabilitation only (B). Clinical study flowchart. After screening and baseline evaluations, all
participants were implanted with a VNS device and randomized to receive either Active (0.8 mA) or Control VNS (0.0 mA) paired with upper limb rehabilitation.
Participants received 18 sessions of in-clinic therapy for 6 weeks, followed by a home-based therapy for 3 months (no VNS was delivered to either group during the
1st month of home therapy). The 3-month time point is referred to as Post-day 90. After Post-day 90, the Active VNS group continued with home-based Active
VNS, and the Control group crossed over to receive 6-weeks of in-clinic therapy with Active VNS followed by home-based Active VNS, similar to the Active
VNS+Rehab group. Outcome measures were evaluated at baseline, Post-day 1, Post-day 30, and Post-day 90.
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FIGURE 6 | (A) Fugl-Meyer assessment-upper extremity (Kimberley et al., 2018). Change in FMA-UE score at three posttreatment assessments from baseline for
Active VNS (solid line) and Control VNS + Rehab (dashed line). Shaded area indicates 6 weeks of in-clinic therapy. Error bars indicated standard error of the mean
(s.e.m). (B) FMA-UE responder rate (defined as FMA-UE change >6 points from baseline) for Active VNS (black) and Control VNS + Rehab (gray). *p < 0.05, Fisher
exact test.
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minimal improvement in the randomized portion of the
study, especially as more time elapsed following the in-
clinic rehabilitation. After crossover to Active VNS, the
control participants showed a clinically meaningful outcome
that was similar to the initial Active VNS group. This is
consistent with studies suggesting that intense rehabilitation
or standard of care rehabilitation for individuals with chronic
stroke may be insufficient to significantly improve motor
outcomes (van der Lee et al, 1999; Langhorne et al., 2009;
Teasell et al., 2014).

In addition to improving motor impairment, Active VNS
therapy also improved upper limb functional performance. At
post-90 (3 months after the end of in-clinic therapy), the Wolf
Motor Function Test (WMFT-Functional) difference between the
Paired VNS and Control groups was 0.33 points (CI, 0.04 to 0.61;
p = 0.029). Thus, participants showed significant improvements
on both impairment (FMA-UE) as well as functional scales
(WMFT-Functional) after Paired VNS therapy. These results
suggest that improvement reflects true motor recovery rather
than improved movement compensation. The study showed
that rehabilitation paired with VNS was an acceptably safe
and feasible intervention for patients with chronic stroke and
demonstrated sufficient safety and feasibility to support a
larger pivotal trial.

The benefits of Paired VNS require time to emerge
and may suggest that progressive neural reorganization is
facilitated by paired VNS (Porter et al, 2012; Meyers E.C.
et al., 2018). VNS responders had greater cortico-spinal tract
(CST) injury compared to control responders, which suggests
that VNS-induced neuroplastic mechanisms could facilitate
improvements in the VNS responders who would otherwise
not have responded to rehabilitation alone (Dawson et al,
2016). These findings also mirror the reorganization of the
CST observed with VNS therapy in preclinical models in
which VNS paired with rehabilitation significantly increased
synaptic connectivity in both ipsilesional and contralesional
CST networks controlling the impaired forelimb (Meyers E.C.
et al, 2018; Figure 3). Assessment of plasticity in multiple
brain regions that accompanies improvements in recovery
would strengthen future clinical studies by providing a more
detailed description of the mechanisms that support VNS-
dependent benefits.

A change in FMA-UE score of >6 points was used to
indicate a clinically meaningful improvement. Previous
studies have assessed FMA-UE scores using anchor-based
methods to determine the clinically important change
in FMA-UE from baseline. The FMA-UE change ranged
from 4.24 to 7.25 points (Page et al, 2012). A >50%
improvement in the overall arm and hand function, which
was considered an excellent improvement, corresponded
to FMA-UE change of 525 points. If the 9.5-point
increase in FMA-UE score observed at day-90 following
Paired VNS and the 9.8-point change from baseline after
crossover to Paired VNS in Controls is a true effect of
VNS, the therapy enhances the modest improvements
seen with rehabilitation alone, up to more clinically
meaningful levels.

CLINICAL AND NEUROPHYSIOLOGICAL
CONSIDERATIONS FOR FUTURE
CLINICAL STUDIES

Although the studies described above present initial evidence
that VNS paired with rehabilitation may support recovery after
stroke, there are several important considerations for continued
translation of the VNS therapy.

Clinical and Neurophysiological

Biomarkers
Clinical and neurophysiological biomarkers are important
for predicting response to interventions, especially in a
heterogeneous chronic stroke population (Milot and Cramer,
2008; Burke and Cramer, 2013; Wu et al.,, 2015; Boyd et al,,
2017). It would be valuable to identify biomarkers in patient
subpopulations that are non-responsive to the VNS therapy.
Biomarker evaluation across a range of stimulation parameters,
including intensity, frequency, and pulse width, would be useful
to guide the selection of paradigms to maximize plasticity and
recovery after stroke. Future studies with larger sample sizes may
determine whether clinical and neurophysiological markers will
help identify participants more or less responsive to VNS therapy.
A number of characteristics, including age, type of stroke (e.g.,
ischemic or hemorrhagic), stroke location (e.g., supratentorial or
infratentorial), stroke severity, amount of spasticity, associated
contractures that may limit movement, time since stroke
onset, associated sensory loss, comorbidities (e.g., diabetes),
are known to affect outcomes. Moreover, factors that directly
impact neuromodulatory function, including Parkinson’s disease,
Alzheimer’s disease and concomitant use of pharmacotherapeutic
agents, may specifically impact the efficacy of VNS. These factors
will be discussed below.

Supratentorial and Infratentorial Strokes
The clinical VNS studies described above included participants
with supratentorial, ischemic stroke and excluded infratentorial
strokes. Infratentorial or posterior strokes such as those involving
the cerebellum, pons or medulla, were excluded because
the behavioral benefits of paired VNS have not yet been
demonstrated in preclinical models. Furthermore, individuals
with posterior strokes presenting with upper limb weakness
likely have other symptoms including dizziness, double vision,
visual field deficits, dysphagia, clumsiness of the hand and
ataxia that may impact upper limb motor training and therefore
would likely require a different rehabilitation protocol. Previous
studies have demonstrated that brainstem infarcts can result
in the activation or reorganization of motor cortex (Kwon
and Jang, 2010). It is possible that Paired VNS therapy
could recruit upstream spared CSTs to regain lost function.
Furthermore, studies in rat models of SCI showed that VNS
paired with motor training drives plasticity in upstream motor
neurons, suggesting that VNS-dependent plasticity in residual
cortical or subcortical motor circuits could mediate recovery
(Ganzer et al., 2018).
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Hemorrhagic Stroke

In rat models of hemorrhagic stroke, rehabilitation improves
motor outcomes along with changes in dendrite morphology
suggesting that plasticity within residual neurons supported
recovery (Auriat et al., 2010). Furthermore, studies in a rat model
of ICH provide direct evidence that VNS paired with motor
training significantly improves forelimb function compared to
equivalent training alone (Hays et al., 2014a). However, the
clinical VNS studies excluded individuals with hemorrhagic
stroke to maximize the ability to detect effects in ischemic stroke
patients. Considering the flexibility of VNS to enhance recovery
in a wide range of neurological injury animal models including
hemorrhagic stroke, future studies evaluating VNS in patients
with these types of stroke is warranted.

Age

Age is an important non-modifiable risk factor for ischemic
stroke (Bagg et al., 2002; Kelly-Hayes et al., 2003; Saposnik
et al,, 2008; Hays et al., 2016; Lui and Nguyen, 2018). Advanced
age is associated with a reduction in neuroplasticity, which
raises the prospect that advanced age may reduce the efficacy
of VNS therapy (Kelly-Hayes et al., 2003; Burke and Barnes,
2006; Freitas et al., 2011). However, preclinical studies provide
an initial demonstration that age does not limit VNS-dependent
enhancement of recovery after stroke, as aged rats benefited
from the therapy as much as young rats (Hays et al., 2016).
The pilot clinical study (Kimberley et al., 2018) included a wide
age-range of participants (37-73 years), and after 3 months
of paired VNS therapy, 50% of participants over 65 years
of age showed significant improvement in FMA-UE scores
(>6-point change). Therefore, age by itself did not preclude
VNS-dependent benefit in responders; and less improvement
in non-responders suggests that other factors are involved in
determining response to therapy.

Chronic Stroke

The clinical studies included individuals with chronic stroke
for the following reasons: First, highlighting the need for
interventions that are effective long after the acute stroke
episode, an estimated 7.2 million Americans live with chronic
post-stroke disability (Benjamin et al., 2018). Second, evidence
from preclinical studies supports the efficacy of VNS paired
with rehabilitative training when initiated several weeks after
stroke (Khodaparast et al, 2016). Thus, VNS likely acted by
engaging plasticity-enhancing neuromodulatory circuits during
training rather than pro-plasticity factors upregulated by stroke
(Meyers E.C. et al.,, 2018). Third, since spontaneous recovery
of upper limb motor deficits is often observed during the
first 6 months after stroke, any improvements in upper limb
deficits obtained from interventions carried out during this acute
phase would be difficult to dissociate from this spontaneous
recovery. Indeed, participants with sub-chronic stroke often show
greater improvements on the FMA-UE compared to participants
with chronic stroke (Shelton et al., 2001; Masiero et al., 2007;
Narayan Arya et al., 2011). Finally, acute stroke is a life-changing
event for the majority of individuals, and it is likely that most

individuals, physicians, and other healthcare professionals would
be somewhat reluctant to undergo a non-emergency surgical
procedure. The chronic population was therefore selected as a
starting point for investigation.

Severity of Upper Limb Deficits

The VNS clinical studies excluded individuals with very severe
upper limb deficits who had minimal to no movement in
their upper extremity (typically FMA-UE < 15). VNS could
be combined with other interventions to initiate movements
in this severe population. Since paired VNS in rats facilitated
recruitment of residual neurons and increased synaptic
connectivity in cortico-spinal networks controlling the impaired
forelimb (Meyers E.C. et al., 2018), it is possible that the severity
of CST injury may not preclude recovery of the impaired limb
function in humans. This would be an interesting area for study
once proven effective in a moderately severe population.

Centrally Acting Drugs May Interfere
With the Effects of VNS

Since VNS acts via the activation of neuromodulatory pathways,
it is possible that certain medications could interfere with the
effects of VNS therapy. For example, lipophilic muscarinic
antagonists (e.g., scopolamine) or adrenergic antagonists (e.g.,
metoprolol) easily cross the blood-brain barrier and are known
to have central adverse effects which could interfere with the
effects of VNS. Animal studies provide supporting evidence
that interfering with neuromodulatory networks prevents the
plasticity enhancing effects of VNS (Hulsey et al., 2016; Hulsey,
2018). Unlike pharmacological blockade, animal studies utilized
methods that resulted in a permanent, virtually complete
reduction of neuromodulators. Therefore, pharmacological
antagonism may differentially influence the effects of VNS.
Nevertheless, given the well-documented literature regarding the
central effects of some cholinergic and noradrenergic antagonists
on mood, cognitive processing, behavioral performance and
neurophysiological indicators of plasticity, some drug exclusions
need to be considered in clinical studies.

Sensory Loss
Impaired tactile sensation, stereognosis, and proprioception
are common after stroke. Sensory disruption can affect
motor function and recovery, since sensorimotor integration is
important for successful goal-directed movements (Xerri et al.,
1998; Bolognini et al., 2016). With severe sensory loss, the motor
deficits can appear to be worse, even in the absence of significant
muscle weakness. The motor cortex receives significant input
from somatosensory areas, and peripheral nerve lesions or lesions
in the somatosensory cortex can significantly alter movement
representations in motor cortex and impact motor skill learning
(Donoghue and Sanes, 1987; Xerri et al., 1998). Furthermore,
lesions of motor cortex can also disrupt sensory function
(Nudo et al., 2000).

It is possible that repeatedly pairing VNS with tactile
rehabilitation may improve sensory deficits in individuals with
significant sensory loss. In a case report study involving a
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72-year-old male with sensory deficits, VNS paired with tactile
rehabilitation showed clinically meaningful improvements in
sensory threshold, proprioception and stereognosis that were
long-lasting (Kilgard et al., 2018). It is possible that the
pairing narrowed receptive fields from the hand to individual
fingers, which may have contributed to the improved tactile
perception. Thus, individuals with motor deficits and significant
sensory deficits may benefit from VNS combined with tactile
training and could show improvements in both sensory as well
as motor function.

Comorbid Conditions

Neurodegenerative diseases (e.g., Alzheimer’s disease and
Parkinson’s disease) can deplete neuromodulator reserves in
basal forebrain cholinergic neurons and LC neurons (Whitehouse
et al., 1981; Coyle et al., 1983; Gesi et al., 2000; Zarow et al,,
2003). Since cholinergic and noradrenergic modulation is
essential for the effects of VNS, it is possible that decreased
neuromodulator reserves may impact VNS-induced plasticity.
In such individuals, it is possible that different stimulation
parameters may be needed to generate appropriate activation of
remaining neuromodulatory networks. Future studies evaluating
VNS in both animal models and patients with neurodegenerative
diseases is warranted.

Future preclinical and clinical studies in larger populations
along with neurophysiological biomarkers as predictors of
improvement will help adapt the VNS therapy to different
patient subgroups.

OPTIMIZATION OF VNS PARAMETERS

Identification of stimulation parameters and paradigms that
yield maximal recovery is an important step in the translation
of VNS-based targeted plasticity therapy for stroke. Both
the preclinical and clinical studies evaluating motor recovery
described above utilized identical stimulation settings of 0.8 mA,
100 ps pulse width, 30 Hz frequency and a pulse train of 0.5 s
(Engineer et al., 2011; Porter et al., 2012; Dawson et al., 2016;
Kimberley et al., 2018).

Given that VNS-directed plasticity is believed to underlie
recovery, a number of studies have characterized stimulation
paradigms aimed at increasing the magnitude of VNS-dependent
plasticity. The parameter that has been most thoroughly
investigated is stimulation intensity. Higher intensity stimulation
recruits a larger proportion of vagal fibers and triggers stronger
activation of neuromodulatory nuclei, which may improve stroke
recovery (Roosevelt et al., 2006; Castoro et al., 2011; Mollet
et al, 2013; Hulsey et al, 2017). Paradoxically, a number of
studies examining the effects of VNS on neural plasticity and
memory indicate that moderate intensity stimulation generates
the greatest effects compared to lower and higher intensity
stimulation (Clark et al, 1995, 1998, 1999), suggesting that
non-linear interactions in upstream targets may be responsible
for these effects and VNS operates across a specific range of
stimulation parameters.

Increasing the pulse width can compensate for a reduction in
stimulation amplitude, indicating that total charge delivered to
the nerve is the main predictor of VNS-dependent engagement
of neuromodulatory networks and VNS-dependent plasticity
(Hulsey et al, 2017; Loerwald et al., 2017). Several studies
have examined the influence of varying other stimulation
parameters on VNS-dependent plasticity. Increasing the interval
between stimulation trains increases the magnitude of VNS-
dependent plasticity, an effect ascribed to desensitization of
neuromodulatory receptors (Borland et al., 2018). Additionally,
similar to the effect of stimulation intensity, the pulse frequency
during a VNS train also demonstrates an inverted-U relationship
with plasticity. Trains consisting of pulses delivered at moderate
frequency rates enhanced cortical plasticity, while slower and
faster pulse rates both fail to significantly enhance plasticity (Buell
et al., 2018). Taken together, the studies illustrate the influence
of both the timing and intensity of stimulation parameters
on the magnitude of VNS-dependent plasticity, suggesting
manipulation of either or both parameters may be required to
optimize efficacy for clinical implementation.

The precise mechanisms that underlie the observed inverted-
U relationship between plasticity and several VNS parameters
are not fully understood. However, several possibilities could
explain this response, the most apparent of which is the effect
of stimulation intensity. First, lower stimulation intensities
could recruit pro-plasticity neuromodulatory circuits, while
higher intensities recruit overriding anti-plasticity networks.
As a result, moderate stimulation intensities would produce
the greatest enhancement of plasticity by maximally recruiting
the low threshold system while suppressing activation of the
high threshold system. Other possible explanations relate to
receptor activation. Noradrenergic receptors are required for
VNS effects and are known to display considerable adaptation
(Gainetdinov et al., 2004). Low intensity stimulation may avoid
desensitization and allow repeated effective signaling and thus
drive plasticity, while high intensity stimulation may produce
desensitization that prohibits repeated activation and limits
plasticity. Alternatively, activation of different receptor types
at differing stimulation intensities could produce an inverted-
U effect. Low and moderate intensities of VNS may result
in appropriate norepinephrine release to engage higher-affinity
a2-adrenergic receptors and promote potentiation, whereas
high intensity stimulation may increase norepinephrine levels
further to activate lower-affinity -adrenergic receptors to oppose
potentiation. Indeed, this concentration-dependent dichotomy
in control of the polarity of plasticity by adrenergic receptors
has been described previously (Salgado et al., 2012). A recent
study demonstrated that stimulation frequency also imposes an
inverted-U effect on the degree of plasticity, consistent with
postsynaptic receptor activation as the primary mediator of the
response (Buell et al., 2018). It is important to note that both
the desensitizing and opposing activation models, as well as
many others, may contribute to the inverted-U, as they are not
mutually exclusive.

It is not known whether the inverted-U response results
from a common underlying principle of cellular and network
activity across all brain regions or whether differences in network
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architecture across different systems would produce different
outcomes. It is possible that non-responders to the standard VNS
therapy may benefit from a different set of stimulation parameters
that operate within this range or circumvent the conditions
that perturb neuromodulatory pathways, such as alterations
in vagal tone or neuromodulatory function. Furthermore,
given the heterogeneity of patient characteristics as well as
stroke manifestations described above, it is possible that some
subgroups may be more responsive to one set of stimulation
settings than others. Clinical studies described above utilized a
standard, non-individualized set of stimulation parameters and
observed significant improvement in motor deficits in most
patients, supporting the notion that a relatively wide effective
therapeutic range exists and individual variability is unlikely
to preclude benefits (Dawson et al, 2016; Kimberley et al.,
2018). Regardless of the underlying mechanism, the differential
responses to stimulation parameters highlight the utility of
optimizing stimulation parameters to yield the greatest response.

NON-INVASIVE VAGUS NERVE
STIMULATION

In recent years, non-invasive transcutaneous methods of
stimulating the vagus nerve have emerged as a potential
alternative strategy to generate VNS without necessitating a
surgical implant. There are two primary ways of delivering non-
invasive VNS. The first method, commonly termed tVNS or
aVNS, targets the auricular branch of the vagus nerve (ABVN)
and consists of the application of stimulation to the skin of
the external ear on the tragus and cymba. The second is
transcutaneous stimulation of the skin in the neck region over the
cervical vagus nerve, commonly referred to as nVNS and targets
the underlying cervical vagus.

The two main sites for auricular VNS include the tragus
and cymba concha. Recent reports suggest that the extent to
which vagal branches innervate the tragus is unclear (Badran
et al., 2018a; Burger and Verkuil, 2018) due to inconsistencies
in a human cadaver study that described the innervation of
the human auricle (Peuker and Filler, 2002). Furthermore,
inconsistencies in electrode placement and skin contact coupled
with the effects of varying tissue impedance on nerve activation
from individual to individual may be impediments to reliable
stimulation with tVNS. For example, the electrode is placed over
the auricular skin in a relatively small area with dense innervation
and it is possible that the spread of current could activate nearby
nerves such as the auriculotemporal branch of the mandibular
nerve. This combined recruitment complicates the assessment
and interpretation of the effects of stimulation of the vagus nerve.

Stimulation parameters using implanted cervical VNS have
been well characterized and strongly influence the plasticity
effects of VNS. The challenge of identifying and consistently
delivering stimulation within a particular range of parameters
is magnified by non-invasive stimulation strategies. While tVNS
may be able to stimulate the auricular branches of the vagus, the
inability to provide consistent, reliable activation may hamper the
ability to observe robust effects. Furthermore, the ABVN has five

times less A-f fibers compared to the cervical vagus nerve (Safi
et al., 2016), which may contribute to its weaker activation of
central targets (Ay et al., 2015).

Therefore, while avoiding surgical implantation has
advantages, the preponderance of evidence in well-controlled
studies points to the failure of these devices to sufficiently and
reliably activate key brain structures. For example, in rat models
of acute ischemic stroke, cervical VNS resulted in a greater
reduction of infarct volume compared to non-invasive VNS
(Ay et al, 2009, 2015). Non-invasive VNS also generated less
intense c-fos staining in NTS neurons compared to cervical
VNS, suggesting less robust activation (Ay et al., 2015). Available
data from human studies describing regional brain activation in
response to non-invasive VNS varies substantially from study to
study (Kraus et al., 2007; Frangos et al., 2015; Yakunina et al,,
2017; Badran et al., 2018a). Moreover, human studies using tVNS
at the tragus failed to demonstrate significant activation of the
locus coeruleus, a key brainstem nucleus in the actions of VNS,
compared to sham stimulation (Yakunina et al,, 2017; Badran
et al.,, 2018b). These studies may explain the reduced efficacy
of human studies with non-invasive VNS compared to cervical
VNS (Bauer et al., 2016; Barbella et al., 2018).

A second non-invasive approach is stimulation delivered
to the neck region above the cervical vagus nerve (nVNS).
This method of non-invasive stimulation has shown efficacy
for the treatment of acute episodes of cluster headaches and
migraine (Silberstein et al., 2016; Goadsby et al., 2018; Grazzi
et al., 2018; Tassorelli et al., 2018). The mechanism of action is
thought to arise from VNS-driven activation of NTS, which in
turn modulates the activity of the trigeminal cervical complex
(TCC) (Moeller et al., 2018) and suppresses the transmission of
nociceptive signals to higher pain processing centers (Bohotin
et al., 2003). However, NTS also receives direct inputs from the
trigeminal and cervical nerves. Since these nerves lie near the
vagus nerve, it is possible that these nerves can also activate NTS
via the spread of current. Indeed, trigeminal nerve stimulation or
peripheral nerve stimulation can modulate nociceptive signals in
the TCC via activation of NTS (Contreras et al., 1982; Lewis et al.,
1987; Du and Zhou, 1990; Zerari-Mailly et al., 2005; Liu et al,,
2014; Mercante et al., 2017) and have therefore been used for
the treatment of headaches (Magis et al., 2007, 2013; Saper et al.,
2011). Activation of these nerves during nVNS could contribute
to headache relief (Henssen et al., 2019). Therefore, both VNS
and TNS can modulate nociceptive input via NTS activation
and may represent a generalized anti-nociceptive response to
stimulation. In contrast, the induction of cortical plasticity is
unique to VNS inputs. Repeatedly pairing a tone with cervical
VNS, but not TNS, resulted in tone-specific plasticity in the
auditory cortex (Engineer et al., 2011).

In addition to NTS, which receives 95% of the vagal input
(Magdaleno-Madrigal et al., 2010), key brain regions activated by
cervical VNS are also activated by non-invasive VNS including
locus coeruleus, amygdala, hippocampus, cingulate and insula
(Chae et al, 2003). This implied that the actions of non-
invasive VNS were similar to cervical VNS since both methods
activate similar upstream targets, and could, therefore, be used
as an alternative to cervical VNS. However, many studies have
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demonstrated these key brain regions are also activated by
peripheral nerve stimulation, trigeminal nerve stimulation, and
cutaneous stimulation (Kwon et al., 2000; Rouzade-Dominguez
et al, 2001; Scherder et al., 2003; Frangos and Komisaruk,
2017; De Cicco et al., 2018). Furthermore, LC neurons can be
activated by both aversive stimulation (e.g., tail pinch) as well
as cervical VNS (Hulsey et al., 2017). In other words, brain
regions activated by VNS are also activated by tactile, arousing
or aversive sensory stimuli, suggesting that the activation of
these regions is not specific to the vagus nerve. Therefore, n'VNS
activation of common brain regions does not entail equivalence
to cervical VNS.

Furthermore, cervical VNS stimulation parameters have
been well characterized and have been shown to modulate
plasticity effects across a twofold range of intensities and
suggest the existence of a potentially useful therapeutic range
of activity (Borland et al., 2016). With non-invasive VNS,
the ability to deliver consistent and reliable stimulation
within a particular range of parameters to induce plasticity
for therapeutic use has not yet been demonstrated. Taken
together, these results demonstrate that brain activation of
common targets by cervical VNS and non-invasive VNS
does not entail similar plasticity or behavioral outcomes.
More studies are needed to determine the extent to
which the vagus nerve is activated using non-invasive
approaches along with a parametric characterization of
stimulation parameters.

Recently, two clinical studies were conducted using non-
invasive VNS combined with upper limb rehabilitation in
individuals with chronic upper extremity weakness after stroke.
In a study by Capone et al., (Capone et al.,, 2017) individuals
with chronic ischemic or hemorrhagic stroke were randomized
to either tVNS combined with robotic rehabilitation (n = 7)
or auricular-sham VNS (ear lobe) combined with robotic
rehabilitation (n = 5). The therapy was delivered for 10 days
over 2 weeks. After 2 weeks, no significant differences between
the tVNS and sham group were observed on the FMA-
UE score (5.4 vs. 2.8 points, p = 0.16). While the results
are interesting, the sample size precludes drawing distinct
conclusions about tVNS efficacy.

In the second single-arm feasibility study (Redgrave et al.,
2018), 13 participants more than 3 months post-stroke
underwent rehabilitation combined with tVNS for 6 weeks.
After tVNS rehabilitation training, the FMA-UE score increased
by 17.1 &+ 7.8 points with a >10-point change in 83% of
patients. It should be noted that the FMA-UE scores used
in this study combined motor, sensory, and joint components
(0-126 points score) instead of the 0-66 points score that is
typically used in many upper-limb stroke studies. Therefore
the results are not directly comparable with the cervical VNS
studies (Dawson et al., 2016; Kimberley et al., 2018). Several
limitations of this study are worth considering. First, the
study did not include a sham stimulation control group. Since
stimulation was delivered at the maximally tolerable intensity
and was thus perceptible, a placebo effect of stimulation
cannot be ruled out. Second, some participants were less than
6 months post-stroke, and it is possible that spontaneous

recovery could contribute to some of the improvement (Narayan
Arya et al, 2011). A future randomized, blinded, placebo-
controlled study in chronic stroke patients would be required to
determine the efficacy of non-invasive VNS as applied to upper
limb rehabilitation.

Further studies are needed to explore the effectiveness
of non-invasive VNS, with a specific focus on parametric
characterization. Ideally, any non-invasive VNS effects
would be benchmarked against implanted VNS to determine
the magnitude. As non-invasive stimulation would have
demonstrable advantages for patients over implanted VNS, a
thorough evaluation in robust, well-designed studies is needed to
guide future clinical implementation.

CONCLUSION AND FUTURE
DIRECTIONS

The studies reviewed provide a compelling demonstration that
VNS-based rehabilitation is a potentially useful strategy to target
plasticity and improve motor function for chronic stroke. VNS-
dependent rapid engagement of neuromodulatory networks
provides a signal to facilitate plasticity in pathways activated
by rehabilitative exercises. While the effects of cholinergic
and noradrenergic modulation on cortical plasticity have been
well documented, other neuromodulators could also play a
role in VNS-induced cortical plasticity. Emerging evidence
highlights a similar role of serotoninergic systems in the
VNS-dependent enhancement of plasticity, paralleling studies
demonstrating that VNS activates these neuromodulatory
systems (Manta et al, 2009, 2012; Hulsey, 2018). The
neurophysiological ~mechanisms underlying ~ VNS-driven
cortical plasticity are complex and likely involve top-down
control of neuromodulatory inputs involved in the planning of
movements, reward, and decision making (Zmarowski et al.,
2005; Convento et al., 2014).

The effects of VNS paired with rehabilitation have been
tested across several different animal models of stroke and
other neurological injuries and consistently demonstrate
significantly greater recovery and enhancement of plasticity
when rehabilitation is paired with VNS compared to equivalent
rehabilitation without VNS. The flexibility to improve recovery
across several injury models demonstrates that VNS engages
a generalized mechanism to potentiate benefits specific to
rehabilitation. The improved behavioral outcomes across
different models along with objective evidence of plasticity
after paired VNS informed clinical studies for the inclusion
of appropriate patient populations who are likely to benefit
from the therapy.

The encouraging findings from the two pilot clinical
studies supported the design of a phase III pivotal,
multi-site, double-blind, randomized trial (VNS-
REHAB) of this intervention with 120 implanted
participants and approximately 20 study sites. This
study is powered to detect the difference seen in the
FMA-UE score at the end of 6-weeks of in-clinic
therapy with 80% power. The VNS-REHAB study is
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approximately 75% enrolled, with enrollment expected to
complete in Spring 2019.

Despite the observed improvements across a range of
conditions, it is possible that additional factors, including
comorbid conditions, stroke etiology, individual variations in
anatomy, and drugs or diseases that influence neuromodulatory
function, could influence the efficacy of VNS therapy.
Evaluation of the clinical effectiveness of paired VNS therapy
in heterogeneous stroke populations along with continued
development of stimulation parameters and rehabilitative
paradigms to individualize and optimize the therapy for specific
patient subgroups will improve the potential of this therapy to
improve human function and well-being.
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Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation
technique used to modulate cortical activity. However, measured effects on clinically
relevant assessments have been inconsistent, possibly due to the non-focal dispersion
of current from traditional two electrode configurations. High-definition (HD)-tDCS uses a
small array of electrodes (N = 5) to improve targeted current delivery. The purpose of this
study was to determine the effects of a single session of anodal and cathodal HD-tDCS
on gait kinematics and kinetics and the corticomotor response to transcranial magnetic
stimulation (TMS) in individuals post-stroke. We hypothesized that ipsilesional anodal
stimulation would increase the corticomotor response to TMS leading to beneficial
changes in gait. Eighteen participants post-stroke (average age: 64.8 years, SD: 12.5;
average months post-stroke: 54, SD: 42; average lower extremity Fugl-Meyer score: 26,
SD: 6) underwent biomechanical and corticomotor response testing on three separate
occasions prior to and after HD-tDCS stimulation. In a randomized order, anodal,
cathodal, and sham HD-tDCS were applied to the ipsilesional motor cortex for 20 min
while participants pedaled on a recumbent cycle ergometer. Gait kinetic and kinematic
data were collected while walking on an instrumented split-belt treadmill with motion
capture. The corticomotor response of the paretic and non-paretic tibialis anterior (TA)
muscles were measured using neuronavigated TMS. Repeated measures ANOVAs
using within-subject factors of time point (pre, post) and stimulation type (sham, anodal,
cathodal) were used to compare effects of HD-tDCS stimulation on measured variables.
HD-tDCS had no effect on over ground walking speed (P > 0.41), or kinematic variables
(P > 0.54). The corticomotor responses of the TA muscles were also unaffected by
HD-tDCS (resting motor threshold, P = 0.15; motor evoked potential (MEP) amplitude,
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P =0.25; MEP normalized latency, P = 0.66). A single session of anodal or cathodal HD-
tDCS delivered to a standardized ipsilesional area of the motor cortex does not appear
to alter gait kinematics or corticomotor response post-stroke. Repeated sessions and
individualized delivery of HD-tDCS may be required to induce beneficial plastic effects.
Contralesional stimulation should also be investigated due to the altered interactions
between the cerebral hemispheres post-stroke.

Keywords: HD-tDCS, anodal, cathodal, gait, mobility, tDCS, brain stimulation, TMS

INTRODUCTION

Less than 50% of individuals post-stroke return to independent
community ambulation (Jorgensen et al.,, 1995) and 73% have
some type of long term disability (Gresham et al., 1995). Brain
plasticity, i.e., structural and functional circuit reorganization,
occurs after stroke and during motor rehabilitation (Sampaio-
Baptista et al.,, 2018; Zhao and Willing, 2018). In some cases,
plasticity can be beneficial to recovery. However, maladaptive
processes can also occur leading to prolonged recovery or
disability. Therefore, enhancing the positive effects of adaptive
neuroplasticity and minimizing maladaptive plasticity are
integral in providing adequate post-stroke rehabilitation.

Non-invasive brain stimulation techniques have been
proposed to enhance the beneficial plastic effects of post-stroke
rehabilitation (Fregni and Pascual-Leone, 2007). One such
technique is transcranial direct current stimulation (tDCS)
which involves the application of direct current, usually 1-2 mA,
to the scalp over a targeted cortical area (Woods et al., 2016).
Combining tDCS and traditional therapies may potentially
improve stroke recovery due to Hebbian principals of motor
learning (Schlaug and Renga, 2008). A recent review/meta-
analysis reported beneficial increases in lower extremity
muscular strength and mobility, although no effects on walking
speed, walking endurance, or balance function could be detected
(Li et al., 2018). While some beneficial clinical effects have been
seen with traditional tDCS, imaging and finite element modeling
studies demonstrate that current flow may be concentrated
in areas away from targeted neuronal populations when using
traditional two electrode montages (Datta et al., 2010; Antal et al.,
2011). To overcome this lack of specificity, modeling studies
predicted that replacing the traditional two electrode setup,
typically rectangular electrodes approximately 35 cm?, with an
array of smaller circular electrodes, <1.2 cm in diameter, can
more precisely deliver current (Minhas et al., 2010). Delivering
current with a 4 x 1 ring montage, termed High-definition
(HD)-tDCS, increases the current density (Caparelli-Daquer
et al., 2012). In this montage the central electrode has opposite
polarity of the four reference electrodes, i.e., one central anode
and four surrounding cathodes or a central cathode with four
surrounding anodes. Due to the location of the sensorimotor
cortical representation of the lower extremities deep within the
cortex along the longitudinal fissure utilizing more targeted
current delivery with HD-tDCS may enhance outcomes related
to motor rehabilitation and nervous system plasticity in chronic
stroke, especially when compared with traditional tDCS.

Studies using HD-tDCS in healthy individuals has shown
increases in the corticomotor response and enhanced cross-
facilitation in the upper extremities of healthy individuals
(Caparelli-Daquer et al., 2012; Cabibel et al., 2018). However,
there is currently a lack of information about the effects of HD-
tDCS in the lower extremities of people post-stroke, specifically,
regarding gait and the corticomotor response to transcranial
magnetic stimulation (TMS). Therefore, the purpose of this study
was to determine the effects of a single session of HD-tDCS
on gait kinetics, kinematics, and lower extremity corticomotor
response in chronic stroke. Our a priori hypothesis was that
anodal HD-tDCS applied to the ipsilesional motor cortex would
increase motor evoked potential (MEP) amplitude and decrease
resting motor threshold (rMT) and MEP latency of the paretic
TA. Furthermore, we expected that with an altered corticomotor
response we would see beneficial changes to gait characteristics.

MATERIALS AND METHODS

Ethics Statement

All methods and procedures were approved by the local
Institutional Review Board and conformed to the Declaration of
Helsinki. All participants signed informed consent prior to their
participation in any aspect of the study.

Participants and Study Procedures
Twenty-one individuals post-stroke were recruited from
the Ralph H. Johnson VA Medical Center (VAMC)/Medical
University of South Carolina (MUSC) Stroke Recovery Research
Center’s (SRRC) participant database. Inclusion criteria for the
study were: >6 months post-stroke, able to ambulate at least 10 m
with minimal use of assistive devices, have a locomotor control
impairment as indicated by scoring less than the maximum, 34,
on the lower extremity Fugl-Meyer assessment (Fugl-Meyer et al.,
1975), and have a measurable corticomotor response. Prospective
participants were invited to the VAMC/MUSC SRRC for a total
of four visits: one initial visit and three experimental visits.

Initial Visit

During the first visit, participants signed informed consent
and underwent clinical testing. The clinical tests included:
Berg Balance Scale (Berg et al, 1995), Functional Gait
Assessment (Wrisley et al., 2004), 6-min walk test, and the
lower extremity Fugl-Meyer assessment. Clinical testing was
performed by a licensed physical therapist. After clinical testing,
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participants underwent TMS examination to identify the cortical
representation, i.e., hotspot, of the tibialis anterior (TA) on
the paretic and non-paretic legs. The TMS assessment was
performed using a double-cone coil and a Magstim BiStim2
stimulator (Magstim, Inc., Whitland, United Kingdom). Hotspot
identification was guided by neuronavigation (Brainsight, Rogue
Research, Montreal, QC, Canada) (Charalambous et al., 2018).
Briefly, hotspots were identified using a single suprathreshold
single TMS pulse applied over a 3x5 grid transposed over an
average Montreal Neurological Institute MRI brain image. Two
trials were performed and the spot with the greatest average
response, ie., largest MEP amplitude, was used during the
subsequent experimental visits. All MEPs were evoked while the
muscle was at rest. If muscle activity was noted prior to the
application of the TMS pulse the trial was discarded, and another
pulse was applied.

Experimental Visits

During the experimental visits, visits 2-4, participants underwent
biomechanical and neurophysiological testing prior to and post-
receiving HD-tDCS. Participants received sham, anodal, or
cathodal HD-tDCS stimulation in a randomized order. During
HD-tDCS stimulation participants also pedaled on a recumbent
cycle ergometer at a self-selected cadence with minimal resistance
to activate the cortical tissue receiving the HD-tDCS stimulation.

Biomechanical Assessment

Gait kinetics and kinematics were measured using an active
LED marker set applied in a modified Helen Hayes setup
while participants walked on an instrumented split-belt treadmill
with bilateral force plates (Bertec, Corp., Worthington, OH,
United States) (Dean et al., 2017). Participants performed two
30 s trials at their preferred self-selected comfortable speed
with motion capture. Motion capture data was sampled at
100 Hz using a 12-camera system (PhaseSpace, San Leandro,
CA, United States). Ground reaction forces (GRFs) were sampled
at 1000 Hz. After treadmill walking participants performed
two trials of over ground walking on a GAITRite electronic
walkway (CIR Systems, Inc., Franklin, NJ, United States) at their
preferred comfortable walking speed. Participants wore a harness
attached to the ceiling to mitigate their chance of falling during
all walking tests.

Corticomotor Response Measurement

The assessment of the corticomotor response to TMS was
initiated within 10 min of completion of the walking trials. The
corticomotor response, measured as a MEP, was recorded using
surface EMG (sEMGQG). Electrodes were placed over the TA muscle
bellies and signals were amplified 1000x and recorded at 5000 Hz
using Signal 6.03 (Cambridge Electronic Design, Cambridge,
United Kingdom) for offline analysis. After the participant was
seated comfortably in an adjustable chair with sSEMG electrodes
over the paretic and non-paretic TA muscles, measurement of
the rMT commenced using parameter estimation by sequential
testing (PEST) (Mishory et al., 2004). To determine the rMT two
PEST procedures were performed using the hotspot identified
during the initial visit. The anatomical location of the hotspot

was maintained between visits by utilizing neuronavigation.
The PEST program directed the intensity of the TMS stimuli
applied to the muscle’s hotspot. The measurement of the rMT
was performed twice, and the average of the two trials was
used as the participants rMT for that experimental session.
Once the rMT was established for each muscle, 10 single TMS
pulses were applied at 120% of the rMT to the paretic and
non-paretic TA hotspots using a double cone coil while the
muscles were at rest.

HD-tDCS Stimulation

Once initial gait and corticomotor response measurements were
completed, participants received 20 min of one of three HD-
tDCS (Soterix Medical, Inc., New York, NY, United States)
stimulations: central anodal, central cathodal, or sham.
Participants received the stimulations in a randomized order
over the three experimental visits, and both participants and
investigators were blinded the stimulation protocol used during
that session. Electrodes were held in place using a cap with a pre-
defined grid utilizing the standard 10-10 system (Chatrian et al.,
1985). The central HD-tDCS electrode was positioned on either
C1 or C2, whichever corresponded with the ipsilesional motor
cortex (Figure 1A). This location was chosen from modeling
performed using HDExplore (Soterix Medical, Inc.) to deliver
current to the ipsilesional M1 with minimal current delivered to
the contralesional cortex (Figure 1B). The HDExplore program
used a standard MRI image to model current flow, stroke specific
modeling was not available. A current of 2 mA was applied
through the central electrode during anodal conditions that
was returned through the four reference electrodes. During
cathodal stimulation 0.5 mA was delivered through each of
the four reference electrodes and returned through the central
electrode. The sham condition was similar to anodal stimulation,
however the HD-tDCS stimulator automatically reduced the
current to zero after 30 s. To activate the motor cortex while
receiving HD-tDCS participants pedaled on a recumbent cycle
ergometer (Monark Exercise AB, Vansbro, Sweden) at a self-
selected pace with minimal resistance. After stimulation was
concluded participants immediately underwent reassessment
of the corticomotor response followed by biomechanical
assessment. Post-biomechanical and corticomotor response
testing was conducted using the same parameters as pre-
testing, e.g., equal treadmill speeds and TMS stimulator
output intensity.

Data Analyses

Gait Kinetics and Kinematics Analyses

Motion capture data were low-pass filtered at 10 Hz using a
4t order, zero-lag Butterworth filter. Body segment kinematics
were determined using a custom model (Visual3D, Germantown,
MD, United States). Segment COM locations were calculated
using anthropometric and inertial properties (de Leva, 1996).
Kinetic and kinematic variables included: anterior (propulsive)
GRFs, posterior (braking) GRFs, ankle power, ankle work,
cadence, paretic and non-paretic step length. All post-stimulation
kinematic and kinetic variables were collected at speeds matched
to pre-testing speeds on the instrumented treadmill.
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FIGURE 1 | High-definition (HD) transcranial direct current application and modeling. (A) HD-tDCS electrode placements according to standard 10-10
nomenclature. The central electrode was placed at C, with surrounding reference electrodes located at F, F4, P, P4 for participants with strokes in the right
hemisphere. Left hemisphere stroke locations were C1, F;, F3, P, P3. (B) HD-tDCS current flow modeled using HDExplore (Soterix Medical, Inc.). Modeling
estimated a field intensity of approximately 1 v/m at the right paracentral lobule, which is the location of the lower extremity sensorimotor representation within the
cortex. Cathodal modeling showed a similar field intensity but with current moving in opposite directions.
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FIGURE 2 | Example motor evoked potential (MEP) recorded via surface electromyography. Unprocessed surface electromyographic signal recorded after a single
TMS pulse was applied to cortical representation of the tibialis anterior (TA) muscle. MEP amplitude was measured as the difference in minimal and maximal
amplitude of the signal within an 0.08 s analysis window that began 0.025 s after application of the TMS pulse. MEP latency was measured as the time between the
TMS pulse and the initiation of the MEP.
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MEP Analysis

Motor evoked potentials were recorded via SEMG. Using the TMS
pulse trigger, a 0.5 s data window was recorded starting 0.1 s
before the TMS trigger. Offline analyses of recorded EMG data
were performed in MATLAB R2017b (MathWorks, Natick, MA,
United States). Data were imported into MATLAB and demeaned
using the average signal of the first and last 0.05 s. MEP amplitude
was then calculated as the difference between the maximum and
minimum values in a 0.08 s window starting at 0.025 s. Once
amplitude was calculated the signal was rectified and the time
from the TMS trigger pulse to the start of the MEP, i.e., latency,
was measured. MEP latency was defined as the point when the
rectified MEP signal amplitude was greater than the mean plus
three standard deviations of the signal amplitude occurring 0.08 s
before the TMS trigger pulse (Cacchio et al., 2011; Charalambous
et al., 2018) for at least 0.001 s. Latency was then normalized to
participant height and is reported as ms/m. Once all MEP metrics
were calculated the data were exported and visually inspected
to ensure the accuracy and validity of the values. For MEPs
to be considered valid the following criteria had to be met: an
amplitude greater than 50 pV and a non-normalized latency
between 0.025 and 0.105 s. Stimulation trials that did not evoke
at least 4/10 MEPs were not used for analysis. An example MEP
is displayed in Figure 2.

Statistical Analysis

All data are reported as Mean and Standard Deviation (SD)
unless otherwise noted. Variables that were comprised of values
from both legs (walking speed, cadence) were analyzed using
a two-factor Repeated Measures ANOVA using within-subject
factors of stimulation type (sham, anodal, cathodal) and time
point (pre-stimulation, post-stimulation). Additional variables
that that were recorded for each leg/side (step length, GRFs, rMT,
MEP amplitude, MEP normalized latency), were analyzed using
a three-factor Repeated Measures ANOVA with within-subject
factors of: stimulation type (sham, anodal, cathodal), leg (paretic,
non-paretic), and time point (pre-stimulation, post-stimulation).
Sphericity of the models was tested using Mauchlys Test of
Sphericity, and in the case of significant findings Greenhouse-
Geiser corrected P-values are reported. In all others the sphericity
was assumed. When a significant F-test was present post hoc
comparisons were made using Bonferroni corrections. Alpha was
set to 0.05. All statistical analysis was performed using IBM
SPSS Statistics for Windows, Version 24 (IBM, Corp., Somers,
NY, United States).

RESULTS

Sample Demographics

Two individuals failed to screen into the study (no locomotor
control impairment as assessed by achieving the maximum Fugl-
Meyer score) and one participant was removed because they had
no discernable corticomotor response (no MEPs elicited in the
paretic or non-paretic TA) leaving a final sample of 18. The
average age was 64.8 (SD: 12.5) years with time post-stroke of 53.7
(SD: 42.1) months. The average lower extremity Fugl-Meyer score

TABLE 1 | Demographic variables.

Ht. (m) Wt (kg) BMI BBS FGA 6MWT (m)
1.7 185.9 29.5 Median 50 Median 19 347.5
SD: 0.1 SD:37.8 SD:7.9 Range: 25-56  Range: 9-30 SD: 97.6

Demographic variables of the sample. Data are reported as Mean and Standard
Deviation (SD) unless otherwise noted. BMI, Body Mass Index; BBS, Berg Balance
Scale; FGA, Functional Gait Assessment; 6MWT, Six Minute Walk Test.

was 26 (SD: 6) and 10 (SD: 3) for motor and sensory evaluations
respectively. Other demographic variables are listed in Table 1.

Gait Kinematic Data

Gait variables were analyzed for all participants (N = 18).
Self-selected over ground walking speed, as measured via the
GAITRite, did not change after HD-tDCS stimulation (P > 0.19).
Motion capture revealed that paretic and non-paretic step length
was increased after HD-tDCS stimulation (P = 0.05); however,
the increase was not different between the different stimulation
types (P = 0.99). Concomitant with the increase in step length,
cadence was reduced after HD-tDCS stimulation (P = 0.02) and
independent of stimulation type (P = 0.91). Means and SDs for all
variables are displayed in Figure 3 and all F-statistics and P-values
are listed in Table 2.

Gait Kinetic Data

Ground Reaction Forces

Peak Propulsive (anterior direction) forces and impulse were
greater in the non-paretic limb (P < 0.02). Peak braking
(posterior direction) forces and impulses were not different
between the legs (P > 0.14). Propulsive GRFs were not changed
with the intervention (P > 0.32). However, there was a
stimulation type x time point interaction with the peak braking
GRF (P < 0.01). The interaction revealed an increase, more
negative, in peak braking forces after cathodal stimulation. No
other effects of HD-tDCS were detected for any other kinetic
variables (P > 0.07). Means and SDs for all variables are displayed
in Figure 4 and Table 3 contains all F-statistics and P-values.

Ankle Power and Work

Ankle power and work were greater on the non-paretic
side compared to the paretic side (P < 0.04). However, the
intervention had no effect ankle power or work (P > 0.06). There
were no interactions for any variables (P > 0.07). Means and SDs
for each variable are displayed in Figure 5 and all F-statistics and
P-values are listed in Table 4.

Corticomotor Response
We were unable to elicit a response in the paretic TA of two
participants, and subsequently they were removed from the
analysis (N = 16). There were no differences in rMT prior to
initiation of the HD-tDCS stimulations (P = 0.15). However, the
rMT in the paretic leg was greater compared to the non-paretic
leg (P < 0.01). Twenty minutes of HD-tDCS and cycling did not
change rMT (P > 0.15).

Out of 2160 single TMS pulses, 1888 (87%) valid MEPs were
evoked. Due to some trials not having the required number

Frontiers in Neuroscience | www.frontiersin.org

April 2019 | Volume 13 | Article 286


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Bold denotes P < 0.05.

Kindred et al. HD-tDCS in Stroke
TABLE 2 | Spatial-temporal gait variables statistics.
Over Ground Walklng Speed Main effect of Main effect Main effect Interaction(s)
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FIGURE 3 | Kinematic variables. (A) Over ground walking speeds were not
affected by the application of HD-tDCS. (B,C) The step length of the paretic
and non-paretic legs was increased after HD-tDCS stimulation. However, this
increase was not different between the three stimulation types (Sham, Anodal,
Cathodal). *P < 0.05.

Cathodal

of valid MEPs (>4) the sample size for MEP amplitude and
normalized latency comparisons were reduced to N = 12.
MEP amplitude was not affected by HD-tDCS (P > 0.25) and
amplitude was similar between the legs (P = 0.60). Normalized
MEP latency of the non-paretic side was shorter compared to the
paretic side (P = 0.05), and HD-tDCS did not affect latency values
(P > 0.18). No interactions between the variables were identified
(P > 0.18). Corticomotor response data are displayed in Figure 6
and F-statistics and P-values are listed in Table 5.

DISCUSSION

The aim of this study was to identify the effects of HD-
tDCS applied over ipsilesional M1 in chronic stroke. We
applied three stimulation types (anodal, cathodal, and sham)
to 18 participants and compared gait kinetics/kinematics and
corticomotor responses pre-/post-stimulation. Contrary to our
hypothesis, we were unable to detect any changes in lower
extremity kinetic, kinematic, or corticomotor response variables
after anodal HD-tDCS. Although, we did detect an increase
in peak braking (posterior) GRFs after cathodal stimulation
compared to anodal and sham. During our experiments, we did
confirm previous reports of differences in kinetic, kinematic, and
corticomotor response variables between the paretic and non-
paretic lower extremities (Bowden et al., 2006; Allen et al., 2011;
Cacchio et al., 2011). Our results seem to suggest that a single
session of anodal HD-tDCS using a 4 x 1 montage centered
on ipsilesional motor cortex (central electrode = C,, reference
electrodes = F,, Fy, P, P4) does not modulate M1 cortical activity
of the lower extremities in chronic stroke.

During gait, when the heel strikes the ground a posterior GRF
is applied to slow the forward progress of the body’s center of
mass. In this experiment we observed that the peak braking forces
were increased after cathodal stimulation. However, total braking
force as indicated by the posterior impulses were not different.
We were also unable to detect any clinical relevant changes, in
terms of gait kinematics, to accompany the increase in peak
braking force. This finding leads us to believe that HD-tDCS
may have effects on post-stroke gait but the clinical significance
and the ability to leverage this change in a meaningful way
are still unknown.

Tahtis et al. (2014) and Montenegro et al. (2016) examined
the effects of a single session of bihemispheric traditional tDCS
on the lower extremities in chronic stroke participants. Both
reported some beneficial effects, improved timed up-and-go
and force steadiness. However, they had relatively small sample
sizes (N < 10) and neither identified a possible mechanism
for improvement. In our study we were unable to identify any
differences between the stimulation types using a within-subjects
method for biomechanical and corticomotor response variables
using a slightly larger sample size. Another key difference,
besides traditional two-electrode versus HD-tDCS, is that in
the previous studies a cathodal stimulation was applied to the
contralesional side, due to the placement of the anode over
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ipsilesional M1 and cathode placed over contralesional M1. It
is possible that the effects seen in these earlier studies were due
to a reduction in intercortical inhibition originating from the
contralesional side by the cathodal stimulation. It is often seen
that intercortical inhibition originating from the contralesional
hemisphere is often increased post-stroke (Murase et al., 2004;
Feng et al., 2013). To further demonstrate the effects of

TABLE 3 | Kinetic gait variables statistics.

Main effect of Main effect Main effect Interaction(s)
stimulation time point of leg
type
Peak anterior F=0.15 F=1.07 F =9.98 F <073
GRF P=0.87 P=0.32 P < 0.01 P> 0.49
Anterior GRF F=0.20 F=1.06 F=7.06 F <154
impulse P=0.82 P=0.32 P =0.02 P> 0.23
Peak posterior F=0.31 F=0.62 F =246 F =8.11
GRF P=0.74 P=0.44 P=0.14 P < 0.01
Posterior GRF F=072 F=211 F=2.08 F <329
impulse P =0.50 P =017 P =017 P> 0.07

GRF, ground reaction force: a significant stimulation type x time point interaction
was detected for cathodal stimulation only. No other interactions were significant
(F < 1.65, P > 0.21). Bold denotes P < 0.05.

HD-tDCS on intercortical communication, Cabibel et al. (2018)
showed that application of HD-tDCS to upper extremity cortical
hotspots can enhance cross-facilitation, increasing excitability
of unstimulated areas. Our modeling of electrode placement
minimized contralesional current flow but may not have been
strong enough to modulate the lesioned M1. It may be that
in chronic stroke, maladaptive effects of increased intercortical
inhibition originating from the contralesional hemisphere may
override HD-tDCS to the ipsilesional hemisphere. Applying HD-
tDCS to the contralesional M1 may provide a greater effect and
requires future study. Measuring lower extremity intercortical
communication in chronic stroke may allow for better targeting
of current in future HD-tDCS applications.

The brain is highly connected through a network of distinct
and identifiable circuits. To compensate for damaged circuits,
functional and structural remodeling occurs. The extent of
damage and how circuits have reorganized can have an impact
in the responsiveness to brain stimulation techniques. Diekhoff-
Krebs et al. (2017) reports that individual differences in network
connectivity affect the response to repetitive TMS in stroke
patients. They showed that participants with greater connectivity
between M1 and supplemental motor areas responded to a higher
degree to intermittent theta-burst stimulation. Using tDCS in
healthy individuals, Rosso et al. (2014b) showed that quicker
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picture naming was associated with increased volume of the fiber
tracts connecting the Broca’s area to the supplemental motor
area, as well as an increased functional connectivity between
the two regions. One study of tDCS in post-stroke aphasia also
indicated the anatomical location of the lesions modified the
effectiveness of the stimulation (Rosso et al., 2014a). In that
study, cathodal tDCS was applied to the right Broca’s area in
participants with lesions located within the left Broca’s area, or
another location within the left hemisphere. Participants with
lesions located within the left Broca’s area improved more than
the group with locations outside that area. Depending on the

TABLE 4 | Ankle power and work statistics.

Main effect of Main effect Main effect Interaction(s)
stimulation time point of leg
type
Concentric F=0.52 F=0.05 F =7.93 F <1.80
ankle power P =0.60 P =0.83 P =0.01 P > 0.20
Eccentric ankle F=0.13 F=1.02 F=11.88 F <238
power P =0.88 P=0.33 P < 0.01 P> 0.11
Concentric F=0.51 F=1.90 F =5.01 F < 0.61
ankle work P=0.61 P =0.19 P =0.04 P> 0.45
Eccentric ankle F=0.83 F=4.01 F =1417 F<1.08
work P=0.45 P =0.06 P < 0.01 P> 0.33

Bold denotes P < 0.05.

innate connectivity of an individual, applying HD-tDCS to other
nodes within the motor network may prove more effective. As
previously mentioned, standard two-electrode tDCS montages
delivers current between the anode and cathode electrodes. This
may result in greater network modulation compared to HD-
tDCS which likely delivers current specifically to one node.
Directing HD-tDCS stimulation to different network nodes or
altering the montage may lead to greater effects than those seen
in this investigation. These nodes may include pre-motor areas
or the cerebellum which have strong connections within the
motor circuit. Modulating these areas may prove to be useful
when trying to improve motor performance in chronic stroke
compared to targeted M1 stimulation.

Limitations

One of the possible reasons for the ineffectiveness of HD-
tDCS to modulate the corticomotor response or biomechanical
variables in this study may have been due to our stimulation
location. Prior to our study, we modeled the delivery of HD-
tDCS current to the TA representation of ipsilesional MI1.
However, when neuronavigationally determining a participant’s
TA hotspots, rarely was the greatest response recorded at our
stimulated location (Cl or C2). It is possible that current
was delivered to a less optimal location to detect changes in
lower body kinetics, kinematics, and corticomotor response
measures. Placing the central electrode directly over the
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TABLE 5 | Corticomotor response variables statistics.
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860 type
550 .
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£ 50 threshold P=015 P=015 P <0.01 P>0.18
s MEP amplitude F=0.72 F=1.46 F=0.30 F<1.16
£ P-050  P=025  P=060 P> 0.33
@ 10 Normalized F=187 F=0.20 F=465 F <120
X o ELAA L latency P=0.18 P =066 P =0.05 P> 0.32
Paretic Non-Paretic MER, motor evoked potential. Bold denotes P < 0.05.
B MEP Amplitude
1 Integrating fMRI to identify the remodeled motor networks
08 may help investigators direct HD-tDCS stimulation to the most
k=) appropriate motor network node.
2 06 l' ]' During the application of tDCS it is suggested that for
Z 04 N l I effects to become evident the target area needs to be activated
TEL 5 l (Schlaug and Renga, 2008). To do this we had our participants
= 02 El perform recumbent cycling. However, we did not standardize
0 or measure the forces/activity of the limbs during this exercise.
Paretic Non-Paretic Participants were instructed to cycle at a comfortable pace,
but the cortically derived motor output to the paretic limb
c Normalized Latency likely varied participant to participant. In previous experiments
35 . performed by members or our research group, it has been shown
- 30 that activity of the non-paretic limb during cycling can induce
% 25 ]' rhythmic activity in the paretic limb (Kautz et al., 2006). It is
£ 2 1 1 T possible that ipsilesional M1 descending drive was insufficient
215 during rhythmic steady-state pedaling for effects of HD-tDCS to
210 be identified. Another limitation of this modality is that there
Ca was likely a greater contribution of the quadriceps and hamstring
0 muscles to perform the task compared to the TA. Using task that
Paretic Non-Paretic was more specific to the TA may have engaged the s.tlmula.ted
M1 to a greater degree and allowed for post-stimulation
. Sham Pre D Anodal Pre . Cathodal Pre effects to be seen.
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FIGURE 6 | Corticomotor response to single pulse transcranial magnetic CONCLUSION
stimulation (TMS). A single session of HD-tDCS had no effect on resting motor
threghold (A), MEP amplitude (B) or latency (C). Similar to prgviogs studies Twenty minutes of HD-tDCS did not alter lower extremity
resting motor threshold and latency were greater on the paretic side . . . . . i
compared to the non-paretic side. *Main effect of leg (paretic versus kinematic, kinetic, or corticomotor response variables post-
non-paretic) P < 0.05. stroke. Several factors likely contributed to this, and include:

identified hotspot, as has been done previously in the upper
extremities (Cabibel et al., 2018), may direct current to a more
ideal location. Another important factor to consider is that
current flow was modeled using a non-neurologically impaired
brain. Due to technical limitations it was not possible to
predict individualized current flow for each participant. It
is possible that due to remodeling of the underlying neural
tissue current was not delivered to an optimal location to
facilitate neuromodulatory effects. Future work is certainly
justified to determine the best location to deliver current
in brains that have undergone motor circuit remodeling.

the number of session performed, stimulation location, and
lower limb activity during stimulation. While single session
experiments are often used to identify changes in physiological
parameters, most researchers agree that multiple session of
brain stimulation are usually required for beneficial plasticity
to be identified. In the future we plan on performing similar
experimental protocols over several sessions to determine if HD-
tDCS can have a beneficial impact in post-stroke motor recovery.

Another area that needs further investigation is the relevance
of studying MEP amplitude versus latency. MEP latency seems
to be a much more stable parameter in healthy and post-stroke
individuals (Charalambous et al., 2018). This was also seen in
our sample, as there was less variability in latency in the paretic
and non-paretic lower extremities compared to amplitude. MEP
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amplitude can be affected by many different physiological
variables that alter electromyographic response such as hydration
status, previous muscle activity, and muscle cross talk (Farina
et al.,, 2004). These factors can change with different amounts
of activity and comparing MEP amplitudes across days without
some type of correction factor, e.g., reporting as a percent
of maximal voluntary contraction, is likely inappropriate.
Monitoring changes in latency values may prove to be a more
valuable outcome measure in future investigations centered on
brain stimulation in chronic stroke.

Due to differences in published protocols with tDCS,
direct comparisons between traditional two electrode
and HD-tDCS are difficult to make. Future studies are
needed to determine which modality would most enhance
current rehabilitative practices. As stated previously, during
bihemispheric stimulation with traditional tDCS current
passes through both the ipsilesional and contralesional sides.
Alternate HD-tDCS montages may provide bihemispheric
stimulation in a more targeted manner and may lead to
enhanced motor recovery post-stroke compared to current
clinical practices and traditional tDCS. Additionally, greater
research into the standardization of HD-tDCS is needed to
ensure future research can be performed in a reproducible
manner and facilitate the comparison of results from
different research laboratories. In conclusion we were unable
to detect changes in lower extremity biomechanical or
corticomotor response variables after a single session of
anodal HD-tDCS to the ipsilesional M1 in chronic stroke.
More work is required to determine how clinicians can best
use neuromodulatory devices to improve lower extremity
motor rehabilitation.
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Antiepileptic Effects of a Novel
Non-invasive Neuromodulation
Treatment in a Subject With
Early-Onset Epileptic
Encephalopathy: Case Report With
20 Sessions of HD-tDCS Intervention

Oded Meiron', Rena Gale2, Julia Namestnic2, Odeya Bennet-Back?, Nigel Gebodh?,
Zeinab Esmaeilpour?, Vladislav Mandzhiyev* and Marom Bikson*

" The Clinical Research Center for Brain Sciences, Herzog Medical Center, Jerusalem, Israel, 2 Children Respiratory Unit,
Herzog Medical Center, Jerusalem, Israel, ° Pediatric Neurology Department, Shaare Zedek Medical Center, Jerusalem,
Israel, * Department of Biomedical Engineering, The City College of the City University of New York, New York, NY,
United States

The current clinical investigation examined high-definition transcranial direct current
stimulation (HD-tDCS) as a focal, non-invasive, anti-epileptic treatment in a child with
early-onset epileptic encephalopathy. We investigated the clinical impact of repetitive (20
daily sessions) cathode-centered 4 x 1 HD-tDCS (1 mA, 20 min, 4 mm ring radius) over
the dominant seizure-generating cortical zone in a 40-month-old child suffering from a
severe neonatal epileptic syndrome known as Ohtahara syndrome (OS). Seizures and
epileptiform activity were monitored and quantified using video-EEG over multiple days
of baseline, intervention, and post-intervention periods. Primary outcome measures
were changes in seizure frequency and duration on the last day of intervention versus
the last baseline day, preceding the intervention. In particular, we examined changes in
tonic spasms, tonic-myoclonic seizures (TM-S), and myoclonic seizures from baseline
to post-intervention. A trend in TM-S frequency was observed indicating a reduction of
73% in TM-S frequency, which was non-significant [t(4) = 2.05, p = 0.1], and denoted
a clinically significant change. Myoclonic seizure (M-S) frequency was significantly
reduced [t(4) = 3.83, p = 0.019] by 68.42%, compared to baseline, and indicated a
significant clinical change as well. A 73% decrease in interictal epileptic discharges
(IEDs) frequency was also observed immediately after the intervention period, compared
to IED frequency at 3 days prior to intervention. Post-intervention seizure-related peak
delta desynchronization was reduced by 57%. Our findings represent a case-specific
significant clinical response, reduction in IED, and change in seizure-related delta activity
following the application of HD-tDCS. The clinical outcomes, as noted in the current
study, encourage the further investigation of this focal, non-invasive neuromodulation
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procedure in other severe electroclinical syndromes (e.g., West syndrome) and in larger
pediatric populations diagnosed with early-onset epileptic encephalopathy.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT02960347, protocol

ID: Meiron 2013-4.

Keywords: neonatal epileptic encephalopathy, seizure, high-definition transcranial direct current stimulation
(HD-tDCS), electroencephalography (EEG), interictal epileptic discharges (IEDs)

INTRODUCTION

In the current clinical investigation, the feasibility of
high-definition  transcranial direct current stimulation
(HD-tDCS; Datta et al., 2009) as an antiepileptic treatment
in a severe pediatric epileptic syndrome case was examined.
Recent findings have highlighted the potential for tDCS to
significantly alleviate epileptiform activity in children ages 6
to 15 (Yook et al,, 2011; Auvichayapat et al., 2013, 2016). The
stimulation electrodes are typically placed on the scalp with
the cathode positioned over the epileptic focus and anode is
placed elsewhere or extracephallicly, with the intention to reduce
excitability (Ghai et al., 2000; Brunoni et al., 2012). To the best
of our knowledge, conventional tDCS has never been evaluated
for its potential to serve as a focal non-invasive anti-epileptic
treatment in children with significant developmental delays
suffering from early-onset epileptic encephalopathy and, other
than our prior investigation, had not been examined in pediatric
population younger than 4 years old (Meiron et al., 2018).

Unlike traditional tDCS (in a 1 x 1 configuration) used
in prior antiepileptic interventions (Datta et al, 2009; Yook
et al, 2011), randomized clinical trials (Auvichayapat et al.,
2016), and sham-controlled double blind studies (San-Juan
et al., 2017) examining the effects of tDCS on epileptic seizures
and epileptiform activity in children and adults suffering from
epileptic syndromes, HD-tDCS (in a 4 x 1 configuration)
is expected to produce optimized neuromodulation by focally
targeting specific paroxysmal seizure-related areas and producing
specific current densities at the cortical level (Dmochowski et al.,
2011; Kuo et al., 2013). The focality of HD-tDCS also minimizes
neuromodulatory effects outside the target area (Edwards et al.,
2013; Alam et al., 2016; Karvigh et al., 2017), as compared to
conventional tDCS.

Newborns with OS frequently die during infancy, and
survivors manifest psychomotor impairments, as well as
continuous hypsarrhythmia accompanied with epileptic
infantile-spasms (Watanabe et al., 1993a; Gaily et al, 2001;
Ohtahara and Yamatogi, 2006; Beal et al., 2012). Ictal and
interictal electroencephalography (EEG) can help monitor
disease progression and the development of region-specific
epileptic foci dominance. Specific pathological and epileptic
EEG patterns such as changes in paroxysmal high-voltage slow
wave delta peak-activity (i.e., maximum change in spectral
power) within hypsarrhythmic electroclinical conditions can
be observed over particular cortical regions in age-dependent
epileptic encephalopathy cases such as West syndrome (WS)
and OS (Gaily et al., 2001; Ohtahara and Yamatogi, 2006; Beal

et al., 2012). In support, a recent fMRI-EEG study indicated
that focal hypsarrhythmic epileptiform discharges [reflected
by interictal epileptic discharges (IEDs) under certain scalp
electrodes in infants suffering from hypsarrhythmia, infantile
spasms, and developmental delay or WS] were significantly
related to corresponding-focal hemodynamic changes, and most
importantly, epileptiform paroxysmal-high-voltage changes
in delta power were associated with BOLD signal changes in
particular cortical and subcortical regions (Siniatchkin et al.,
2007). Accordingly, paroxysmal high-voltage fluctuations
in delta activity in these electroclinical conditions may be
considered as secondary generalized epileptiform discharges.
Slow-wave delta power was positively associated with BOLD
signal only in the infants suffering from hypsarrhythmia and
infantile spasms, as compared to an older group suffering from
temporal lobe epilepsy and WS. This is an important clinical
distinction since only patients with early onset hypsarrhythmia
consistently showed significant correlations between EEG
delta power and BOLD signals in the brainstem, thalamus,
and as a group in putamen, all of which are neural substrates
associated with infantile spasms with hypsarrhythmia, and OS
etiology (Watanabe et al., 1993b; Ohtahara and Yamatogi, 2006;
Siniatchkin et al., 2007). Furthermore, interictal spikes were
associated with significant region-specific (e.g., the caudate
nucleus) changes in BOLD signal in all infants suffering from
hypsarrhythmia with infantile spasms.

Ten months prior to the current investigation (when the
patient was 30 months old) we evaluated the safety and
feasibility of HD-tDCS in reducing epileptiform activity and
seizure frequency in a dose-escalation study (Meiron et al,
2018). We applied a dynamic montage approach allowing for
the adaptation to the changing daily-epileptic-foci. Stimulation
dose commenced with extremely low current intensities (0.1 mA)
and was gradually increased to 1 mA over a period of 2 weeks.
Our preliminary findings indicated a significant reduction in
IEDs (e.g., reduced sharp wave amplitudes); however, significant
alleviation of seizure frequency was not observed. All vital signs
and physiological parameters were unchanged throughout our
preliminary clinical trial and the intervention was considered safe
without any adverse effects.

In order to investigate the inhibitory effects of 4 x 1
HD-tDCS on the most salient epileptiform activity in a
40-month-old child suffering from a severe neonatal epileptic
syndrome known as Ohtahara syndrome (OS), we targeted
the most dominant seizure-generating networks and collected
video-EEG over the course of baseline (1 week), intervention
(20 days with HD-tDCS), and post-intervention (32-days
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following the cessation of the HD-tDCS intervention) periods.
Seizure frequency and IED parameters (e.g., interictal spike
frequency and amplitudes) were considered the main clinical
outcome measures in assessing changes from post-intervention
period (32 days after termination of 20-day intervention)
versus baseline period (1 week before onset of intervention).
Averaged interictal delta power, and seizure-related paroxysmal
changes in mean absolute delta power served as secondary
clinical outcome measures indicative of secondary epileptiform
activity associated with dysfunctional circuitry that may
reflect the propagation of the most dominant epileptic focus
activity (Siniatchkin et al., 2007). Specifically, primary clinical
outcomes included the frequency of tonic spasms, myoclonic
seizures, and tonic-myoclonic seizures (TM-S), and secondary
clinical outcomes included paroxysmal changes in delta power
topography, and IED parameters. Daily clinical monitoring
(blood testing, online vital signs, respiratory rate monitoring)
and registration was ongoing throughout the entirety of the
clinical trial. In contrast to our initial dose escalation HD-tDCS
intervention, the current clinical investigation utilized one 4 x 1
stimulation montage and current intensity of 1 mA over the
course of the intervention (4 weeks). In light of functional MRI
data revealing a close link between seizure-related BOLD signals
and paroxysmal EEG delta power fluctuations (Siniatchkin et al.,
2007) in infants with infantile spasms and hypsarrhythmia, and
most particularly since tonic-myoclonic (TM) seizure onset is
related to a significant decrement in relative delta power (Rosso
et al., 2006), we hypothesized a reduction in mean seizure-related
delta desynchronization, associated with alleviation of interictal
spike activity during the post-intervention period versus baseline,
as well as a reduction in TM seizure frequency and duration.

MATERIALS AND METHODS

The study was conducted at Herzog Medical Center Jerusalem,
Israel. Approval was obtained from the Israel Ministry of Health
and from the institute’s local institutional review board. The
study was conducted in accordance with the Declaration of
Helsinki, and written informed consent was obtained from the
patient’s parents.

Case

The patient was a 40-month-old child suffering from an
early-onset epileptic syndrome called OS, which was the
suspected diagnosis (based on his suppression-burst patterns and
intractable seizure activity) at age 2 weeks. He was born after
an uneventful, full term second pregnancy with birth weight
of 3,160 g through a normal vaginal delivery, to healthy young
parents with an older healthy child.

MRI scans and amino acid levels in the blood and CSF were
within normal limits during the first 3 weeks after birth. Upon
admission (at the Children Respiratory Unit, Herzog Medical
Center, Jerusalem, Israel), at age 3 weeks, repeated seizures with
bradycardic spells and oxygen desaturation episodes appeared
and he was immediately ventilated through a tracheostomy, and
fed through a PEG and has remained chronically ventilated
and fed indefinitely. His current video-EEG displayed random

asymmetrical high-voltage slow-wave spike activity referred to
as hypsarrhythmia, and frequent interictal multifocal spikes with
occasional irregular suppression burst (SB) patterns. Most of his
ictal EEG activity was associated with intractable tonic spasms
(most frequent), myoclonic seizures, and TM-S, which were the
longest and most intense epileptic seizures. Seizure-related EEG
activity seemed to be driven by paroxysmal changes in right
hemisphere delta-frequency (1-2 Hz) spikes.

His routine antiepileptic medication included Clonazepam
1.5 mg/day, Vigabatrin 750 mg/day, and Topiramate 100 mg/day.
His average seizure frequency was ranged from 50 to 100
epileptic seizures per hour. His overall EEG evolutionary changes
(from age 3 months to 40 months) indicated a shift from
regular SB patterns to modified hypsarrhythmia, with irregular
periods of SB and slow-wave multifocal spikes. Although
75% of OS cases evolve to WS, intermittent irregular SB
patterns consistently appeared in both sleeping and waking
periods. This may support an OS diagnosis, which is extremely
rare at this age-group, as most surviving cases after 6
months of age display hypsarrhythmia without SB patterns
(Ohtahara and Yamatogi, 2006).

Study Design

The study consisted of a 5-day baseline-monitoring period prior
to HD-tDCS intervention, a 20-day HD-tDCS intervention,
and 32-days post-HD-tDCS intervention assessment period
(Figure 1). The baseline-monitoring period consisted of five
daily video-EEG recordings of 120 min per session (total of
600 min of baseline video-EEG), where epileptic discharge
frequency and most dominant epileptic foci were monitored
and quantified.

Following the baseline period, stimulation was applied
according to the defined dose (see HD-tDCS) and was repeated
over the course of 4 weeks (5-days per week). The 4 x 1
HD-tDCS montage was predetermined based on the scalp
electrodes that indicated the largest paroxysmal amplitude
and highest frequency of IED across frontal-temporal-parietal
right-hemisphere locations, which was considered the most
dominant seizure-generating neocortical area. During the
intervention period, video-EEG data were acquired each
day concurrently with HD-tDCS administration. For clinical
monitoring purposes, intervention video-EEG data (120 min per
session) were also acquired immediately after HD-tDCS sessions
12 times (120 min a day, at days 1, 3, 5, 6, 8, 10, 11, 13, 15, 16, 18,
and 20; Figure 1) totaling 1,440 min of video-EEG indicating the
child’s epileptiform activity immediately post HD-tDCS sessions
during the intervention period.

Post HD-tDCS antiepileptic effects were assessed using
video-EEG recordings across a 32-day post-intervention period
(five 120-min sessions, totaling 600 min of post-intervention
video-EEG) from post-intervention days 3, 10, 18, 25, and 32.
As in the baseline period, post-intervention video-EEG analyses
examined seizure frequency (number of seizure over a period
of 120 min), IEDs parameters (spike/sharp waves), mean delta
(0.5-3.5 Hz) power, and seizure-related mean maximal delta
desynchronization across 7,200 s video-EEG segments per day.

Clinical monitoring (O, blood saturation, pulse rate,
respiratory rate, temperature, and weekly blood tests) was
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Baseline
5-Days

Clinical monitoring

® 0, blood saturation
e Pulse rate

* Respiratory rate

* Temperature

* Weekly blood tests

Video-EEG
¢ 5 days- 120 min/day

Intervention

20-Days

Clinical monitoring

* 0, blood saturation
e Pulse rate

* Respiratory rate

e Temperature

* Weekly blood tests

Video-EEG
¢ 12 days-120 mins/day

* Days: 1,3,5,6,8, 10, 11,
13,15, 16, 18, 20
* Post-Stimulation (Offline)

Post-Intervention

32-Days

Clinical monitoring

* 0, blood saturation
e Pulse rate

* Respiratory rate

* Temperature

¢ Weekly blood tests

Video-EEG

e 5 days-120 mins/day
¢ Days: 3, 10, 18, 25, 32

HD-tDCS

¢ 20 days
* Montage: 4X1

e Current: 1 mA

administered are detailed for each of the three phases.

eAnode-[F2, AF8, C2, PO4]
eCathode-[C6]

¢ Duration: 20 mins

FIGURE 1 | Study overview detailing the three phases of assessments including baseline, intervention, and post-intervention. The timing and procedures

conducted across the entire clinical study and neurological
assessments were administered at baseline (3 days prior to
intervention) and immediately after the last HD-tDCS treatment
session (day 20). Behavioral Pain Scale for critically ill patients
(Payen et al, 2001) was administered before and after each
HD-tDCS session to in order to record possible physical signs of
discomfort or pain.

Video-EEG Acquisition and Analysis

During the baseline and post-intervention period scalp EEG
were acquired using a 32-channel shielded cap (WaveGuard
cap, ANT Neuro, Netherlands) with online 50 Hz notch
filter, band-pass 0.016-256 Hz, sampling rate 512 Hz, averaged
reference, grounded at AFz, and amplified using an ANT 32
channel amplifier (ANT, Netherlands). Intervention scalp EEG
data were acquired using a 32-channel shielded cap (WaveGuard
cap, ANT Neuro, Netherlands) with 29 integrated HD holders
(Soterix Medical Inc.). Electrode positions were based on the
10/10 international system. Data were sampled at 512 Hz
with a 0.016-256 Hz bandpass filter and 50 Hz notch filter,
referenced to CPz, grounded at AFz, and amplified using
an eego sport amplifier (ANT Neuro, Netherlands) with a
bandwidth of 0-520 Hz.

Offline data analysis (including automatic spike detection
analysis) of baseline and pot-intervention EEG was performed
using ASALAB (4.9.3; ANT Neuro, Netherlands), and MATLAB
(R2015b; MathWorks, Natick, MA, United States). Offline,
baseline and post-intervention EEG was cleaned using a
zero-phase 0.25-70 Hz bandpass filter (filter steepness 24 dB/oct),
and using the artifact-detection function within the advance
source analysis software (ASA 4.9.3, ANT, Netherlands) for

noisy amplitude changes (DC correction within the +200 pV
range). Fast Fourier transformation (FFT) with epoch-length
0.5 s across the entire 7,200 s (averaging 14,400 epochs) of
clean EEG (with power spectra normalized) was employed
in order to review the mean spectral-power-changes in delta
(0.5-3.5 Hz), theta (3.5-7.5 Hz), alpha (7.5-12.5 Hz), and
beta (12.5-30 Hz) bands and their scalp topography before
and after HD-tDCS intervention. Spectral power density values
were subjected to a logjo transformation for final statistical
analysis. Seizure-related spectral analysis (noting spectral density
power differences between 3 s pre-seizure time-window vs. 3 s
post-seizure time-window, with 0.25 s offset) generating averaged
spectral power head-maps of paroxysmal delta-band (0.5-3.5 Hz)
activity across all visually marked ictal events, were collected
and analyzed using Advanced Source Analysis software (ASA
4.9.3, ANT-Neuro, Netherlands). Seizure-related differences in
SDP from pre to post-seizure-onset window were obtained by
running an averaged FFT in 500 ms steps across 6,000 ms epochs
of seizure-related events. We display the results only for the delta
band where topography and power changes were most consistent
with seizure-onset, and associated with paroxysmal changes in
IED topography (Meiron et al., 2018). Supplementary Figure S1
provides an illustration of the raw EEG during a TM-S, and IEDs
in an area representing the most dominant epileptic focus; under
electrodes P4 and FC2.

The most dominant epileptic focus was predetermined during
the baseline period according to the most salient topography
in hypsarrhythmic slow-wave IED’s (Gaily et al., 2001), and
most prominent topography of averaged seizure-related power
changes in delta waves (Meiron et al, 2018). Accordingly,
C6 electrode location, which was the midpoint between right
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parietal and right frontal most dominant epileptic foci (e.g., P4
and FC2showing the highest IED frequency, and mean spike
amplitude) was chosen as the target location for placing the
center-cathodal HD-tDCS electrode (Meiron et al., 2018). Those
scalp EEG locations consistently displayed the most paroxysmal
seizure-related delta and spike activity. The rationale behind the
“midpoint” method for targeting the most dominant epileptic foci
is that the HD-tDCS spatial configuration inhibits all these right
hemisphere locations as they fall within the 4 x 1 HD-tDCS ring
montage. Thus, although P4 and FC2 are hypothesized as most
dominant foci, we cannot be sure that this epileptiform activity
necessarily originates from only frontal or only parietal locations,
therefore, it is likely the right motor cortex location that fall
between these two IED locations (such as electrode C6), possibly
also contributes to the generation of clinical seizures. All right
hemisphere adjacent location represent seizure related dominant
areas (Meiron et al., 2018), so we made sure that the cathodal
stimulation covered all these proximal seizure-related locations.
Thus, utilizing a large 4 x 1 ring configuration to cover all these
areas is more likely to inhibit the right-hemisphere network that
generates the IED’s and associated seizures.

In order to evaluate the changes in seizure frequency from
baseline to post stimulation, seizures (and seizure classification)
were recorded and noted by video-EEG and visually analyzed
by pediatric epileptologist (i.e., child neurologist) and clinical
electrophysiologist (authors OBB and OM, respectively).
Epileptic tonic spasms were defined as a brief phasic contraction
followed by a short tonic phase (Gaily et al, 2001) lasting
around 1 s. Myoclonic seizures were defined as sudden muscle
jerks, which lasted around 1-2 s. Tonic myoclonic seizures
were defined as a brief tonic spasms followed immediately by
myoclonic jerks last usually between 1.5-11 s. We inspected
seizures of all durations (from 1 to 11 s duration), hypsarrhythmic
interictal paroxysmal discharges (of random high-voltage slow
waves and spikes of varying duration and location) were
quantified according to Watanabe et al. (1993b) and Gaily et al.
(2001) definitions of hypsarrhythmia observed in early onset
electroclinical syndromes. IEDs were counted across 120 min
EEG sessions using an automatic spike detection algorithm (ASA
4.9.3, ANT, Netherlands) calculating sharp waves (70-200 ms)
and spike waves (0-70 ms) of negative polarity and an amplitude
ratio five times larger than the averaged ongoing EEG activity.
In addition to spike frequency, durations and peak amplitudes
of spikes were extracted and noted by the spike-detection
algorithm as well. These specific spike (sharp waves and spike
wave) -parameters were previously supported as epileptiform
markers associated with seizure frequency and topography in
other cases of early onset epileptic encephalopathy (Watanabe
et al., 1993b; Meiron et al., 2018). The spectral scalp maps for
mean delta activity (2 Hz was used as it showed the maximal
power peaks) were generated using MATLAB (version R2017b,
with eeglab toolbox; Delorme and Makeig, 2004). The data were
cleaned using automatic continuous rejection function and filter
function employing a windowed sinc FIR filter algorithm with
bandpass of 1-45 Hz (hamming window-type, PB dev = 0.002,
SB att = —35 dB, transition bandwidth of 1 Hz). Fast Fourier
Transform (FFT) was employed (Hanning window length:

512; FFT length: 512; overlap: 0) to extract the mean power of
2 Hz oscillations.

HD-tDCS

Stimulation dose consisted of 1 mA of current delivered
for 20 min a day, for 20 days, with a 4 x 1 HD-tDCS
montage in an open-label design. The HD-tDCS center cathode
was placed at the right central C6 location (C6 electrode
location was the midpoint between most dominant frontal
and parietal epileptic foci), and the four surrounding anodes
were placed at anterior-frontal (AFS8), frontal (F2), central
(C2), and parietal-occipital (PO4) locations. While principled
approached for EEG inversion are proposed (Cancelli et al.,
2016; Dmochowski et al., 2017), the 4 x 1 montage is robust
to simple configuration rules, producing significant current flow
in the brain areas circumscribed by the ring-electrodes with
a polarity based on the center electrodes (Alam et al., 2016).
Therefore, the frontal anodes were 3 cm anterior (F2) and
8 cm anterior (AF8) to the dominant frontal focus which was
under FC2 frontal location. The electrode PO4 anode was 3 cm
posterior to the parietal dominant epileptic focus (P4), and the C2
anode was 6 cm dorsal to the parietal epileptic focus (Figure 2).
The target area was predetermined based on the most salient
scalp locations indicating maximal seizure-related delta power
changes and paroxysmal interictal spike topography across a
5-day baseline period (Meiron et al., 2018). Stimulation was
delivered through five Ag/AgCl sintered ring electrodes (4 mm
radius), held in place by specially designed plastic casings and
current was supplied using a Soterix Medical 1 x 1 LTE (extra
voltage limited) stimulator and a 4 x 1 HD-tDCS adaptor
(Hahn et al., 2013), while using established HD-tDCS methods
(Villamar et al., 2013).

HD-tDCS Computational Model

A high-resolution head model was generated based on an MRI
of an age matched infant with 0.5 mm?® resolution in order to
predict current flow patterns. A computational finite element
model (FEM) of the head was employed to predict the spatial
distribution of electric fields in cortex and the voltage distribution
over the skin for safety considerations and stimulation efficacy.
Automated segmentation was first performed using Statistical
Parametric Mapping (SPM8) package (Wellcome Trust Centre
for Neuroimaging, London, United Kingdom) in MATLAB
in order to segment images into six different tissues with
conductivities assigned to each: skin (0.465 S/m), skull (0.01
S/m), air (1 x 107! $/m), CSF (1.65 S/m), gray matter
(0.276 S/m), white matter (0.126 S/m), electrode (5.8 x 107
S/m), and gel (1.4 S/m). Residual segmentation errors were
corrected in ScanIP (Simpleware, Ltd., Exeter, United Kingdom)
using a combination of segmentation tools. The resulting
volumetric meshes were imported into a FEM solver (COMSOL,
Burlington, MA, United States) for FE computation. The center
cathode received 1 mA total current whereas the four anodes
received symmetric 0.25 mA of current (Figure 2B). Maximizing
the normal component of an electric field to 0.6 V/m, the
approximate electric field observed in average adult brains under
2 mA of applied current, indicated a spread of electric field across
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FIGURE 2 | Computer simulations of 4 x 1 HD-tDCS intervention in an age-matched MRI-derived head model. (A) FEM MRI-derived model of an age-matched
infant with electrode positioning is based on the 10/10 International system. Locations were used for recording EEG (gray) and stimulation (blue: cathode; red:
anode). (B) Model-based prediction from FEM indicating scalp voltages across the head and at the anodes and cathode (false color: blue minimum = -70 mV, red
maximum = 47 mV, green = 0 mV). (C) Model-based current flow field across the brain indicating maximal electric field under the cathode (false color: blue = 0 V/m,
red = 1.57 V/m). (D) Finite-element model predictions of the normal electric field across the brain indicating electric field under the cathode (false color: blue = 0 V/m,
red = 0.6 V/m). The color scheme maximized to 0.6 V/m (seen in adult brains under 2 mA of applied current) indicated a large right temporal lobe electric field.

(E) Model-based radial electric field distribution across the brain indicating electric field under the cathode (false color: blue = -0.4 V/m- outward-radial electric field,

[
0 1.57
Electric Field (V/m)

-0.4 0 !
Electric Field (V/m)

0.4

the right temporal lobe (Figure 2D). Computing the magnitude
of the radial electric field represents inward and outward
components of the electric field (normal to the cortical surface;
Figure 2E). An inward-radial electric field can be interpreted as
excitatory/anodal stimulation whereas the outward-radial electric
field could represent inhibitory/cathodal stimulation (Nitsche
and Paulus, 2000; Bikson et al., 2004; Rahman et al., 2013).

Statistical Analyses

Before examining statistically significant changes in outcome
clinical variables, all seizure and epileptiform variables
were subjected to normal distribution assessments using
Kolmogorov-Smirnov tests. Variables that were normally
distributed were subjected to parametric testing (paired sample
t-tests), whereas non-normally distributed data were subjected
to non-parametric statistical tests (Wilcoxon signed rank
tests). In terms of interictal IED parameters, to avoid multiple
comparisons, and because we were interested in the immediate
effects following the intervention period, we compared only
1 day from post-intervention (immediately after 20 days

of intervention) versus 1 day from baseline (3 days before
HD-tDCS intervention). It is important to note that there
were only five comparison points within baseline and within
post-intervention for assessing changes in primary clinical
outcome variables; thus, we acknowledge that assessing more
days in future studies may further clarify the clinical benefits
following a 20-day HD-tDCS intervention.

RESULTS

Tonic spasm frequency (TSF) was similar [t(4) = —0.29, p = 0.78]
for both baseline (M = 189.8, SD = 68.65) and post-intervention
(M = 225, SD = 214.54) periods. Post-intervention myoclonic
seizure (M-S) frequency (mean: 1.2 & 1.64) was significantly
reduced [paired-samples ¢-test; t(4) = 3.83, p = 0.019] compared
to baseline M-S frequency (mean: 3.8 + 1.3; Figure 3A).
Compared to baseline (M = 8, SD = 4.47), post-intervention
(M = 2, SD = 2.34) TM-S frequency was not significantly
[t(4) = 2.05, p = 0.1] lower. TM-S frequency was reduced
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FIGURE 3 | EEG seizure baseline and post-intervention comparisons. (A) Seizure frequency for baseline and post intervention divided into M-S and TM-S. M-S
frequency was significantly reduced (p = 0.019) and TM-S were reduced by more than 50% post intervention. (B) TM-S duration between baseline and
post-intervention periods. (C) Mean spike amplitudes at baseline (3 days before intervention) versus intervention day 20 (immediately after the last treatment
session). Spike amplitudes were significantly reduced (p < 0.001) compared to baseline. Spike amplitudes over the post-intervention period were significantly
reduced (p < 0.001) compared to baseline. (D) Topographic scalp maps of normalized delta activity (2 Hz) comparing baseline (3 days before stimulation) and post
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by 72.88%, which constituted a clinically significant change,
and represented an effective partial-response to the treatment
defined as a seizure-frequency reduction >50% from baseline
(Figure 3A). TSE TM-S, and M-S frequencies across baseline
and post-intervention periods were distributed normally. M-S
(M = 3.8, SD = 2.16, range = 5) and TM-S frequency (M = 3.2,
SD = 3.9, range = 7) during the intervention period (from
days 5, 10, 13, 15, and 18) was similar to baseline M-S
and TM-S frequency.

Since  TM-S are of the longest durations (and
seizure-intensity), a comparison between the TM-S durations
from post-intervention (mean: 4.88 £ 1.45) versus the TM-
S durations during baseline (mean: 6.06 £ 3.11) indicated
that TM-S durations were non-significantly [t(24) = 1.46,
p = 0.1] reduced by 19.47% at post-intervention versus
baseline TM-S durations (Figure 3B). In order to avoid
multiple comparisons, using a related samples Wilcoxon
signed ranked test, we compared interictal spike frequency
(summation of all spike waves; 0-70 ms, and sharp waves;
70-200 ms), spike peak amplitudes, and spike durations from
intervention-day-20 (intervention day 20, immediately after the

last HD-tDCS session) to the last baseline day (3 days before
onset of intervention period) and found that the spike peak
amplitudes were significantly reduced (Z = —45.8, p < 0.001)
at post-intervention versus baseline (see Figure 3C). Spike
durations were also significantly reduced at post-intervention
versus baseline (Z = —27.49, p < 0.001). The interictal spike
frequency 3 days prior to intervention was 10,876 versus
2,872 spikes at post-intervention day-20, indicating a 73.5%
reduction in the frequency of IED. IED frequency during the
baseline period (M = 8330.8, SD = 2017.86) was not significantly
different [t(4) = 0.43, p = 0.68] from the IED frequency at
post-intervention period (M = 7344.2, SD = 4018.57). The
mean IED amplitudes were also not significantly changed
[t(4) = —2.1, p = 0.1] at post-intervention (M = 154.54,
SD = 13.69, range = 37.32) versus baseline (M = 142.26,
SD = 6.03, range = 16.04).

Mean absolute spectral power of whole-brain (from 32
electrode location) delta frequency (Fast-Fourier transformed
and averaged across 14,400 epochs of 0.5 s) across the 2-h
baseline session (3 days before intervention) was lateralized
asymmetrically and most dominant at right parietal-temporal
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(and slightly right-frontal) locations (see Figure 3D, illustrating
normalized 2 Hz changes from baseline to intervention) and
subdominant at contralateral temporal T7 electrode location.
Post-intervention (3 days after intervention) mean whole-brain
relative change in delta (0.5-3.5 Hz) power was 45.5% lower
than baseline. To avoid multiple comparisons, we considered
the change in mean delta power only between these two specific
days before and after the intervention. This comparison reflected
time-points that were closest to the onset and termination of
the intervention. The mean relative change in delta power at
post-intervention was reduced particularly at target electrode
locations (P8-C6 and T8-F8 at right hemisphere) under the
HD-tDCS 4 x 1 target-area (most dominant baseline epileptic
focus), and the reduction was more pronounced over-the
target-right hemisphere (Figure 3D).

Seizure-related delta-desynchronization (delta ERD) during
post-intervention was significantly lower (Z = 337, p = 0.01) than
delta-ERD at baseline (Figure 3E). All seizure-related (during
tonic-myoclonic, tonic spasms, and myoclonic seizures only)
paroxysmal delta ERD peaks (at least 500% change-in induced
delta power at a 4 s interval following seizure onset relative to
—0.1to —0.3 s pre-seizure interval) were found mainly within the
lower delta range (0.5 Hz-2 Hz). Across the entire baseline period
(600 min of EEG) 68 delta ERD peaks were detected versus 29
delta-ERD peaks at post-intervention period (600 min of EEG),
indicating a 57% reduction in ictal delta ERD activity after 20 days
of HD-tDCS treatment. Therefore, not all the observed seizures
were accompanied by 500% change in peak delta power and were
excluded from the final peak delta ERD analysis.

The baseline neurological examination indicated severe
axial hypotonia, and the child did not show any sign
of communication. He responded to pain stimulation with
non-specific limb movement. He was unable to make eye
contact or follow an object visually and did not respond to
acoustic stimuli. There were only occasional spontaneous limb
movements. Contractures with limited range of motion of
fingers, wrists, ankles and knees were noted bilaterally. Deep

tendon reflexes were absent. There was no clonus. Plantar
responses were extensor bilaterally. Face was symmetric with
minimal movements and expressions. There was no titubation or
dysmetria. Gag reflex was weak and corneal reflex elicited on the
right but not on the left eye. At post-intervention examination
there was no change in neurological status except this time the
corneal reflex was elicited bilaterally.

Over the course of the HD-tDCS intervention period, IED
parameters were monitored to verify a consistent decline
in paroxysmal epileptiform activity. IED frequency and peak
amplitudes showed the largest reduction after intervention
days 1, 13, and 15, while spike durations showed the most
pronounced reduction at day 10 of the intervention (Figure 4).
No significant differences were observed between the left and
right hemisphere spikes, and the IED parameters were not
significantly changed within the intervention period. To observe
the acute IED dynamics during the treatment intervention,
treatment days 1-18 were compared. Note that mean spike
frequency during the intervention period showed a pronounced
decrease from baseline days (M = 8330.8, SD = 2017.86). To
examine the relationship between the epileptiform activity on
intervention-day 20 with post-intervention days, we examined
the correlations among these measures’ peak amplitudes. IED
peak amplitudes on intervention-day 20 of the intervention were
significantly related (all were subject to Spearman’s Rho test;
—0.142 < R < —0.295, p < 0.001) to IED peak amplitudes
on all post-intervention days (3, 10, 18, 25, and 32 days
post intervention).

DISCUSSION

The efficacy of tDCS to suppress epileptiform activity and
epileptic seizures was demonstrated in animal models (Nitsche
and Paulus, 2009) and patient populations with focal epilepsy
due to abnormal cortical development (Fregni et al., 2006). In
patient populations, 20 min of cathodal tDCS positioned at
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FIGURE 4 | Interictal epileptic discharges (spike waves and sharp waves) during the intervention period. (A) Mean spike frequency of the right and left hemisphere
over days of stimulation (baseline prior to HD-tDCS: M = 8330.8, SD = 2017.86). (B) Mean spike amplitudes of the right and left hemisphere over days of stimulation
(baseline prior to HD-tDCS: M = 142.26, SD = 6.03 V). (C) Mean spike duration of the right and left hemisphere over days of stimulation (baseline prior to

HD-tDCS: M = 0.093, SD = 0. 0044 s).
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their epileptic focus significantly reduced epileptic discharges,
but had only a trend-wise effect on seizure frequency (Fregni
et al.,, 2006). There is a broad consensus across translational
animal studies and clinical trials on the putative mechanisms
of direct current stimulation (Sunderam et al., 2010). tDCS
will produce membrane polarization with current directed in
the cathodal direction producing somatic hyperpolarization
(Chan and Nicholson, 1986; Bikson et al., 2004) which reduces
neuronal excitability (Gluckman et al., 1996; Bikson et al,
2004). When tDCS is sustained for minutes, it can produce
lasting change in excitability (Bindman et al., 1964; Nitsche
and Paulus, 2000). tDCS is among a constellation of emerging
and investigational brain stimulation techniques (both invasive
and non-invasive) for epilepsy (Wu and Sharan, 2013; Nune
et al., 2015; Eastin and Lopez-Gonzalez, 2017; Kwon et al,
2018), but is unique in acting through direct hyperpolarizing
rather than decreasing excitably secondary to neuronal activity
(e.g., LTD, desynchronization).

In this case, our results suggest an effective, and significant
clinical response, as well as a significant reduction in IED
amplitudes immediately after the last day of intervention,
via application of a focal, non-invasive neuromodulation
procedure. The reduction in IED amplitudes was not sustained
during the post-intervention period, while the reduction in
myoclonic seizures was noted and sustained during the
post-intervention period. In addition, it is important to
note that although targeted dominant foci seem to receive
less inhibitory field than its proximal C6 motor-network
center-cathode location (see Figure 2E), these dominant foci
locations were applied as the topographical boundaries of the
seizure-generating zone, targeting the area under the HD-tDCS
right-hemisphere ring configuration between the frontal and
parietal foci locations. Thus, the maximal inhibitory current
at the common adjacent motor-network residing between
frontal-parietal dominant foci most likely generated secondary
inhibitory effects at frontal-parietal dominant foci locations.
Specifically, we utilized HD-tDCS to treat a 40-month-old
child suffering from a severe electro-clinical syndrome (i.e., OS,
organic etiology associated with brain-dysgenesis); a condition
that ultimately results in severe developmental retardation,
high frequency of daily seizures, and early death at infancy
(Ohtahara and Yamatogi, 2006).

Importantly, there are only a few sporadic early-onset epileptic
encephalopathy cases that display a sufficient response (e.g.,
seizure control) to conventional anti-epileptic treatments (e.g.,
ACTH, clonazepam, valproate, vigabatrin or ketogenic diet).
Although the current investigation is limited by one case, our
findings support a significant alleviation of myoclonic seizures
and attenuation of epileptiform-hypsarrhythmic features that
are related to electroclinical-syndrome severity and prognosis
(Siniatchkin et al., 2007). Seizure-related delta reactivity during
the post-intervention period and IED amplitude/durations on
intervention day 20 were significantly reduced, which was
clinically cross-validated by a significant reduction in myoclonic
seizure frequency, and a 72% reduction in TM-S. TSF was
not significantly reduced, however, it's underlying paroxysmal
(high-voltage) delta activity, associated with increased brain-stem

BOLD signal (Siniatchkin et al., 2007), was reduced by 57%.
The observed clinical response (attenuation of M-S and TM-S
frequency) was supported by significantly lower seizure-related
whole-brain delta ERD at post-intervention (post-intervention
days 3 to 32). More so, the IED amplitudes on intervention
day 20 were significantly associated with IED amplitudes within
the five different post-intervention days, possibly implying a
common source of epileptiform activity. The reduction in
epileptiform activity observed on intervention day 20 may
have contributed to the observed clinical benefits past the
active intervention period, such as the reduction in myoclonic
seizures observed during the post-intervention period. The
reduction in slow-wave activity was observed over the targeted
seizure-generating network, indicating lower hypsarrhythmic
delta activity at right parietal-temporal electrode locations, which
showed the most paroxysmal IED’s at baseline. This localized
reduction attested to the focal effects of HD-tDCS over the
targeted cortical region.

HD-tDCS can be guided to stimulate any brain regions,
including deep structures, and multiple foci (Dmochowski
et al, 2017; Huang et al, 2018). Ongoing studies may
inform which cortical or brain-stem substructures (Siniatchkin
et al., 2007) may be targeted using customized HD-tDCS
montages to reduce specific epileptiform activity patterns
related to tonic-spasm generation in pediatric cases suffering
from early-onset epileptic encephalopathy syndromes. This
case study supports ongoing HD-tDCS seizure-control trials
in pediatric epilepsy including other severe electroclinical
syndromes (displaying hypsarrhythmia and intractable seizures)
such as early myoclonic encephalopathy, Lennox-Gastaut
syndrome, and WS, and cross-validated in epileptic patients with
childhood focal epilepsy.
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Objective: A minimally conscious state (MCS) is characterized by discernible behavioral
evidence of consciousness that cannot be reproduced consistently. This condition is
highly challenging to treat. Recent studies have demonstrated the potential therapeutic
effect of non-invasive brain stimulation in patients with MCS. In one patient in an MCS,
we delivered simultaneous transcranial direct current stimulation (tDCS) and repetitive
transcranial magnetic stimulation (rTMS) based on an individual brain network analysis
and evaluated the therapeutic effect.

Methods: The directional transfer function (DTF) was calculated based on
electroencephalograph (EEG) analysis. Global brain connectivity was calculated based
on functional magnetic resonance imaging (fMRI) analysis. By referring to the EEG and
fMRI results, we identified inferior parietal lobes (IPLs) as targets. In the 2-week treatment
period, 14 sessions were applied to the identified bilateral parietal regions. Simultaneous
1.5-mA anodal tDCS and 5-Hz rTMS were delivered for 20 min per hemisphere in
each session. Clinical evaluation scores were recorded weekly throughout the treatment.
A second patient given the routine treatment was evaluated as a control.

Results: The clinical scores of patient 1 with MCS improved after 2 weeks of stimulation
treatment, and the effect lasted for up to 1 month. EEG analysis showed a significant
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increase (p < 0.001) in the DTF value in the gamma band in a bilateral set of posterior
regions, and fMRI showed a trend toward normalized activity in the IPLs. The clinical
scores of patient 2 with coma did not improve much after 2 weeks of routine treatment.
The EEG analysis showed a significant increase (p = 0.021) in the DTF value in the
gamma band in a bilateral set of posterior regions.

Conclusion: The application of EEG and fMRI to characterize the functional
connectivity features of the network in an MCS patient provided a reasonable and
accurate stimulation target and verified the changes in functional connectivity resulting

from stimulation.

Keywords: minimally conscious state, simultaneous stimulation, repetitive transcranial magnetic stimulation,
transcranial direct current stimulation, functional magnetic resonance imaging

INTRODUCTION

A minimally conscious state (MCS) is characterized by
discernible behavioral evidence of consciousness that cannot
be reproduced consistently (Giacino et al, 2002). An MCS
may result from degenerative nervous system disorders or
evolve from a coma or vegetative state (VS). In MCS patients,
integrated cortical functions are retained but undersustained.
MCS is a highly challenging clinical condition to treat.
Notably, recent studies have demonstrated the potential
therapeutic effect of non-invasive brain stimulation (NIBS) in
patients with MCS.

Repetitive transcranial magnetic stimulation (rTMS) and
transcranial direct current stimulation (tDCS) are two NIBS
techniques that have been developed in the past decades. High-
frequency rTMS can decrease GABAergic activity and decrease
synaptic transmission through a long-term potentiation-like
mechanism (Lefaucheur et al., 2014). Anodal tDCS can change
the resting membrane potential by influencing ion channels
and gradients, thus increasing cortical excitability (Lefaucheur
et al., 2017). These techniques have recently been employed
independently in the treatment of MCS and have shown some
inspiring beneficial results.

Several studies have shown that priming stimulation can
alter the effect of a test stimulation on cortical excitability.
Nitsche et al. (2007) found that cortical excitability was higher
with simultaneous anodal tDCS and single-pulse TMS than
with anodal tDCS alone. We hypothesized that a protocol of
simultaneous anodal tDCS and high-frequency rTMS would
produce an enhanced excitatory effect. The actual background
network activity was predicted to boost the expected effect of
rTMS (Muller-Dahlhaus and Ziemann, 2015).

To maximize the benefit of NIBS treatment in a patient
with  MCS, we designed a simultaneous stimulation
protocol based on an individual brain network analysis.
We identified stimulation targets and evaluated therapeutic
effects by analyzing functional connections based on scalp
electroencephalography (EEG) and functional magnetic
resonance imaging (fMRI). As a control, we also evaluated
another patient with similar structural damage who did not
receive stimulation.

MATERIALS AND METHODS

Patients

Patient 1 was diagnosed with MCS according to the Coma
Recovery Scale-Revised (CRS-R) (Giacino et al., 2004) due to
brain stem hemorrhage 1 month prior. The patient could blink
his eyes and move after stimulus, but could not consistently
move to auditory command. His eyes could move from the
initial target to a new target for more than 2 s. There
was not any vocalization or oromotor movement. There
was some discernable non-verbal communication response.
On neurological examination, the pupils were equal in size
and reactive to light. Corneal reflexes and gag reflexes were
bilaterally present. The Babinski sign was positive bilaterally.
Brain magnetic resonance imaging (MRI) showed subacute
hemorrhage in the pons, left cerebral peduncle, and brachium
pontis. Before stimulation, the patient’s CRS-R score was 10
points based on auditory function (3), visual function (2), motor
function (3), verbal function (0), communication (1), and arousal
(1) criteria. The Glasgow Coma Scale (GCS) score was 10
based on eye (3), verbal (1), and motor (6) criteria. The Full
Outline of UnResponsiveness (FOUR) score was 15 points. The
Coma/Near Coma Scale (CNC) score was 18 points. The patient
received gangliosides, ambroxol, imipenem, valsartan, captopril,
and enteral nutritional suspension. The demographics, clinical
data, and EEG analysis results of patient 1 are shown in detail
in Table 1.

Patient 2 was diagnosed with coma due to brain stem
hemorrhage 1 week prior. At baseline, the patient did not
respond well to stimulus except for some withdraw movement to
pain stimulus and avoidance to light stimulus. On neurological
examination, the pupils were equal in size and slowly reactive
to light. The corneal reflex was present on the left but
diminished on the right. The Doll’s head eye phenomenon
was not present. The Babinski sign was positive on the right
side. Brain computed tomography (CT) showed hemorrhage
in the mid brain and pons. At the baseline, the patients
CRS-R score was 3 points based on auditory function (0),
visual function (1), motor function (2), verbal function (0),
communication (0), and arousal (0) criteria. The GCS score
was 6 based on eye (1), verbal (1), and motor (4) criteria. The
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TABLE 1 | Detailed demographics, clinical data, and EEG analysis results of the two patients studied.

No. Age Timeto Imaging characteristics Current clinical state based on physical Medication Clinical EEG findings
injury and standardized evaluations
1 31 1 month  MRI showed subacute The pupils were equal in size and reactive to Gangliosides, ambroxol, Continuous diffused slow
hemorrhage in the pons, light. Corneal reflexes and gag reflexes were imipenem, valsartan, (6-7 Hz), infrequently
left cerebral peduncle and bilaterally present. The Babinski sigh was captopril, and enteral intermittent slow (2-4 Hz),
brachium pontis. positive bilaterally. nutritional suspension infrequent spindle,
The patient spontaneously blinked his eyes non-reactive to stimulus.
infrequently.
The patient could blink his eyes after pain
stimulus, but could not consistently move to
acoustic command. His eyes could move from
the initial target to a new target for more than
2 s. There was not any vocalization or oromotor
movement.
2 83 1 week CT showed hemorrhage in The pupils were equal in size and slowly Edaravone, mannitol, Continuous diffused slow

the mid brain and pons.

reactive to light. The corneal reflex was present
on the left but diminished on the right. The
Doll’s head eye phenomenon was not present.
The Babinski sign was positive on the right side.
The patient did not respond well to stimulus

(5-7 Hz), frequently
intermittent slow (2—-4 Hz),
non-reactive to stimulus.

amlodipine, ampenem,
vancomycin, reduced

glutathione, ambroxol,
famotidine, and enteral
nutritional suspension.

except for some withdraw movement to pain
stimulus and avoidance to light stimulus.

MRI, magnetic resonance imaging; EEG, electroencephalogram; CT, computed tomography.

FOUR score was 5 points. The CNC score was 22 points. The
patient received edaravone, mannitol, amlodipine, ampenem,
vancomycin, reduced glutathione, ambroxol, famotidine, and
enteral nutritional suspension. The demographics, clinical
data, and EEG analysis results of patient 2 are shown in
detail in Table 1.

EEG Analysis

EEG analysis was performed based on 1-h 32-channel scalp EEG
data. The EEG signals were offline low-pass-filtered (100 Hz)
and notch-filtered (49-51 Hz) and baseline correction was
performed though polynomial fitting. Eye movements and
significant muscle artifacts were also excluded with Automatic
Artifact Removal toolbox (Gémez-Herrero, 2007). The signal-
to-noise ratio (SNR) of the signal in channel i is defined as:

SNR; =

of the EEém;Eignal in channel i and o6, denotes the standard
deviation of the noise signal. The noise signal is estimated using
the standard deviation of the pre interval (Zhang et al., 2016). The
SNRs of the signals among channels after preprocessing ranged
from 7 to 10, therefore ensuring the robustness of the following
causality analysis (Fasoula et al., 2013). In the framework of the
multivariate autoregressive (MVAR) model, multichannel EEGs
can be described as a data vector X of N source signals: X(t) =
(@), %2(), ..., xy (D)}
The MVAR model can then be constructed as follows:

2
0% .
—signal®) - \here Osignal(i) denotes the standard deviation

P
X(0) =D AnX(t = n) + E() (1)

n=1

where E(t) is a vector of multivariate zero-mean uncorrelated
white noise at time t, A, is an N x N matrix of the model

coefficients, and p is the model order. In the present study,
the model order was calculated though the ARFIT package
in eConnectome toolbox (Supplementary Table 1). As order
selection criteria, ARFIT computes approximations to Schwarz’s
Bayesian Criterion (SBC) and to the logarithm of Akaike’s Final
Prediction Error (He et al., 2011). The MVAR model was then
transformed into the frequency domain:

X(f) = A"NNHE() = H(HE() (2)
where f denotes a specific frequency and the H(f) matrix is the
transfer matrix defined as follows:

-1

P
H(f) — A_l(f) — ZA(i)e—jZT[ﬁAt

i=0

Ag=—1 (3)

where I is an identity matrix.
The directional transfer function (DTF) is defined by the
elements of the transfer matrix H;; as follows:

N
vi(D® = 1Hyl*/ D Him () (4)

m=1

where v;i(f) expresses the ratio between inflow from node j to
node i and all inflows to node i, and N is the number of nodes.
Once the causal interactions from the DTF calculation for the
analyzed epoch were obtained, statistical significance testing was
performed to remove the links that formed spurious interactions
between EEG channels. A surrogate data method was applied to
each analyzed epoch in which the temporal correlation between
the EEG channels was destroyed. The shuffling and connectivity
estimation procedures were repeated a certain number of times
(e.g., 1,000), yielding a distribution of the DTF values under
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the null hypothesis that no connectivity exists. Based on this
empirical distribution, the critical value of significance was set at
p < 0.05. The statistical assessment procedure was implemented
for connectivity estimation to obtain real causal interactions. The
DTF values among EEGs were calculated and converted into a
DTF matrix (Wilke et al., 2011; Zhang et al., 2016). The DTF
value is a function of frequency, which covers the major MCS
rhythms. Therefore, the mean value of all the elements in the
DTF matrix (DTFpean) is a direct measurement of functional
connectivity strength among EEGs. The results of the DTF values
across different ranges have been added in the Supplementary
Materials (Supplementary Figure 1).

fMRI Analysis

For fMRI analysis, we used a global brain connectivity (GBC)
method (Cole et al., 2012; Wang et al., 2016) to characterize
the averaged connectivity of each voxel to the rest of the
voxels in the default mode network (DMN) or executive control
network (ECN), which were defined from Yeo et al. (2011).
The GBC method was performed by calculating the functional
connectivity (i.e., correlation) of a voxel in the DMN or ECN
to the rest of the voxels, one by one, and the functional
connectivity was then averaged as the connectivity of each
voxel to produce a GBC value. This method takes advantage
of characterizing overall functional connectivity with voxelwise
resolution, enabling us to examine the impairment of each
network’s functional connectivity in one patient.

Target Identification

Compared to eight healthy controls, patient 1 presented a
significant decrease in the DTF value in gamma frequency in
the bilateral posterior regions, as shown in Figure 1. These 15
decreased electrodes included bilateral occipital (O1, 02, Oz in
10-20 International Electrode System), parieto-occipital (PO3,
PO4), parietal (P3, P4, Pz), centro-parietal (CP1, CP2), central
(C3, C4), posterior temporal (T5, T6), and right centro-temporal
(CP6) regions. In resting fMRI analysis, we found a profound
visual decrease in brain functional connectivity in regions of
the DMN, including the inferior parietal lobe (IPL), posterior
cingulate cortex (PCC), and mesiofrontal region (MFR), as well as
regions of the ECN, including the dorsolateral prefrontal cortex
(DLPFC), as shown in Figure 2. Herwig et al. (2003) studied the
corresponding cortical sites of the 10-20 International Electrode
System using neuronavigation and found that targeting P3 mainly
reached BA 40 and to a lesser extent BA 7 in the inferior part
of the parietal lobe. Therefore, to better cover common regions
identified by EEG and fMRI, we identified bilateral parietal
regions (P3 and P4) as anodal tDCS targets and contralateral
temporal regions (T4 and T3) as cathodal tDCS targets, and P3
and P4 as high-frequency TMS targets. Figure 3 shows these
targets in the individual head model.

The electric field distribution in the brain was simulated using
SimNIBS 2.1.1 software (Thielscher et al., 2015). The simulation
was generated based on the template head model included in the
software package. We simulated the electric field distribution of
the anode at P4 with the cathode at Fpl and the anode at P4
with T3. The simulated electric field was more restricted when

the anode is P4 and the cathode is T3. We also simulated the
magnetic field when the target was set at P4. The simulated
magnetic field and electric field were consistent.

Stimulation Protocol

For patient 1, the 14 sessions of simultaneous anodal tDCS and
high-frequency rTMS were delivered over the course of 2 weeks,
and a clinical evaluation was performed weekly throughout the
course of treatment. Both electrical and magnetic stimulation
were delivered using an Electromagnetic Stimulator (Yunshen
Technology Limited Company, Beijing, China). Direct current
was delivered by a pair of saline-soaked silver cloth-wrapped
sponge electrodes (thickness, 0.4 cm; area of electrode, 7 cm?,
Greentek, Pty Ltd., China). rTMS was delivered through a circular
coil (diameter, 74 mm; peak magnetic field, 2.0 Tesla). Forty
minutes of stimulation (20 min for each hemisphere) were given
per day. For the 20-min treatment on the right hemisphere,
anodal tDCS was delivered over P4, and cathodal tDCS was
delivered over T3. Meanwhile, 5 Hz rTMS was delivered precisely
over the anodal electrode at P4. The current was ramped up
to 1.5 mA (for 10 s) from the onset of stimulation, applied for
20 min, and ramped down to 0 mA (for 10 s). One rTMS train
consisted of 25 pulses delivered at 5 Hz, with an intertrain interval
of 55 s. In a single session, 500 pulses (20 rTMS trains) were
delivered for 20 min. The strength of the stimulation was 70%
of the resting motor threshold (RMT). Then, for the next 20-min
treatment on the left hemisphere, anodal tDCS was delivered over
P3, and cathodal tDCS was delivered over T4. Meanwhile, 5 Hz
r'TMS was delivered precisely over the anodal electrode at P3.

RESULTS

Clinical Assessments
During stimulation treatment, patient 1 could move to acoustic
command consistently, and his eyes could open and track after
verbal prompt. After stimulation, the patient improved gradually.
He could recognize objects and could give consistent behavioral
response to verbal prompt. The patient could spontaneously open
eyes, track and fix, and could open mouth when a spoon is
near. The patient had discernable non-verbal communication
response. The physical examinations did not change throughout
the study. The patient was evaluated on a weekly basis through
these four scales. At the end of the stimulation treatment period,
the CRS-R, GCS, FOUR, and CNC were 12, 10, 16, and 12
points, respectively. At 1 week after treatment, the CRS-R, GCS,
FOUR, and CNC were 14, 10, 16, and 2, respectively. At 1 month
after treatment, the CRS-R, GCS, FOUR, and CNC were 19, 11,
16, and 0, respectively, as shown in Figure 4A and Table 2.
Further analysis of subscales of the CRS-R score in patient 1
showed that the arousal and auditory functions were the first
to show improvement during stimulation (Figure 4B). Then,
communication improved. Finally, visual function and motor
function improved after stimulation treatment was completed.
Patient 2 was provided with routine treatment (without
stimulation) and did not show much clinical improvement. The
patient could not avoid light stimuli like before. The physical
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FIGURE 1 | Comparison of DTF values in the gamma frequency of EEGs between controls and patient 1 (MCS) before and after stimulation treatment. (A) DTF
spatial distribution in healthy controls (Con) and patient 1 (MCS). The color bar denotes the DTF values. First panel: eight healthy controls. Second panel: compared
to the eight healthy controls, the MCS patient showed a significantly decreased DTF value in the gamma frequency in bilateral posterior regions. Third panel: 15
electrodes with significantly reduced DTF values in patient 1 compared to those in healthy controls were identified. Fourth panel: the average DTF value of the 15
electrodes was significantly lower in the MCS patient than in Con (***p < 0.001, t-test/Wilcoxon’s rank sum test). The blue bar denotes the DTF value of the 15
electrodes in eight controls. The red bar denotes the pretreatment DTF value of the 15 electrodes in the patient. The DTF value (averaged across channels) of each
single healthy control is shown as a dot. (B) Spatial distribution of the DTF value in patient 1 before and after treatment. First panel: the MCS patient after stimulation
treatment showed a significant increase in the DTF value in the gamma frequency in bilateral posterior regions. Second panel: the MCS patient before treatment.
Third panel: 12 electrodes with significantly higher DTF values after treatment compared to those before treatment were identified (***p < 0.001). The red bar
denotes the pretreatment DTF value of the 12 electrodes in the patient. The green bar denotes the post-treatment DTF value of the 12 electrodes in the patient. DTF,
directional transfer function; EEG, electroencephalography; Con, controls; MCS, minimally conscious state; MCS_Sti, minimally conscious state after treatment.

MCS MCS_Sti

examinations did not change throughout the study. The patient
was also evaluated on a weekly basis through these four scales.
At 1 week, the CRS-R, GCS, FOUR, and CNC were 3, 5, 5,
and 22, respectively. At 2 weeks, the CRS-R, GCS, FOUR, and
CNC were 4, 6, 5, and 26, respectively, as shown in Figure 4C
and Table 2.

Brain Network Analysis Based on EEG
Patient 1 exhibited a significantly lower DTF value in the gamma
frequency in the bilateral posterior regions than healthy controls,
as shown in Figure 1. Fifteen electrodes, which included O1,
02, Oz, PO3, PO4, P3, P4, Pz, CP1, CP2, C3, C4, T5, T6, and
CP6, showed significantly reduced DTF values (***p < 0.001,
t-test/Wilcoxon’s rank sum test) compared to those regions in
healthy controls. After 2 weeks of stimulation, EEG analysis
showed a significant increase in DTF in the gamma frequency
in 12 electrodes (***p < 0.001) from before treatment. These
12 electrodes included F3, FC5, CP1, CP2, T5, P3, Pz, P4,
PO4, O1, Oz, and O2.

In patient 2, at baseline, EEG analysis showed a significantly
lower DTF value in the gamma frequency in the bilateral
posterior regions than in controls, as shown in Figure 5.
Eight electrodes, including F4, FCI1, Cz, P3, Pz, P4, PO4, and
CP6, showed significantly reduced DTF values (***p < 0.001).
After 2 weeks of routine treatment, EEG analysis showed

a significant increase in DTF in gamma frequency in four
electrodes (p = 0.021) from baseline. These four electrodes
included FC6, Cz, P3, and T5.

Brain Network Analysis Based on fMRI

In patient 1, the DMN identified by baseline fMRI showed
decreased activity in the IPL, PCC, and MFR (shown in
Figure 2) compared to that in healthy controls. After stimulation
treatment, there was a trend toward a normalization of IPL and
PCC activity due to an increase in activity. The ECN identified by
baseline fMRI showed decreased activity in the DLPFC (shown in
Figure 2) compared to that in healthy controls. After stimulation
treatment, there was no trend toward a normalization of DLPFC
activity or increased activity.

DISCUSSION

This is an exploratory study in which an MCS patient received
simultaneous tDCS and rTMS treatment based on brain network
analysis of both EEG and fMRI rTMS with 5-20 Hz and 90-
100% of RMT and tDCS with 1-2 mA have been commonly
utilized in previous studies (Lefaucheur et al, 2014, 2017).
We utilized rTMS with 5 Hz and 70% of the RMT, and
tDCS with 1.5 mA for safety and tolerability consideration.
During stimulation, the MCS patient tolerated intervention well
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FIGURE 2 | GBC analysis of fMRI in controls (Con) and patient 1 (MCS) before and after stimulation treatment. (A) DMN network. First panel: before treatment,
patient showed decreased activity in regions, including the IPL, MFR, and PCC. Second panel: after treatment, patient 1 showed an increase in IPL and PCC activity.
Third panel: healthy controls. (B) ECN network. First panel: before treatment, patient 1 showed decreased activity in the DLPFC. Second panel: after treatment,
patient 1 showed a decrease in DLPFC activity. Third panel: healthy controls. GBC, global brain connectivity; fMRI, functional magnetic resonance imaging; DMN,
default mode network; ECN, extrinsic control network; Con, controls; MCS, minimally conscious state; MCS_Sti, minimally conscious state after treatment; MFR,
mesiofrontal region; IPL, inferior parietal lobe; PCC, posterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex.

MFR

0.14

FIGURE 3 | The locations of the rTMS and tDCS targets in a head model of patient 1. The yellow circle denotes the anode electrode over P3 or P4. The green circle
denotes the cathode electrode over T3 or T4. The red lightning mark denotes the rTMS site over P3 or P4. For the 20-min treatment on the right hemisphere, the
anodal tDCS was delivered over P4, and the cathodal tDCS was delivered over T3. Meanwhile, 5-Hz rTMS was delivered precisely over the anodal electrode at P4.
Then, for the next 20-min treatment on the left hemisphere, the anodal tDCS was delivered over P3, and the cathodal tDCS was delivered over T4. Meanwhile, 5-Hz
rTMS was delivered precisely over the anodal electrode at P3. rTMS, repetitive transcranial magnetic stimulation; tDCS, transcranial direct current stimulation; fMRI,
functional magnetic resonance imaging; IPL, inferior parietal lobe; PCC, posterior cingulate cortex; MFR, mesiofrontal region.
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FIGURE 4 | Clinical scores before, during, and after treatment in patient 1 and
patient 2. (A) The CRS-R, GCS, FOUR, and CNC scores in patient 1.
Compared to baseline, the CRS-R and CNC scores improved considerably,
and the effect lasted for up to 1 month. (B) The subscales of the CRS-R score
in patient 1. The arousal and auditory functions were the first to show
improvement during stimulation. Then, communication improved. Finally,
visual function and motor function improved after stimulation treatment was
completed. (C) The CRS-R, GCS, FOUR, and CNC scores in patient 2.
Compared to baseline, the scores did not show much improvement after

2 weeks of treatment. CRS-R, Coma Recovery Scale-Revised; GCS, Glasgow
Coma Scale; FOUR, Full Outline of UnResponsiveness; CNC, Coma/Near
Coma Scale.

without displaying irritability and aggressiveness during head
positioning or TMS/tDCS delivery. Clinical assessment showed
improvement in the MCS patient. Another patient with similar
structural damage was evaluated as a control and did not show
much clinical improvement. Moreover, brain network analysis
based on EEG and fMRI played important roles in this study.
First, these tools were used to identify stimulation targets,
potentially leading to more precise modulation. In addition,
post-treatment analysis of the brain network was used to evaluate
the treatment effect. We speculate that brain network-guided
simultaneous tDCS and rTMS could be a promising treatment
strategy for MCS.

IPL Modulation Helps Treat MCS

The stimulation target chosen in this study was the bilateral
IPL based on combined functional and electrophysiological
datasets. In patient 1, there was a significant decrease in
the DTF value in the bilateral centro-parieto-occipital regions
identified by EEG analysis and decreased activity in the IPLs
identified by fMRI analysis. After stimulation treatment, the
patient achieved obvious improvement in clinical assessment and
increased activity in bilateral IPLs. The IPL is involved in the
DMN, which is related to self-awareness (Greicius et al., 2003;
Tian et al,, 2007) and shows decreased brain activity during
loss of consciousness (Di Perri et al., 2016). Positron emission
computed tomography studies have shown that neuronal activity
in DMN regions increases upon recovery from VS (Laureys
etal., 2006). Vanhaudenhuyse et al. (2010) observed a correlation
between DMN integrity and the level of consciousness. Their
group found that the DMN integrity decreased when descending
from normal consciousness to MCS, VS, and coma, and the
authors suggested that the connective strength of the PCC
within the DMN can distinguish between VS and MCS patients.
The functional connections within the DMN in MCS may
reflect the chance of recovery. Different connectivity patterns
could influence the efficacy of tDCS in MCS patients (Cavaliere
et al, 2016). The re-establishment of functional connections
within DMN regions may reflect the recovery of consciousness
(Laureys et al., 2005).

However, in a literature review, previously reported targets
are mostly in the DLPFC, motor cortex, orbitofrontal cortex,
or a parieto-occipital region (Lefaucheur et al., 2014, 2017),
rather than the IPL. The DLPFC is involved in the functional
ECN, which is related to external awareness (D’Esposito et al.,
1998; Lieberman, 2007). In addition to the DMN, the ECN
has also been demonstrated to be altered in disorders of
consciousness (Vanhaudenhuyse et al, 2011; Crone et al,
2014) and restored with the recovery of consciousness (Laureys
and Schiff, 2012). In our study, we further analyzed the
ECN in patient 1 and found decreased activity in the
bilateral DLPFC when compared with that in healthy controls.
Therefore, we suspected that the patient may also benefit from
stimulation over the DLPFC.

The DMN and ECN are anticorrelated to each other under
normal physiological conditions. However, these two networks
are hypoactivated in patients with MCS in our study, potentially
reflecting a reduction in the anticorrelation. The anticorrelated
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TABLE 2 | Clinical scores of the two patients throughout the study.

2 weeks of
treatment

1 week of
treatment

No. Scale type Baseline

4 weeks after
treatment

3 weeks after
treatment

2 weeks after
treatment

1 week after
treatment

1 CRS-R 10 " 12
GCs 10 10 10
FOUR 15 15 16
CNC 18 14 12
2 CRS-R 3 3 4
GCSs 6 5 6
FOUR 5 5 5
CNC 22 22 26

14 17 19 19
10 11 11 ih
16 16 16 16
2 0 0 0

CRS-R, Coma Recovery Scale-Revised; GCS, Glasgow Coma Scale; FOUR, Full Outline of UnResponsiveness; CNC, Coma/Near Coma Scale.

DTF
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Pt 2 Post

—

EEG, electroencephalography; Con, controls; Pt 2 Post, patient 2 after treatment.

FIGURE 5 | Comparison of DTF in the gamma frequency of EEG between controls and patient 2 before and after routine treatment. (A) DTF spatial distribution in
healthy controls (Con) and patient 2. First panel: eight healthy controls. Second panel: compared to the eight healthy controls, patient 2 showed a significantly
decreased DTF value in the gamma frequency in bilateral posterior regions. Third panel: eight electrodes (F4, FC1, Cz, P3, Pz, P4, PO4, and CP6) with significantly
reduced DTF values in patient 2 compared to those in Con were identified. Fourth panel: the average DTF value of the eight electrodes was significantly lower in the
patient 2 than in the Con (***p < 0.001, t-test/Wilcoxon’s rank sum test). The blue bar denotes the DTF value of eight electrodes in eight controls. The red bar
denotes the pretreatment DTF value of eight electrodes in the patient. The DTF value (averaged across channels) of each single healthy control is shown as a dot.
(B) Spatial distribution of the DTF in patient 2 before and after routine treatment. First panel: after routine treatment, patient 2 showed a significant increase in the
DTF value in the gamma frequency in bilateral posterior regions. Second panel: patient 2 before treatment. Third panel: four electrodes (FC6, Cz, P3, and T5) with
significantly higher DTF values (p = 0.021) after treatment compared to those before treatment were identified (*p < 0.1). The red bar denotes the pretreatment DTF
value of the four electrodes in the patient. The green bar denotes the post-treatment DTF value of four electrodes in the patient. DTF, directional transfer function;
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pattern has been shown to be of functional importance to the state
of consciousness. The dynamics of the anticorrelation between
the ECN and DMN during MCS have not been well-clarified.
Heine et al. (2012) suspected that the anticorrelation generally
diminishes or even disappears during conditions of altered
consciousness. A stronger anticorrelation between the ECN and
DMN has been shown to potentially reflect a better capacity
to switch between internal and external modes of attention,
which is necessary for maintaining conscious awareness (Leech
et al,, 2011; Di Perri et al, 2016). Anatomically, the superior

longitudinal fascicle (SLF) connects the parietal cortex with
the frontal cortex, and SLF II shows a strong connectivity
to the DLPFC from the IPL (Parlatini et al., 2017). These
results probably explain the accordant effect of excitatory
stimulation of either the IPL or DLPFC, although further
evidence is warranted.

The Synergistic Effect of tDCS and rTMS
In previous studies, the efficacy of NIBS for MCS has been mild
to moderate and variable in patients. A study explored the effect
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of high-frequency rTMS over the motor cortex in six patients
with MCS or VS and found reappearance of fast activity and
an increase in slow activity upon EEG analysis and behavioral
changes in one patient with MCS (Manganotti et al., 2013).
A case series trial found that patients with MCS can benefit
from anodal tDCS over the left DLPFC (Angelakis et al., 2014).
Three randomized controlled trials of tDCS in patients with MCS
showed moderately improved recovery of signs of consciousness
after anodal tDCS over the left DLPFC (Thibaut et al., 2014, 2017;
Martens et al., 2018).

In this study, a simultaneous combination of tDCS and
r'TMS was explored. The patient showed a clinical improvement
and a trend toward a normalization of functional connectivity.
We speculate that the simultaneous tDCS and rTMS protocol
produces beneficial synergistic effects, although we can only
speculate on the underlying cellular and molecular mechanisms
of these synergistic effects. A candidate mechanism might
be the consolidation of long-term potentiation by protein
synthesis and gene transcription (Muller-Dahlhaus and
Ziemann, 2015). Muller-Dahlhaus and Ziemann (2015) found
that either non-homeostatic metaplasticity or homeostatic
metaplasticity occurred depending on successive NIBS protocols.
Non-homeostatic metaplasticity can increase NIBS-induced
aftereffects on cortical excitability. We speculate that non-
homeostatic metaplasticity also prevailed when tDCS and
r'TMS were delivered simultaneously. The non-homeostatic
metaplasticity may be explained by the assumption that tDCS
and TMS activate neuronal circuits without a significant
physiological interaction; therefore, the resulting effect reflects
an arithmetic summation of the electrical and magnetic effects
(Nitsche et al., 2007).

Limitations

This is a preliminary two-case study. The patient with stimulation
was in an MCS, and whether this treatment can be used in
patients with other disorders of consciousness needs to be further
explored. A well-designed large randomized controlled study
needs to be conducted in the future. Additionally, patient 2
was not in precisely the same medical condition as patient 1.
Patient 2 had coma and was enrolled in the study 1 week after
stroke. All clinical scores showed a more severe condition than in
patient 1. These factors likely contributed to the limited clinical
improvement. More homogeneous cases need to be studied
in the future, although the homogeneity of the cases may be
difficult to control.
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Background and Purpose: The potential for adaptive plasticity in the post-stroke brain
is difficult to estimate, as is the demonstration of central nervous system (CNS) target
engagement of drugs that show promise in facilitating stroke recovery. We set out to
determine if paired associative stimulation (PAS) can be used (a) as an assay of CNS
plasticity in patients with chronic stroke, and (b) to demonstrate CNS engagement by
memantine, a drug which has potential plasticity-modulating effects for use in motor
recovery following stroke.

Methods: We examined the effect of PAS in fourteen participants with chronic
hemiparetic stroke at five time-points in a within-subjects repeated measures design
study: baseline off-drug, and following a week of orally administered memantine at
doses of 5, 10, 15, and 20 mg, comprising a total of seventy sessions. Each week,
MEP amplitude pre and post-PAS was assessed in the contralesional hemisphere as a
marker of enhanced or diminished plasticity. Strength and dexterity were recorded each
week to monitor motor-specific clinical status across the study period.

Results: We found that MEP amplitude was significantly larger after PAS in baseline
sessions off-drug, and responsiveness to PAS in these sessions was associated with
increased clinical severity. There was no observed increase in MEP amplitude after PAS
with memantine at any dose. Motor threshold (MT), strength, and dexterity remained
unchanged during the study.
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Conclusion:

Paired associative stimulation successfully

induced corticospinal

excitability enhancement in chronic stroke subjects at the group level. However, this
response did not occur in all participants, and was associated with increased clinical
severity. This could be an important way to stratify patients for future PAS-drug studies.
PAS was suppressed by memantine at all doses, regardless of responsiveness to PAS
off-drug, indicating CNS engagement.

Keywords: paired associative stimulation, stroke, memantine, neurorehabilitation, TMS

INTRODUCTION

The capacity of the brain to make structural, physiological,
and genetic adaptations following stroke, otherwise known as
plasticity, is likely to be critical for improving sensorimotor
impairments and functional activities. Promotion of adaptive
plasticity in the central nervous system (CNS) leading to
sustained functional improvement is of paramount importance,
given the personal suffering and cost associated with post-
stroke disability (Ma et al., 2014). In addition to rehabilitation
therapies to retrain degraded motor skills, animal and human
studies have tried to augment recovery with neuropharmacologic
interventions. Unfortunately, few if any have had a notable
effect in patients or have come into routine use (Martinsson
et al, 2007; Chollet et al., 2011; Cramer, 2015; Simpson et al,,
2015). Methods to screen drugs based on their presumed
mechanism of action on plasticity in human motor systems
could speed translation to patients. However, there is currently
no accepted method in stroke patients for evaluating the
potential effectiveness or individual responsiveness to putative
“plasticity enhancing” drugs in an efficient, low-cost, cross-
sectional manner, in order to establish target engagement in
humans and to avoid the extensive time and cost of protracted
clinical trials.

Paired associative stimulation (PAS) is a safe, painless,
and non-invasive technique known to result in short-term
modulation of corticospinal excitability in the adult human
motor system, lasting ~90 min (Stefan et al., 2000; Wolters et al.,
2003). Post-PAS excitability enhancement has been considered
an LTP-like response thought to relate to transient changes in
synaptic efficacy in the glutamatergic system at the N-methyl-
D-aspartate (NMDA) receptor, since both human NMDA
receptor deficiency (Volz et al., 2016) and pharmacological
manipulation with dextromethorphan (Stefan et al., 2002) can
block the effect. While PAS has been explored as a potential
therapeutic intervention in patients with residual motor deficits
after stroke (Jayaram and Stinear, 2008; Castel-Lacanal et al.,
2009), it has not previously been investigated for its potential
use as an assay of motor system plasticity in this context.
Prior studies have suggested that motor practice and PAS
share the same neuronal substrates, modulating LTP and LTD-
like plasticity in the human motor system (Ziemann et al,
2004; Jung and Ziemann, 2009); therefore, as an established
non-invasive human neuromodulation method (Suppa et al,
2017), we reasoned that PAS would be a suitable assay in
the present study to examine the effect of a drug on motor
system plasticity.

Here, we examine the effect of memantine, a drug used
for treatment of Alzheimer’s disease, on the PAS response
in patients with chronic stroke. Memantine is described
pharmacologically as a low affinity, voltage dependent, non-
competitive, NMDA antagonist (Rogawski and Wenk, 2003).
At high concentrations, like other NMDA-R antagonists, it
can inhibit synaptic plasticity. At lower, clinically relevant
concentrations, memantine can, under some circumstances,
promote synaptic plasticity by selectively inhibiting extra-
synaptic glutamate receptor activity while sparing normal
synaptic transmission, and hence may have clinical utility
for rehabilitation (Xia et al, 2010). Interest in specifically
using the drug for its interaction with stroke pathophysiology
stems from animal models of both prevention (Trotman
et al., 2015), in which pre-conditioning reduced infarct size,
as well as for functional recovery, in which chronic oral
administration starting >2 h post-stroke resulted in improved
function through a non-neuroprotective mechanism (Lopez-
Valdés et al, 2014). In humans, memantine taken over
multiple days has been used to demonstrate that the NMDA
receptor is implicated in specific transcranial magnetic paired-
pulse measures (Schwenkreis et al., 1999), and short-term
training-induced motor map reorganization (Schwenkreis et al.,
2005). In studies of neuromodulation, memantine blocked
the facilitatory effect of intermittent theta-burst stimulation
(iTBS) (Huang et al., 2007). Similarly, LTP-like plasticity
induced by associative pairing of painful laser stimuli and
TMS over primary motor cortex (M1) can also be blocked by
memantine (Suppa et al., 2013). The effects of memantine on
the PAS response have not yet been demonstrated, including
examination of potential dose-response effects, which would be
important for the potential clinical application of memantine for
stroke recovery.

In our study, we set out to determine whether PAS
might be a useful tool to probe the potential for plasticity
after stroke in persons with chronic hemiparesis and
apply PAS as an assay to look at drug effects on motor
system plasticity using memantine. We hypothesized that
(a) PAS would enhance corticospinal excitability in the
contralesional hemisphere of stroke patients, and that (b)
since PAS-induced plasticity is thought to involve a short-
term change in glutamatergic synaptic efficacy, memantine
would have a dose-dependent effect on PAS response. We
predicted that at low doses, memantine would enhance PAS-
induced plasticity through selective blockade of extrasynaptic
NMDA receptors, whereas higher doses would inhibit
PAS-induced plasticity.
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MATERIALS AND METHODS

Participants

Participants enrolled in the study were aged >18 vyears,
with unilateral ischemic stroke at least 6 months prior, and
upper limb paresis (>7 points on the Fugl-Meyer impairment
scale). Exclusion criteria were as follows: contraindications to
transcranial magnetic stimulation (TMS; seizure/epilepsy history,
pacemaker/other electro-sensitive implants), medications or
conditions that affect the metabolism of memantine, concurrent
pregnancy, hemorrhagic stroke, prior stroke, and co-existing
neurological disorders. Written informed consent was obtained
from all participants. The study had approval from the
Institutional Review Board of the Burke Rehabilitation Center.

Study Design and Drug Administration

The purpose of this experiment was to explore the potential
of PAS to serve as a screening method for drugs of interest in
neurorehabilitation. We used a within-subject repeated measures
design to examine the effect of PAS in the contralesional
hemisphere of hemiparetic persons with chronic stroke, and to
test for a dose-effect of memantine on PAS response. Given the
variable nature of MEPs and inter-individual responsiveness to
neuromodulatory protocols, such a design is appropriate for this
study. Participants attended over 5 weeks, including a screening
visit and baseline assessment of clinical function and response to
PAS. After the first PAS assessment, participants were given 5 mg
of memantine, administered once daily for 1 week. The dosage
of memantine was increased every 7 days by 5 mg to: 10, 15, and
20 mg on the 5th week. The dose of memantine was increased
incrementally every week to assess for potential side effects with
increasing doses. PAS response was reassessed weekly a day prior
to the next dosing schedule, for a total of 5 PAS sessions per
participant. The criterion measure for within session effects of
PAS was MEP amplitude.

Transcranial Magnetic Stimulation and
Electromyography

Participants were seated reclined with arms relaxed and
supported by a pillow, with surface EMG electrodes (Biometrics
Ltd., SX230 1000x gain) over the first dorsal interosseous (FDI)
muscle bilaterally, and ground electrode over the ulnar styloid.
Via a head stage (Biometrics Gwen+ NPII 7 Hz 8 Channel), EMG
was digitized at 5 kHz (Cambridge Electronic Design, Expansion
ADCI12/CED Microl1401 MKII), and band-pass filtered (20-
1000 Hz; Spike 2, V7.15 CED). A Lycra cap with a 1 x 1 cm
coordinate system was centered over the vertex (intersection of
mid-point between nasion-inion and inter-aural lines). TMS was
administered over the contralesional hemisphere, with the coil
(Magstim Figure-8, double 70 mm) handle posterior and rotated
laterally 45° from the midline. All TMS was performed with
Magstim 2002 BiStim? (Model 3010-00). The optimal site for FDI
was explored with three to four suprathreshold pulses at each grid
position commencing at C3/C4.

At each visit, motor threshold (MT) was calculated at rest,
using the MT assessment tool (Awiszus, 2003). For baseline

MEP assessment, stimulus intensity was set as follows: steps of
5% maximal stimulator output (MSO) commencing at 120%
MT, 3 pulses per intensity, ceasing when MEP peak-to-peak
amplitude increase reached a plateau (MEP max). The MTAT
tool was then used to adjust the stimulator intensity to obtain
an MEP amplitude representative of half of the participant’s
MEP max. Twelve TMS pulses were delivered for each resting
collection (pre/post-PAS) at ~5-10 s intervals between pulses
over 1-2 min. Resting motor threshold (RMT) and TMS intensity
are reported as percentage of maximum stimulator output
(%MSO) hereafter.

Paired Associative Stimulation

Intervention
Ulnar nerve electrical stimulation (DS7AH Digitimer Ltd.,
United Kingdom) was delivered with surface electrodes (8 mm
diameter, 30 mm apart; Signa® gel) positioned 3 cm above the
palmar wrist crease of the unaffected arm, with cathode proximal
(single 200 ps rectangular pulses). Perceptual threshold was
defined as the minimum perceivable stimulator intensity (mA).
The PAS protocol approximated that described by Player
etal. (2012), targeting the contralesional hemisphere, comprising
200 pairs of stimuli (TMS and ulnar nerve) given at 0.25 Hz
over 13 min (Ziemann et al., 2004). In each pair, ulnar nerve
stimulation (300% of perceptual threshold) preceded the TMS
pulse (130% MT) by 25 ms. Baseline MEPs were collected
immediately prior to the PAS intervention, followed by an
immediate repeat of baseline at time 0 post, then every 10 min
with a final recording at 60 min.

Clinical, Functional, and
Neurophysiological Evaluation Across
Weeks

An upper limb clinical impairment measure (Fugl-Meyer scale,
FM) and a functional assessment (Wolf motor function test)
were performed at the start and end of the study, in order to
capture clinical status post 4 weeks of incremental memantine
administration and PAS, relative to baseline.

Participants performed a weekly dexterity test (9-hole peg test,
single trial, total time, seconds) and a strength test (maximum
grip, mean of 3 trials, 1bs.), with both the unaffected and the
affected hand, so as to capture any potential effects of brain
stimulation and drug on clinical function. Dexterity and strength
tests were performed at the scheduled clinic visit prior to the PAS
intervention. No upper extremity rehabilitation was provided.

RMT and sensory perceptual threshold were assessed weekly
to determine stimulator intensity for the PAS protocol.

Data Analysis

Motor Evoked Potential Processing

MEPs were visually inspected offline and analyzed for peak-to-
peak amplitude using Spike 2 software (Cambridge Electronic
Design, Cambridge, United Kingdom). The first two pulses
from each collection were routinely excluded, as were MEPs
with background EMG >25 pwV within 100 ms prior to the
TMS stimulus. The median MEP amplitude was averaged across
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participants at each time point for the group analysis, repeated
for each dose of drug.

Statistical Analyses

We compared the mean MEP amplitude over the 1st hour post-
PAS intervention versus MEP amplitude immediately before
intervention (baseline), with a non-parametric rank-sum test for
paired differences, and a one-sided p-value of 0.05 testing for an
increase in amplitude with PAS, for the off-drug condition and
for each memantine dose.

We also explored each 10-min interval of the 1st hour
post-intervention, comparing mean absolute change in MEP
amplitude, and the proportion of participants who increased,
using two-sided exact binomial tests. This was again repeated for
each memantine dose.

To assess potential long-term effects of PAS or memantine,
we compared clinical measures at the start of the study to the
same assessments 1 week after the last dose, using the non-
parametric rank-sum test for paired differences and a one-sided
p-value of 0.05.

Exploratory Responder Analysis

In secondary analyses, we stratified participants into PAS
responders and non-responders according to their response
to PAS in the baseline session (off-drug), as per Miiller-
Dahlhaus et al. (2015) and Strube et al. (2015), where responders
were defined as subjects exhibiting a post-intervention MEP
amplitude increase of >10% from baseline. We evaluated
clinical and neurophysiological features that were associated
with having a response to PAS. Interhemispheric difference
in corticospinal excitability was calculated by subtracting the
ipsilesional hemisphere RMT value from the contralesional
hemisphere RMT value for each subject. A RMT value of 100
was assigned for cases in which RMT was unable to be derived
from the ipsilesional hemisphere (Stinear et al, 2015). We

further evaluated the interaction between baseline responder
status and MEP amplitude increase post-PAS with the different
doses of memantine.

RESULTS

Participant Clinical Characteristics

Fourteen participants with chronic hemiparetic stroke were
enrolled and completed the study (age range 48-91 years, four
female/ten male, 6-161 months post-ischemic stroke; see Table 1
for baseline clinical and neurophysiological characteristics at
study entry, and Figure 1 for imaging of lesion location). Upper
limb Fugl-Meyer impairment score at study entry ranged from 7
to 60 points (mean 32.7, out of a maximum possible 66 points).
PAS and memantine appeared to be safe and well tolerated by
all participants; there were no adverse events related to the study
medication or PAS.

Within-Session PAS Effects

Paired  associative  stimulation  successfully  increased
corticospinal excitability in the contralesional hemisphere
in the baseline session without memantine. The mean MEP
amplitude was significantly higher after PAS intervention as
shown in Figures 2A,B (0.504 mV pre, 0.851 mV post, 0.346 mV
mean increase; 90% CI 0.055-0.638; one-sided p = 0.028, median
increase 0.364, one-sided p = 0.045; sample waveforms are shown
in Figure 3). The numerically largest increase in MEP amplitude
was seen 20 min post-intervention (Figure 2A), where 85.7% of
participants had increased MEP amplitude (one-sided p = 0.013),
and 78.5% had increased by at least 10% (one-sided p < 0.001).
With all doses of memantine (5-20 mg), there was no
significant increase in MEP amplitude after PAS at the group
level, suggesting that memantine blocked synaptic plasticity at the

TABLE 1 | Participant characteristics at study entry.

ID Time since onset (months) FM-UE WMFT (s) rMT (%MSO) Medication
V) A
P1 18 7 1613.9 47 NR Insulin, albuterol, tamsulosin
P2 94 19 1367.1 53 NR ASA, simvastatin, levetiracetam, levothyroxine, alendronic acid
P3 28 14 1802.6 54 NR ASA, escitalopram
P4 100 30 674 43 NR ASA, lisinopril
P5 27 48 54.3 48 NR Losartan, nebivolol, atorvastatin, sertraline
P6 46 20 1452.5 55 NR ASA, atorvastatin, escitalopram
P7 64 7 14481 42 NR ASA, amlodipine, simvastatin, tamsulosin, escitalopram
P8 161 50 35.3 53 61 Warfarin, metoprolol, lisinopril, digoxin, simvastatin, metformin
P9 80 34 56.7 49 51 ASA, lisinopril, simvastatin, tamsulosin, dutasteride
P10 35 53 30.6 43 48 ASA, carvedilol, quinapril, HCTZ, atorvastatin
P11 28 48 36.3 33 34 Apixaban, sotalol, atorvastatin, pantoprazole, citalopram, gabapentin, trazodone
P12 149 24 1665.7 49 46 Clopidogrel, atorvastatin, oxybutynin, hydrocodone
P13 6 60 27.9 44 64 ASA, atorvastatin, fluoxetine, baclofen
P14 20 44 65.6 35 53 ASA, atenolol, amlodipine-benazepril, atorvastatin, duloxetine, gabapentin

FM-UE, Fugl-Meyer Upper Extremity; WMFT, Wolf Motor Function Test; rMT, resting Motor Threshold; MSO, Maximum Stimulator Output; U, Unaffected Hemisphere; A,

Affected Hemisphere; NR, No Response; ASA, Aspirin; HCTZ, Hydrochlorothiazide.
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participant number.

FIGURE 1 | Axial MR/CT images for individual patients illustrating the stroke lesion. Images are displayed in radiological convention. Images are labeled by

range of doses tested, contrary to our prediction that low doses
would enhance PAS-induced plasticity. In the 5 mg condition'
(Figure 4A), MEP amplitude was not increased from baseline
following PAS intervention (0.589 mV pre, 0.597 mV post,
0.009 mV mean increase; 90% CI —0.174-0.191; p = 0.467;
median increase 0.0001, p = 0.620). With 10 mg memantine
(Figure 4B), MEP amplitude was again not found to increase
from baseline (0.622 mV pre, 0.728 mV post, 0.106 mV mean
increase; 90% CI —0.046-0.258; p = 0.119; median increase 0.078,
p = 0.195). Similarly, MEP amplitude was not increased from
baseline with 15 mg memantine (Figure 4C; 0.594 mV pre,
0.794 mV post, 0.200 mV mean increase; 90% CI -0.014-0.414;
p = 0.061; median increase 0.164, p = 0.077) or with 20 mg
memantine (Figure 4D; 0.642 mV pre, 0.642 mV post, 0.001 mV
mean increase; 90% CI -0.181-0.181; p = 0.499; median increase
0.001, p = 0.548).

Clinical, Functional, and
Neurophysiological Assessment Across
Weeks

We did not observe significant changes between the first and
last week of intervention in RMT in the ipsilesional hemisphere
(n = 7 evaluable, average change-0.71%MSO [90%CI -2.64,
1.22], p = 0.750) nor in the contralesional hemisphere (n = 14,
—0.61[3.27, 2.04], p = 0.656). We also observed no significant
changes in clinical measures of grip strength (1.43lbs [—2.59,
5.44], p = 0.270; affected n = 11, 4.54 [1-0.76, 10.85], p = 0.11
unaffected, n = 14), dexterity as measured with the 9 hole peg test
(—0.61s [—3.27, 2.04], p = 0.656 affected n = 6, 10.93 [—32.07,
53.94], p = 0.315 unaffected n = 14), or sensory perceptual
threshold (0.350 mA [—0.375, 1.075], p = 0.204).

Exploratory Responder Analysis

Eight of fourteen participants were classified as responders
to PAS, defined as subjects exhibiting a post-PAS MEP
amplitude increase of >10%. Responders had a mean post-
PAS increase of >200% in MEP amplitude (post/pre ratio,

'We conservatively removed one subject from analysis at 5 mg where the median
MEP value at baseline was <50 puV, who therefore showed a disproportionately
high response at over 15-fold increase.

30mg
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FIGURE 2 | MEP amplitude is significantly increased post-PAS intervention
relative to pre-PAS amplitude in the baseline off-drug session. Data are shown
depicting MEP amplitude change from baseline for individual time-points
post-PAS (A) and mean MEP amplitude for pre and the hour post-PAS (B).

2.23 [1.82; 3.33] Figure 5). The responders were clinically
more severe as shown by increased time on the Wolf Motor
Function Test (responder, mean = 1450 £ 719 SD sec
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200u VI

Pre-PAS Post-PAS

FIGURE 3 | Representative MEP waveforms from a single participant pre and
post-PAS intervention. Peak-to-peak MEP amplitude was enhanced by PAS in
the baseline session.

non-responder, 46 + 541, p = 0.028), lower grip strength
(responder, mean = 17.5 £ 13.3 SD Ilbs; non-responder,
53 £+ 275, p = 0.01), and TMS measures (six of eight
responders had no detectable MEP on the affected side;
versus one of six non-responders). Other clinical (FM) and
neurophysiological (RMT difference) measures were in the same
direction of greater severity, but were not statistically significant.
Baseline corticospinal excitability (RMT) in the contralesional
(intervention) hemisphere was comparable between responders
and non-responders (mean responder, 46.4 £ 7.1; mean non-
responder, 46.2 £ 6.9; median responder, 47.5 [42.8; 50.2];
median non-responder, 46.5 [43.2; 52.0] p = 1.00). There was
no significant interaction between responder status and the
mean increase in MEP amplitude post-PAS with any dose of
memantine (see Supplementary Table 1) (5 mg condition;
F = 0450, p = 0.823, 10 mg condition; F = 1.681, p = 0.128,
15 mg condition; F = 2.296, p = 0.190, 20 mg condition;
F=1.297, p = 0.295).

DISCUSSION

In the present study, we examined whether PAS MEP-
potentiation could be a surrogate biomarker of the likelihood
that a particular medication at an optimal dose may augment
plasticity. If proven viable, this methodology would be invaluable
to the field, as there is currently no accepted method in stroke
patients for evaluating the potential effectiveness or individual
responsiveness to varying doses of putative ‘plasticity enhancing’
drugs in an efficient, low-cost, cross-sectional manner. This
would be the first step toward trials testing therapeutic drugs
in combination with training aimed at improving motor
skills after disabling stroke. PAS has received interest for
improving motor function post-stroke (Jayaram and Stinear,
2008; Castel-Lacanal et al., 2009), however, response to a single
application as a window into the capacity for human brain
plasticity has not been evaluated in this context. We showed
that without memantine, PAS resulted in an after-effect of
heightened excitability (MEP amplitude increase) consistent
with the literature in healthy adults (Stefan et al, 2000;
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FIGURE 4 | MEP change from baseline after PAS with 5 mg (A), 10 mg (B),
15 mg (C), and 20 mg (D) memantine. Group MEP amplitude over the 60 min
following PAS was not significantly increased from baseline, with any dose of
memantine.

Player et al., 2012). When participants were assessed following
1 week of memantine administration, at every dose evaluated (5-
20 mg), excitability remained at baseline levels post-intervention,
indicating that the PAS-induced excitability enhancement was
blocked by memantine as assessed at steady-state. Although the
predictive value of PAS for drug-induced functional recovery
post-stroke has yet to be established, our data suggest that,
while clinical doses of memantine can penetrate into the CNS
to affect function, we found no evidence that it enhances
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FIGURE 5 | MEP amplitude pre and post-PAS (0-60 min) for responders
(mean post >10% mean pre) and non-responders, off-drug (ratio post/pre).
Solid lines show group mean, dotted show individual data. Black line is the
mean for the entire group. We note that approximately half of participants are
responders, with a mean increase of greater than 200% post versus pre.

plasticity in the contralesional hemisphere in those with chronic
hemiparetic stroke.

Effect of PAS Off-Drug

MEP amplitude was raised over the 60 min post-intervention
relative to baseline, with the most consistent effect across
participants occurring 20 min post-intervention. Delayed peak
after-effects have been previously reported (Miiller-Dahlhaus
et al., 2010). Variation in both the time-course and magnitude
of the PAS response could be influenced by factors including
disease state, lesion location, and concurrent medications. Stroke
patients typically have comorbidities (Ostwald et al., 2006),
managed with medications that may affect the response to
TMS (Siebner and Ziemann, 2007; Ziemann et al., 2014). In
our sample, thirteen of the fourteen participants were taking
drugs known to affect the response to brain stimulation,
or medications that have a similar neuro-pharmacological
mechanism of action to such drugs, including SSRI for the
treatment of depression (Siebner and Ziemann, 2007), and
anti-spasticity medication such as baclofen (Ziemann et al.,
2014). PAS response may also be influenced by genotype-
related differences such as BDNF and COMT polymorphism
interactions (Witte et al., 2012). Experimentally, we aimed to
reduce predicted variability in the quantified response by (a)
using a greater sample of MEPs post-intervention, which we have
previously shown can increase the sensitivity for detecting MEP
amplitude change (Bastani and Jaberzadeh, 2012), and (b) by
adjusting stimulus intensity to half-maximum MEP amplitude
at baseline, thus accounting for individual differences and
potential ceiling effects in contralesional hemisphere excitability.
Although inter-subject response variation is characteristic in
non-invasive neuromodulation (Wiethoff et al., 2014; Murase
etal., 2015; Schambra et al., 2015), our observed variation in MEP

amplitude increase post-intervention may suggest an alternative
methodological approach for PAS application in post-stroke drug
dosing studies (responder analysis; see below).

Drug Selection

Our selection of the drug memantine was in part based on prior
studies in hippocampal microcultures by Lipton et al, (Xia
et al., 2010). We hypothesized that low doses of the clinically
approved, use-dependent glutamate antagonist, memantine
(5-10 mg), would enhance PAS-induced excitability in the
contralesional hemisphere via its ability to selectively block
extrasynaptic glutamate receptors, while leaving synaptic
glutamate receptors unperturbed. Extrasynaptic glutamate
activity has been hypothesized to block plasticity-associated
gene expression mediated via activation of synaptic glutamate
(Hardingham and Bading, 2010). Contrary to our hypothesis,
the current study showed that PAS-induced neuromodulation
in chronic stroke was abrogated at all doses of memantine. This
finding also favors a synaptic LTP-like mechanism for post-PAS
excitability enhancement, and is consistent with a separate study
using intermittent theta burst stimulation (iTBS) in healthy
human subjects, where memantine blocked the excitability
enhancing effect of iTBS (Huang et al., 2007). It remains possible
that synaptic plasticity would be enhanced with memantine at
lower doses (<5 mg) than those tested in this study. Additionally,
Ziemann et al. (2004) demonstrated that LTP-dependent motor
learning can block subsequent induction of LTP via PAS due to
homeostatic metaplasticity; therefore, LTP-like plasticity induced
by memantine could have blocked the effects of further LTP
induction via PAS. This can be tested in future experiments using
a LTD-like PAS protocol.

Stability of Electrophysiological and

Clinical Measures

We did not observe significant changes in RMT, sensory
perception, or motor function across the study period, indicating
that both escalating drug dose, as well as weekly PAS
intervention, had no cumulative effect on these measures.
RMT, the individually adjusted minimum stimulator output
required to elicit consistent MEPs, did not change regardless
of the memantine dose, indicating high test-retest reliability
and no effect of drug on this measure. RMT is thought to
represent neuronal membrane excitability, since it is increased
by drugs that block voltage-gated sodium channels such as
carbamazepine (Ziemann et al., 1996), and is not affected by
drugs influencing glutamatergic synapse activity such as riluzole
(Liepert et al., 1997). Stable RMT across the study period was
important experimentally, as threshold-adjusted PAS stimulus
intensity remained constant, providing validity for between-
dose comparisons.

Somatosensory perceptual threshold for peripheral nerve
stimulation did not change across the 5 weeks of repeated PAS
and daily memantine administration, indicating a neutral effect
of memantine on sensory-afferent awareness and precision in
detection of peripheral stimuli. There was no change in measures
of impairment (Fugl-Meyer scale) or function (Wolf motor
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function test), thus clinical motor status remained stable over
the study period. The weekly dexterity and strength measures
also did not significantly vary. Taken together, these findings
indicate that while PAS plasticity is not observed in the presence
of memantine, there was no appreciable disruption to functional
performance in either the PAS-targeted hand (unaffected) or the
affected hand of chronic stroke patients, associated with weekly
escalating dose of memantine, and repeated exposure to PAS.

Exploratory Responder Analysis

In the present study, approximately 57% of participants were
classified as responders to PAS based on their response in the off-
drug condition, which is consistent with other studies, at slightly
above 50% (Miiller-Dahlhaus et al., 2008; Lahr et al., 2016). We
found that stroke symptom severity (measured by grip strength
and WMFT) and absence of MEP in the lesioned hemisphere
were predictors of response to PAS in the contralesional
hemisphere, where baseline excitability was comparable across
participants. This pattern of clinical and neurophysiological
features associated with responsiveness to PAS is consistent with
results described by Ferris et al. (2018). Plasticity induction
occurred more readily in the contralesional hemisphere of more
severe stroke patients, which could plausibly be due to a greater
propensity for hyperexcitability in the contralesional hemisphere.
We note that the degree of MEP amplitude increase post-
intervention in our responder population (mean 100-300%) was
higher than previous reports in the literature for healthy subjects,
which ranges from 20 to 78% (Ziemann et al., 2004; Fratello
et al., 2006; Miller-Dahlhaus et al., 2008; Ceccanti et al., 2018).
However, the relatively scarce studies of PAS response in stroke
subjects describe a wider range of response variability, with MEP
facilitation ranging from 40% to over 300% (Castel-Lacanal et al.,
2009; Palmer et al., 2018). We observed that five of the eight
responders in our population were taking SSRI medications,
which have been reported to enhance single pulse MEP amplitude
(Siebner and Ziemann, 2007) as well as augment PAS effects
(Batsikadze et al., 2013).

The effect of memantine was observed in both the PAS
responder (more clinically affected) and non-responder (less
clinically affected) groups. However, if a plasticity-enhancing
drug could be beneficial for a subgroup of patients who are more
severely affected but more susceptible to plasticity, this could have
important implications in stroke recovery and improve precision
in therapeutic prescription.

Limitations and Future Directions

As we tested the contralesional hemisphere, it is possible that
a differential effect of memantine occurs in the ipsilesional
hemisphere. We pursued to study the contralesional hemisphere
due to concerns of reliability and validity of the PAS protocol
in the ipsilesional hemisphere, as per Ferris et al. (2018).
Reduced efferent and/or afferent conduction, or absent response
completely, could impact the effectiveness of PAS, which is
considered to be dependent on a narrow window of arrival
of the peripheral stimulus afferent volley with the transcranial
motor cortex stimulation. Our current findings suggest that
the contralesional hemisphere is a suitable target for assessing

PAS-induced plasticity, since the RMT was not reduced (hyper-
excitable) in relation to our prior studies in chronic stroke
(Schambra et al., 2015), and was comparable in both responder
and non-responder participants.

While our sample size may not be large, one must appreciate
the extent of the investigation that was conducted. This study
comprised a total of seventy PAS sessions, each involving the
collection of 96 MEPs. This represents one of the largest trials
utilizing PAS in the stroke population, with the exception
of a single study examining PAS as a potential therapeutic
intervention for stroke recovery (Tarri et al., 2018). An aim of this
investigation was to explore PAS as a potential screening method
for drugs of interest in neurorehabilitation, prior to investing
additional time and resources in a more extensive trial. Our
results neither support nor preclude the use of PAS as an effective
screening tool for drug effects on plasticity. Further investigation
is warranted to determine whether the observations gleaned from
this trial are the results of homeostatic metaplasticity.

Since PAS-induced excitability modulation is thought involve
the NMDA receptor, as supported by our results with memantine,
future studies in a stroke population could test the effects of other
commonly used agents acting on the NMDA receptor, specifically
with drugs that enhance activation of the NMDA receptor
complex such as D-cycloserine (Lanthorn, 1994), or a newer
generation of memantine, nitromemantine (Takahashi et al,
2015). The specific strategy advocated here was to determine
the optimal dose for stimulating plasticity in the human brain
by using PAS potentiation as a surrogate marker of enhanced
plasticity. For example, PAS may have been useful to identify
whether the dose of D-cycloserine employed was optimal before
the longitudinal intervention trial in stroke rehabilitation (Butler
etal., 2015) which did not show a drug benefit.

Here, we studied a chronic stroke population, though
our approach could be applied in the early post-stroke
period to examine impact on plasticity with emerging
neuroprotective/neuroplasticity agents such as NA-1 (Tat-
NR2B9c¢), an inhibitor of postsynaptic density-95 protein (Hill
et al., 2012; Dobkin, 2017), or maraviroc, a CCR5 antagonist
(Sorce et al, 2010). The use of PAS as plasticity marker
should be contingent upon the reproducibility of studies of
PAS in stroke. We recommend first assessing response to
PAS and reproducibility prior to an individual entering the
drug arm of a study.

Finally, while our finding of PAS corticospinal excitability
enhancement serves as a motor domain specific effect that might
be useful in post-stroke hemiparesis, PAS could plausibly be a
surrogate for drug-effects on plasticity in non-motor domains.

CONCLUSION

We report the first study using non-invasive neuromodulation
to assay plasticity in the post-stroke human motor system for
the purpose of testing a clinically used neuroplasticity drug with
potential utility in neurorehabilitation. We showed that PAS is
effective for increasing corticospinal output in the contralesional
hemisphere in chronic post-stroke upper limb paresis, and may
serve as an assay for CNS target engagement for drugs of interest
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in post-stroke motor recovery. Applying this model to test a
candidate drug, memantine, we found that memantine blocked
PAS-induced plasticity, indicating CNS target engagement, but
our findings do not support the use of memantine at the doses
tested for enhancing motor system plasticity for rehabilitation.
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The Papez circuit, including the fornix white matter bundle, is a well-known neural
network that is involved in multiple limbic functions such as memory and emotional
expression. We previously reported a large-animal study of deep brain stimulation (DBS)
in the fornix that found stimulation-induced hemodynamic responses in both the medial
limbic and corticolimbic circuits on functional resonance imaging (fMRI) and evoked
dopamine responses in the nucleus accumbens (NAc), as measured by fast-scan cyclic
voltammetry (FSCV). The effects of DBS on the fornix are challenging to analyze, given
its structural complexity and connection to multiple neuronal networks. In this study,
we extend our earlier work to a rodent model wherein we characterize regional brain
activity changes resulting from fornix stimulation using fludeoxyglucose (*8F-FDG) micro
positron emission tomography (PET) and monitor neurochemical changes using FSCV
with pharmacological confirmation. Both global functional changes and local changes
were measured in a rodent model of fornix DBS. Functional brain activity was measured
by micro-PET, and the neurochemical changes in local areas were monitored by FSCV.
Micro-PET images revealed increased glucose metabolism within the medial limbic and
corticolimbic circuits. Neurotransmitter efflux induced by fornix DBS was monitored
at NAc by FSCV and identified by specific neurotransmitter reuptake inhibitors. We
found a significant increase in the metabolic activity in several key regions of the medial
limbic circuits and dopamine efflux in the NAc following fornix stimulation. These results
suggest that electrical stimulation of the fornix modulates the activity of brain memory
circuits, including the hippocampus and NAc within the dopaminergic pathway.

Keywords: fornix, nucleus accumbens, deep brain stimulation, dopamine, positron emission tomography, fast-
scan cyclic voltammetry

INTRODUCTION

The Papez circuit is a well-known neural network that is involved in multiple limbic functions
such as memory and emotional expression (Rajmohan and Mohandas, 2007). The circuit consists
of the hippocampus, fornix, mammillary body, anterior nucleus of the thalamus, cingulate cortex,
parahippocampal gyrus, and entorhinal cortex (Mesulam, 2000). Studies show that the interactions
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between the Papez circuit (medial limbic) and mesocorticolimbic
circuits, including the amygdala (AM), nucleus accumbens
(NAc), and prefrontal cortex (PFC) are vital to consolidation
and retrieval of memory (Hamann et al, 1999; Lisman and
Grace, 2005; Carr et al., 2011; Badre et al., 2014; Schedlbauer
et al., 2014; Horner et al,, 2015). Also, in dementia patients,
memory decline has been shown to correlate with the dysfunction
of intrinsic connectivity between the hippocampus, PFC, and
striatum (Greicius et al., 2004; Buckner et al., 2005; Zhou
and Seeley, 2014). These findings highlight the importance
of studying the interaction between the medial limbic and
mesocorticolimbic circuits (Ito et al., 2008; Mikell et al., 2009;
Kahn and Shohamy, 2013; Bagot et al., 2015).

The fornix serves as the major structure between the
hippocampus and the mammillary bodies with additional
projections to the hypothalamus. Animal studies have
demonstrated that lesions or transection of the fornix will
hinder memory function in experimental behavior tests (Charles
et al., 2004; Fletcher et al., 2006; Mala et al., 2012). A clinical trial
investigating deep brain stimulation (DBS) of limbic circuitry as
a treatment for morbid obesity resulted in unexpected effects on
specific memory functions, evoking detailed autobiographical
memories, and enhancing performance on associative memory
tasks (Hamani et al., 2008). Based on this finding, DBS was
applied to the fornix to address the memory dysfunction
associated with dementia in a small cohort of patients with
Alzheimer’s disease (AD) (Laxton et al.,, 2010; Fontaine et al.,
2013; Holroyd et al., 2015; Lozano et al, 2016; Ponce et al,
2016). Although the results of the clinical trial were favorable,
we do not fully understand the mechanism by which electrically
stimulating the fornix bundle affects memory function, nor its
broader effects on other circuits with which the fornix bundle
interacts (Vann, 2013; Ross et al., 2016).

The major challenge in determining the effects of fornix DBS is
the complexity of the neuroanatomic and functional connections
of the fornix. It is involved in numerous cognitive processes
that have diverse axonal pathways, such as the medial limbic
and the mesocorticolimbic circuit components. Adding to the
complexity is a wide range of axonal fiber effects involving the
hippocampus, medial temporal lobe, and NAc (Saint Marie et al.,
2010; Kahn and Shohamy, 2013; Bagot et al,, 2015). In a large-
animal functional magnetic resonance imaging (fMRI) study,
we previously demonstrated that fornix DBS elicits functional
interactions between the medial limbic and mesocorticolimbic
circuits and partially regulates major excitatory input into and
through the NAc (Ross et al., 2016).

There have been few systematic studies of the functional
network effects of fornix stimulation or the neurochemical
changes that it can induce. The goal of the present study was
to characterize both the regional brain activity and the specific
neurochemical changes associated with fornix stimulation in
rodents. To do so, we used micro positron emission tomography
(PET) imaging to measure the uptake and accumulation
of fludeoxyglucose (8F-FDG) as a tracer for brain activity.
Molecular imaging systems with specific tracers have been
proposed as a biomarker-based approach to investigating the
neural mechanisms for neurodegenerative diseases such as

Parkinson’s disease (PD), AD, and epilepsy (Lenkov et al., 2013;
Joutsa et al., 2017; Matarazzo et al., 2018; Valotassiou et al.,
2018). This technique was developed to monitor specific regional
brain activity in small animals (Mirrione et al., 2007; Jang et al.,
2009a, 2012; Frankemolle et al, 2010). To monitor specific
neurotransmitter changes, we used fast-scan cyclic voltammetry
(FSCV), which is a real-time electrochemical monitoring system
(Agnesi et al., 2009; Bledsoe et al., 2009).

MATERIALS AND METHODS
Subjects

All procedures were performed in accordance with the National
Institutes of Health Guidelines for Animal Research (Guide for
the Care and Use of Laboratory Animals), and the Hanyang
University Institutional Animal Care and Use Committee
approved all experimental procedures. The subjects consisted of
adult male Sprague Dawley rats (300-350 g, Koatech, Korea)
(total n = 18; n = 15 for the PET study, and n = 3 for the FSCV
study). Subjects were housed in cages containing two or three
animals each, with 12-h light and dark cycles, 50-60% humidity,
and ad libitum access to food and water.

Stereotactic Surgery

All subjects were anesthetized with Zoletil (0.1 mL/100 g,
5 mg/mL, Virbac, France) 30 min before surgery and were
positioned into a stereotaxic frame (David Kopf Instruments,
United States). Body temperature was maintained at 37°C with a
heating pad (TCAT-2, Harvard Apparatus, United States). A burr
hole was drilled into the skull according to coordinates based
on Paxinos and Watson’s Rat Brain Atlas (Paxinos and Watson,
1997). A twisted bipolar stainless steel electrical stimulation
electrode (diameter 125 pum, 500 pum exposure, Polyimide coated,
Plastics One, United States) was implanted into the fornix (AP:
—1.88 mm, ML: +1.3 mm, DV: —8.3 mm) (Figure 1B). Once
the stimulating electrode was positioned at the optimal location
for targeting the fornix, it was fixed firmly to the skull with
three to four screws that were fixed in place with light curing
dental cement (CharmmFil Flow, DenKist, Korea). Subjects were
monitored for a week of recovery post-surgery.

Micro-PET Acquisition

Two micro-PET (Focus 120 MicroPET, Concorde Microsystems,
Knoxville, TN, United States) scans were conducted for each of
15 subjects with either “stimulation on” or “stimulation off;” as
outlined in Figure 1A. The 15 subjects were randomly assigned
to one of two groups: “stimulation on” (n = 8) or “stimulation
oft” (n = 7) in the first week. In week 2, the conditions were
reversed so that the eight subjects who had been scanned during
“stimulation on” in the first week were scanned with “stimulation
oft) and the seven subjects who had “stimulation oft” in week 1
were scanned with “stimulation on” in week 2. Prior to micro-
PET scanning, subjects were kept in cages for 30 min in a room
maintained at 30°C to maximize '8F-FDG uptake, as previously
described (Fueger et al., 2006). '8F-FDG (500 Ci/100 g) was
injected into the tail vein under light anesthesia with Zoletil
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FIGURE 1 | Micro-PET experiment protocol and electrodes placement verification by histology. (A) Mirco-PET experiment protocol diagram. (B) Left: Diagram of
electrode location in rat brain. Right: Location of stimulation electrodes implanted into the fornix (AP —1.88 mm, Paxinos and Watson). Each pair of colored circles
marks the tip of the stimulation electrode. Arrows in rectangular image indicate where electrode tips are located in brain histology slices.

(0.03 mL/100 g, 5 mg/mL, Virbac, France). Subjects then stayed in
an awake state in the cage for another 30 min for 'F-FDG uptake
with or without electrical stimulation (100 (LA amplitude pulses
at 120 Hz and a pulse width of 2 ms, biphasic). After 30 min of
uptake, subjects were put into the PET scanner. The transition
time took <1 min. During the PET scan, subjects were under 2%
isoflurane anesthesia.

PET Post-processing and Statistical
Analysis

Fludeoxyglucose micro-PET images were reconstructed using
the ordered subset expectation maximization (OSEM) algorithm
with 10 iterations. Using MRIcro (MRIcro Software, Georgia
Institute of Technology, Atlanta, GA, United States), an
individual mask was applied to extract the whole brain only.
These images were normalized to an '8F-FDG rat brain template
(Ref, Jang) using a statistical parametric mapping (SPM) program
applying six-affine rigid-body transformation smoothed with
an isotropic Gaussian kernel (I mm FWHM). Proportional
signal scaling was applied for global normalization. A general
linear model was applied, conducting paired t-tests comparing

stimulation on-off effects across subjects (n = 15) in SPM.
The statistical threshold was set at P < 0.05 (false discovery
rate, FDR). The '®F-FDG rat brain template has a matching
T1-weighted magnetic resonance imaging (MRI) template that
matches to Paxinos-atlas space (Schweinhardt et al., 2003; Jang
et al., 2009b). The t-value map was overlaid onto the T1 MRI
for display in Figure 2. The maximum ¢-value coordinate for
each brain region was extracted based on the MRI template
and Paxinos atlas. From these maximum ¢-value coordinates,
individual raw FDG PET data were further extracted and
normalized to the individual cerebellum value creating standard
uptake values ratio (SUVR) used for Figure 3.

Fast-Scan Cyclic Voltammetry

Three subjects that were not part of the micro-PET study
underwent FSCV recording in NAc during fornix stimulation.
Electrochemical changes were recorded using conventional
electrochemical sensing carbon fiber microelectrodes (CFMs)
fabricated as described previously (7 pm diameter; 50-100 pm
length exposed) (Chang et al, 2012). All procedures were
conducted under anesthesia with Zoletil (0.1 mL/100 g, 5 mg/mL,
Virbac, France). Surgical procedures similar to those for inserting
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the stimulating electrode were followed when two additional
burr holes were made for (1) CFM implantation into the NAc
(AP: +1.2 mm, ML: +1.4 mm, DV: —6.5 mm to —7.8 mm)
and (2) a reference electrode (Ag/AgCl) implanted into the
contralateral hemisphere. Neurotransmitter changes in the NAc
during fornix stimulation were measured using the Wireless
Instantaneous Neurotransmitter Concentration Sensor (WINCS)
system (Agnesi et al., 2009; Bledsoe et al., 2009). Conventional
triangular waveforms (—0.4 to 1.5 V versus Ag/AgCl at 400 V/s)
were applied at 10 Hz. Background subtraction was performed
by subtracting the average of 10 voltammograms acquired prior
to electrical stimulation from each voltammogram acquired
after stimulation. FSCV recording began after the stabilization
of the electrode. Once the stimulation electrode was fixed at
the fornix, the dopamine release by electrical stimulation was
measured by lowering the CFM 100 pm into the NAc each
time, with 10 min interval for recovery. Electrical stimulation
was applied by an isolated pulse stimulator system utilizing
the parameters: 300 wA amplitude pulses at 120 Hz and a
pulse width of 2 ms, biphasic, for 2 s, additional details
are available in the Supplementary Figure S1 (A-M system
Model 2100, United States). A pharmacological confirmation of
NAc neurochemical changes due to fornix electrical stimulation
was conducted in all three FSCV subjects (Lee et al., 2006).
A dopamine selective reuptake inhibitor was administered
after neurotransmitter detection. Nomifensine was obtained
from Sigma-Aldrich (20 mg/kg, St. Louis, MO, United States)
and dissolved in 0.9% NaCl saline and injected into the
intraperitoneal space.

Histology and Staining

At the end of the experiment after euthanization, target site
confirmation was conducted by histology in five subjects
randomly selected from the micro-PET experimental group to
confirm the fornix site and in the three FSCV subjects to
confirm the NAc site. Each subject was exposed to a high
current (1 mA for 10 s) to mark electrolytic lesions with the
electrodes. The brains were removed and stored for 24 h in
4% paraformaldehyde solution [40 g/L in phosphate-buffered
saline (PBS)] at 4°C. The brains were then immersed in a
30% sucrose in PBS solution for 48 h until they sank to
the bottom of the container. The brains were then sliced
into 50-pm-thick sections and mounted on glass slides. Brain
slices were placed directly into chloroform for 30 min and
then rehydrated by applying decreasing concentrations (100,
95, and 70%) of ethyl alcohol in distilled water. Brain slices
were stained with 0.1% cresyl violet solution and examined
microscopically to determine the location of each electrode
tip in the brain.

RESULTS

Histological Verification of Electrode
Positions

After the completion of the measurements, the positions of the
electrodes for the micro-PET study were histologically verified
(n = 5, Figure 1B). The histological analysis showed that the
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FIGURE 3 | Effects of fornix deep brain stimulation on glucose metabolism. Comp

PVC, primary visual cortex; VTA, ventral segmental area; and SN, substantia nigra.

relative to fornix stimulation “on” and fornix stimulation “off.” Data presented are mean + SEM values. *Values that differ significantly between fornix DBS off and on
according to paired t-test (*p < 0.05, **p < 0.001). NAc, nucleus accumbens; HP, hippocampus; PMC, primary motor cortex; PSC, primary somatosensory cortex;

arisons of '8F-FDG uptake in the brain regions shown as increase/decrease

twisted bipolar stainless steel electrical stimulation electrodes had
been implanted in the fornix area accurately. In targeting the
fornix, we avoided the medial forebrain bundle (mfb), which
contains direct dopaminergic fibers from the ventral tegmental
area (VTA), and histology confirmed that the stimulation
electrode was not in close proximity to the mfb. Histological
analysis (Figure 4B) for the FSCV experiment showed that the
CFM had been implanted accurately close to the NAc in all
three FSCV subjects.

Fornix Electrical Stimulation Results in
Micro-PET Images Show Increased
Glucose Metabolism Within the Medial

Limbic and Corticolimbic Circuits

Figure 3 summarizes glucose metabolism changes during fornix
electrical stimulation and their relative statistical significance,
as determined by paired t-tests comparing “stimulation on”
with “stimulation off.” Micro-PET imaging revealed that fornix
stimulation induced a significant glucose metabolism increase
in the medial limbic and corticolimbic circuits, including the
hippocampus, mammillary body, and anteromedial thalamus
(FDR < 0.05, n 15) (Figure 2). Fornix stimulation
also generated a robust glucose metabolism increase in the

ipsilateral NAc as well as increases in numerous other regions,
including the lateral habenular, periaqueductal gray, AM,
and septal area. We also observed significant decreases in
glucose metabolism in several regions, including the primary
motor cortex (PMC), primary somatosensory cortex (PSC),
primary visual cortex (PVC), and cerebellum. The global
mean of FDG uptake revealed no significant differences
between the fornix electrical stimulation on and stimulation
off conditions. However, specific brain regions, including the
fornix, NAc (ipsilateral), hippocampus, septal area, anteromedial
thalamus, hypothalamus, AM, lateral habenula, mammillary
body, periaqueductal gray, PMC, PSC, PVC, VTA, and substantia
nigra (SN) did reveal significant differences in FDG uptake
between the stimulation on and stimulation off conditions
(*p < 0.05, **p < 0.001). There were no significant differences
in the contralateral NAc relative to the stimulation on and
stimulation off conditions.

Neurotransmitter Efflux Induced by

Fornix Electrical Stimulation

We used FSCV to measure neurochemical changes in the
NAc during fornix stimulation (#n = 3). During phasic fornix
stimulation (2 s), dopamine release was detected in vivo
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FIGURE 4 | Dopamine release as measured by FSCV in the nucleus accumbens during fornix stimulation. (A) Left: Confirmation of dopamine release by using
dopamine selective reuptake inhibitor; control (solid), and 60 min after dopamine reuptake inhibitor administered (dash). Background subtracted voltammogram from
60 min after dopamine reuptake inhibitor administered showed significant increase compared to control. Right: Representative color plots of dopamine in vivo. Black
vertical line (dash) denotes time of fornix stimulation. Current versus time plot at +0.6 V comparing DA release before and after dopamine reuptake inhibitor
administered. Red square indicates 2 s when fornix stimulation was applied. (B) Location of FSCV CFM electrodes implanted into the NAc (AP 1.2 mm, Paxinos and
Watson). Each colored circle marks the tip of the FSCV CFM electrodes. Arrow in rectangular image indicates where CFM tip is located in the brain histology slices.
FSCV, fast-scan cyclic voltammetry; CFM, carbon fiber microelectrode; and NAc, nucleus accumbens.

in the NAc (Figure 4). The current-voltage curve confirms dopamine reuptake inhibitor showed a significant increase of
the oxidation peak at 0.6 V and the reduction peak at neurotransmitter efflux 60 min after administration compared to
—0.2 'V, showing characteristic FSCV dopamine markers. For the control condition by fornix stimulation alone. As shown in
further confirmation, we administered nomifensine, an inhibitor ~ Figure 4B, histologic analysis confirmed that the CFM had been
specific to dopamine reuptake. As shown in Figure 4A, the accurately implanted close to the NAc in all three FSCV subjects.
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DISCUSSION

In the present study, we confirmed that fornix stimulation within
the Papez circuit could induce NAc activity and further efflux
of dopamine. These findings are consistent with our large-
animal fMRI and FSCV study of fornix stimulation (Ross et al.,
2016) and a relevant recent rat study that showed that chronic
forniceal DBS significantly reduces amyloid deposition in the
hippocampus and cortex, decreases astrogliosis and microglia
activation, and lowers neuronal loss (Leplus et al., 2019). The
micro-PET results revealed that fornix stimulation increases
glucose metabolism in medial limbic circuits, including the
hippocampus, mammillary bodies, and anteromedial thalamus.
Other regions, such as the septal area, lateral habenula, AM, and
periaqueductal gray, also showed increased glucose metabolism.
In contrast, glucose metabolism was decreased in the PMC,
PSC, and PVC. These increases and decreases in brain activity
suggest that the fornix is part of a major limbic system
pathway, the Papez circuit, which is primarily involved in
certain aspects of cortical control of emotional processing
and memory storage.

Additionally, fornix stimulation significantly increased
activation in the NAc. In particular, encoding and consolidation
of memories require the stimulation of dopamine receptors
as part of a hippocampal-striatal-prefrontal loop that
orchestrates the formation of new memories (Lisman and
Grace, 2005; Axmacher et al., 2010). This finding may reflect
the strategic position of the fornix in the brain, in that
ventral hippocampal glutamatergic afferent bundles pass
through the fornix to NAc medium spiny neurons (French and
Totterdell, 2002, 2003; Sesack and Grace, 2010; Britt et al., 2012;
MacAskill et al., 2012).

The NAc works as an interface between the limbic cortex
and the midbrain structures involved in motor performance.
The fornix carries limbic inputs to the ventral striatum, which
then projects them to the NAc. It also carries fibers arising
in the septal area that project to the hippocampal formation
and to other areas of the rostral forebrain (Boeijinga et al,
1993). Another study suggests that there may be indirect
connections between the fornix and the NAc from the dorsal
CA3 (Cornu Ammonis areas) via the VTA (Luo et al.,, 2011).
A non-human primate study found that the fornix contains
500,000 fibers projecting to and from various regions, including
projections from the CA3 that target the mammillary bodies
and the NAc (Talakoub et al,, 2016). An fMRI study previously
reported that fornix DBS could serve as a functional connection
between the medial limbic and mesocorticolimbic circuits and
may modulate presynaptic dopamine efflux in the NAc (Ross
et al., 2016). The combination of these anatomic and functional
studies suggests that fornix stimulation drives NAc input
and output, which triggers the activity of the hippocampus
and/or the thalamus.

Several research papers have verified the neuronal framework
for dopamine efflux in the NAc induced by fornix stimulation.
One rodent study suggested that stimulation of the ventral
subiculum of the hippocampus evoked dopamine release
in the NAc by synaptic activation of both ionotropic and

metabotropic glutamate receptors (Blaha et al., 1997). The
majority of cells in the NAc are GABAergic neurons with
predominantly extrinsic innervation via excitatory glutamatergic
projections from the hippocampus, PFC, and AM (Kelley and
Domesick, 1982; Friedman et al, 2002; Sesack and Grace,
2010). NAc dopamine is known to play an important role
in motor activity and in behaviors governed by drugs and
natural reinforcers, as well as in non-associative forms of
learning (Mele et al., 2004). Because the fornix is part of
the Papez circuit, fornix stimulation-driven efflux of dopamine
in the NAc may carry information related to memory and
emotion (Halbig et al., 2011). Previously, it was shown that
synchronized electrical stimulation of the dopamine pathway
and the hippocampal pathway generates an additive fMRI
response in the NAc, suggesting a modulatory role for dopamine
in the hippocampal pathway (Krautwald et al, 2013). By
modulating hippocampal activity, dopamine is thought to
play a role in the motivational relevance of memory content
(Shohamy and Adcock, 2010).

We do not have a good explanation for the decreased
metabolism in the PMC, PSC, and PVC. All of the positive
metabolism brain areas correspond well with the Papez circuit,
but these decreased-metabolism brain areas are not in the Papez
circuit. First, looking for a possible circuitry connection and
not discussing the decreased signal, one possible explanation
of the effect in the PMC, PSC, and PVC is the role of the
AM. The amygdaloid complex contains many nuclei involved
in both sensory and motor functions (Vann and Nelson, 2015).
The NAc and septal area also have sensory-motor connections,
so there could be a possible secondary connection. This could
be further supported by the NAc having a bilateral connection
to both hemispheres. The NAc also has connections from the
AM, supporting our finding of metabolic changes in the AM and
neurochemical changes in the NAc after fornix stimulation. Our
previous study (Ross et al., 2016) showed both ipsilateral and
contralateral somatosensory BOLD responses, which indicated
circuit involvement between the hippocampus and PSC. In
terms of the functional distribution of the forniceal fibers,
part of the fornix carries fibers from the caudal hippocampus
that process exteroceptive signals (Raslau et al, 2015), and
lesion or damage to the fornix lead to visual discrimination
deficits (Lech et al., 2016). Another possible explanation of
the decreases is that electrical stimulation affected not only
the fornix but also brain regions near the fornix such as the
hypothalamic area. Hypothalamic DBS studies reported that
functional imaging revealed stimulation-induced deactivations
in the PSC (May et al., 2006; May, 2008). The final possibility
is that the observed changes are artifacts of the PET analysis
method, for example, the proportional scaling for global
normalization. This method would work well for focal changes
induced by experimental treatments but could bias the statistical
analysis when relatively wide brain areas are involved. Because
local changes can be smeared in wide brain areas due to
the low spatial resolution of [F-18]FDG micro-PET in rat
neuroimaging, the proportional scaling may cause type I or type
IT errors in the analysis due to over- or under-estimation of
global activity.
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Among the limitations of the present study is the fact that
the evoked dopamine findings represent the effects of short-
term stimulation (2 s) due to the inherent long-term drifting
of FESCV for longer periods (Heien et al., 2005), while FDG-
PET can measure 30 min of continuous stimulation effects.
Further study is needed to understand if these phasic dopamine
findings would impact behavioral memory test scores. Secondly,
experiments, such as this one, conducted under anesthesia
may not represent the activation effects found when subjects
are conscious. The micro-PET FDG protocol can be used to
measure conscious-state brain activity (Mizuma et al., 2010),
and thus this study likely confirms a platform from which to
conduct conscious-state behavioral tests during FDG uptake
and PET imaging. Lastly, an inherent limitation of electrical
stimulation is that it can activate unwanted and non-specific
brain areas near the targeted region. For this reason, we took
a cautious approach to avoided possible direct stimulation
of the mfb, which contains dopaminergic fibers, given that
the electrical current spread for rodent-use micro-electrodes is
reported to be <1 mm (Lozano et al., 2002). Although there are
inherent limitations to translating findings from healthy small
animals to human pathologic conditions, the global and local
patterns of molecular imaging in this study reveal potential
neuronal mechanisms underlying fornix DBS (Ross et al., 2016;
Fu et al.,, 2018).

CONCLUSION

In conclusion, the results of this rodent study provide
a platform to investigate the interactions between the
Papez and mesolimbic circuits related to certain aspects
of memory function. Our findings support the concept
that electrical stimulation of the fornix increases brain
activity and controls dopamine efflux in the NAc and
suggests that further exploration of the neuromodulatory
effects of fornix DBS is warranted relative to its potential
therapeutic impact on certain aspects of memory and
emotional processing.
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Transcranial electrical stimulation is an important neuromodulation tool, which has
been widely applied in the cognitive sciences and in the treatment of neurological
and psychiatric diseases. In this work, a novel non-invasive method of transcranial
electrical stimulation with high-resolution transcranial magneto-acoustic stimulation
(TMAS) method has been tested experimentally in living mice for the first time. It
can achieve spatial resolution of 2 mm in the cortex and even in the deep brain
regions. The induced electrical field of TMAS was simulated and measured using a
test sample. Then, an animal experimental system was built, and the healthy as well
as Parkinson’s disease (PD) mice were simulated by TMAS in vivo. To investigate the
effect of transcranial ultrasound stimulation (TUS) at the same time as TMAS, a TUS
group was added in the experiments and its results compared with those of the TMAS
group. The results not only demonstrate the high-resolution ability and safety of TMAS,
but also show that both TMAS and TUS improved the synaptic plasticity of the PD
mice and might improve the spatial learning and memory ability of the healthy mice
and the PD mice, although the improvement performance of the TMAS group was
superior to that of the TUS-group. Based on the in vivo TMAS studies, we propose that
TMAS functions as a dual-mode stimulation combining the electric field of the magneto-
acoustic effect and the mechanical force of TUS. Our results also provide an explanation
of the mechanism of TMAS. This research suggests that future use of US stimulation in
magnetic resonance imaging (MRI)-guided studies should involve careful consideration
of the induced magneto-acoustic electrical field caused by the static magnetic field
of MRI.

Keywords: transcranial focused electrical simulation, transcranial magneto-acoustic stimulation, animal
experiment, transcranial ultrasound stimulation, neuromodulation

INTRODUCTION

Transcranial electromagnetic stimulations have been widely applied in the cognitive sciences and in
the treatment of neurological and psychiatric diseases (Fregni and Pascual-Leone, 2007; Bergmann
et al,, 2016; Grossman et al., 2017). They directly create electrical fields (E-fields), which influence
the electrical activities of neurons in the brain by electrical current injection or magnetic induction.
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At present, transcranial magnetic stimulation (TMS) (Rotenberg
etal., 2014) is the most popular form of non-invasive transcranial
electromagnetic stimulation. It utilizes magnetic energy that
passes through the skull without attenuation to modulate neural
activities and has been used to treat various brain disorders,
including tremors, depression, seizures, schizophrenia, pain, and
tinnitus (Theodore et al., 2002; Loo and Mitchell, 2005; Borckardt
etal., 2006; Luetal,, 2015; Amiaz et al., 2016). However, given that
electromagnetic fields obey Laplace’s equation, it is impossible
to create local maxima in the field intensity, no matter what
the configuration of the source coils (Norton, 2003). TMS often
does not achieve adequate spatial resolution on the millimeter
scale, and it is helpless for specific activation of neuronal cells
in a region less than 5 mm (Deng et al., 2013; Markovitz et al.,
2015; Guo et al., 2018). In addition, because its magnetic focusing
becomes poorer as the penetration depth increases, TMS is
not suitable for the stimulation of deep brain tissues. Usually,
deep brain stimulation (DBS) (Pereira et al., 2007; Khabarova
et al, 2018) is used to stimulate deep brain areas accurately
by placing electrodes in the inner area of the brain. However,
this involves neurosurgical surgery, which makes it a highly
invasive method.

Norton (2003) proposed the novel idea of using ultrasound
(US) for focused electrical stimulation by Lorentz forces. This
was expected to achieve a focused electrical field with spatial
resolution of millimeter scale in the cortex and even in the
deep regions. According to Norton, the stimulating electrical
field would be induced not by an electric or magnetic field
directly, but by the combined action of a US wave and a
static magnetic field based on the magneto-acoustic effect. The
ion motion created by an ultrasonic wave would form a Hall
electric field generated by Lorentz forces. In theory, the induced
electric field is consistent with the focused ultrasonic field in
a homogeneous medium. In 2006, Zhang et al. (Hongmiao
et al., 2005) tested Norton’s theoretical format. They analyzed
the electrical signals in a gel saline phantom resulting from
a combination of ultrasonic signals and static magnetic field
and found that the electrical signals were consistent with the
ultrasonic signals in the frequency domain. Yuan et al. (2016)
focused on the neuronal firing pattern of Norton’s method, which
they called transcranial magneto-acoustic stimulation (TMAS).
They investigated the stimulatory mechanism of TMAS using the
Hodgkin-Huxley neuron model and presented simulation results
for the neuronal firing pattern. Zhang et al. (2018) improved
the stimulatory mechanism of this method by considering the
membrane capacitance of neuron changes under an ultrasonic
radiation force, based on the Izhikevich model, and also produced
simulation results for the firing activity of neurons.

In this paper, we evaluate this novel high-resolution
transcranial electrical simulation method, which we also call
TMAS, using simulations and measurements of the induced
electrical field, as well as in vivo animal experiments for the
first time. Here, a TMAS system was built and the intensity and
distribution of the focused electrical field were measured using a
short copper wire. Based on this system, we designed parameters
to form a proper stimulated electrical field to stimulate both
healthy mice and mouse models of Parkinson’s disease (PD)

by TMAS in vivo. Behavioral tests and electrophysiology
studies were performed to explore the biological effects of
this novel TMAS.

Moreover, we achieved high-resolution electrical stimulation
by utilizing a highly collimated ultrasonic beam in the energy
of a static magnetic field, showing that the TMAS process
inevitably contains US stimulation, owing to their similar systems
and physical principles. In recent years, multiple studies have
demonstrated that US can successfully modulate neural activity
in the brain at different frequencies (0.3-5 MHz) and different
intensity levels (0.02-1000 W/cm?) in wild-type animals and
humans (Tufail et al., 2011; Baek et al., 2017; Sato et al.,
2018). Here, we also investigated the effects of transcranial
ultrasound stimulation (TUS) on the TMAS process. In the
animal experiments, a TUS treatment group was compared with
the TMAS treatment group with respect to the behavioral and
electrophysiology results. The electrophysiology results show that
both TMAS and TUS improved the synaptic plasticity of the PD
mice. And the behavioral results suggested that both TMAS and
TUS might improve the learning and memory ability of both
the healthy mice and the PD mice as supplementary, due to
the limitation by the sample size of the behavioral tests (3 or
4 mice per treatment group). In addition, both the healthy and
the PD mice, the TMAS group showed better performance than
the TUS group. Based on the in vivo results, we suggest that
TMAS is a complex stimulation combining the electric field of
the magneto-acoustic effect and the mechanical force of TUS. The
results also provide an explanation of the mechanism of TMAS.
Finally, we suggest that the use of TUS in magnetic resonance
imaging (MRI) scanners may in future require consideration of
the induced magneto-acoustic electrical field (E-field) caused by
the strong static magnetic field of MRI.

MATERIALS AND METHODS
Theory of TMAS

The TMAS method is based on the magneto-acoustic effect of
conductive tissue, illustrated as the central region in Figure 1. The
longitudinal particle motion of an ultrasonic wave causes the ion
to oscillate back and forth in the medium with velocity V. In the
presence of a static magnetic field, By, the ions are subjected to
the Lorentz force Fy, and form the equivalent electrical field E,
i.e., the simulated electrical field of TMAS:

[ FLz = quB()x (1)
Fg, = qEz
Considering the Fg; = Fp:

E, = VyBOx (2)

Eq. 2 can also be written as the vector expression: E = V x Bj.
As] = oF, where o is the conductivity of the tissue, the current
density in the tissue can be written as:

Jz = oV}, Box (3)
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FIGURE 1 | E-field distribution detection system for TMAS.

For the plane cosine wave, the relationship between the acoustic
pressure Py, and the vibration velocity V), can be expressed as:

4)

where p is the density of the tissue and ¢, denotes the acoustic
speed in a tissue. Then Eq. 1 can be written as:

Py, = pcsVy

1

{ B = e )
]z - EP yBOX

Using Eq. 5, it can be shown that the induced (or coupled)
electrical field E is simultaneously perpendicular to the direction
of the static magnetic field By, as well as the acoustic field
propagation. The intensity of E is related to the values p,
o, ¢ of the tissue, By, and the applied acoustic pressure P.
The distribution of E is consistent with the distribution of an
acoustic field in a homogeneous medium. This means that we
can obtain high-resolution electrical stimulation by utilizing a
highly collimated ultrasonic beam and the energy of the static
magnetic field. In addition, the stimulation of cortical tissue can
be highly localized in this way, as well as being achieved at greater
depths in the brain.

Experimental Setup for TMAS

To measure and evaluate the distribution and intensity of the
E-field in TMAS, an experimental system was set up, as shown
in Figure 1.

Function generator 1 (TFG6920A, Shuying, China) was used
to trigger US pulses and to define the pulse repetition frequency
(PRF) and the pulse number of the stimulus waveform. Function
generator 2 (AFG3252, Tektronix, United States) was used to
define the US frequency and the number of cycles per pulse.
The pulsed signals were fed to an RF amplifier (GA2500, RITEC,
United States) and used to stimulate a focused US transducer (FP-
1M, IOA-AC, China) with a central frequency of 1 MHz and a
bandwidth of 400 kHz. The focus size and focal length of the
transducer were 2 and 23 mm, respectively. The US transducer

was positioned by a holder linked to a three-dimensional stepper
motor. The static magnetic field was provided by a permanent
magnet. The magnetic field strength By of the magnet was
detected by a Gauss meter (Model 475, Lakeshore, United States).
The test sample was a 2 mm copper wire located in an adjusting
seat. The induced electric signals of the test sample were amplified
by a low-noise amplifier (5660C, Olympus, Japan) and acquired
using an oscilloscope (MSO4104, Tektronix, United States) or
a data acquisition card (PXI-5122, NI, Japan). The sample and
the transducer were both immersed in deionized water as an
acoustic coupling agent.

To evaluate the TMAS method in vivo, an experimental system
for small animals based on that in Figure 1 was set up, as shown
in Figure 2.

The stimulated signal generator part was the same as Figure 1.
In this case, the US transducer was positioned using a stereotaxic
instrument (SR-6M, Narishige, Japan) and used to perform brain
stimulation of targets in the mouse brain. To acquire better
localization, a US collimator filled with US coupling gel was used
between the US transducer (FP-1M, IOA-AC, China) and the
mouse’s head. The mouse was laid on a heating pad and fixed
by a mouse holder. A permanent magnet was set up beside the
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FIGURE 2 | Schematic diagram of the TMAS system for small animals.
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mouse. The direction of the magnetic field was perpendicular
to the US direction; this setup could produce an ionic current
(i.e., a stimulated E-field) pulse along the sagittal direction in the
mouse brain. A gas anesthesia machine (R580S, RWD, China)
was used to provide anesthesia for the mouse during the TMAS
treatments. To acquire the US intensity in real time, a US field
detector containing a standard needle hydrophone (NH-1, IOA-
AC, China) and a data acquisition device was established.

For TMAS, the static magnetic field is an indispensable
element. Without the static magnetic field, the TMAS system in
Figure 2 would be a normal TUS system. Therefore, we could
set up or remove the permanent magnet to perform TMAS and
TUS, respectively.

Simulation of the Induced Electrical Field

in TMAS
To prove the relationship between the E-field and the US field, we
simulated the US field distribution of the transducer used in our
experiments based on the wave equation written as Eq. 6 and the
induced E-field distribution from Eq. 5.
1 8%p(r, t)

vzp(ra t) - 5

2 = S(r, t) (6)

where p(r, t) denotes the acoustic pressure at location r and
time ¢, ¢, is the acoustic speed in a medium and S(r, t) denotes
the source item induced by the US transducer. The intensity
of the E-field at different US pressures was also simulated. The
specification of the transducer used in the simulation is shown
in Figure 3.

In the simulation, a homogeneous medium with the same
acoustic and electrical parameters as biological tissue was
employed. Values of p = 1000 kg/m?, ¢; = 1450 m/s, and o = 1S
were used in Eq. 5.

Measurement of the Induced Electrical
Field in TMAS

To validate the simulation results, the distribution and intensity
of the E-field in TMAS was measured using the system shown in
Figure 2. The US pressure field distribution of the transducer and
the induced E-field distribution were measured and compared.
The distribution of the US pressure field was measured using
an Acertara acoustic measurement system (AMT, Acertara,
United States). In this system, the ultrasonic transducer is
positioned by a holder linked to a three-dimensional stepper
motor and a hydrophone is used to measure the ultrasonic
pressure signal in 3D space at the specified steps. The distribution
of the induced E-field was measured with 2 mm steps at the x-y
section and x-z section. We also measured the induced voltage
of the test sample at different US pressures by changing the
stimulated signal.

TMAS Treatment for Living Small Animals

Adult specific-pathogen free (SPF) male C57BL mice of 8 weeks
of age were purchased from the Experimental Animal Center
of Chinese Academy of Medical Sciences. All experiments were
performed according to protocols approved by the Committee

for Animal Care of Nankai University and in accordance with the
practices outlined in the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Healthy Mice Stimulation

First, nine healthy mice were stimulated using the system shown
in Figure 2. In order to investigate the relative contribution of
TUS to the TMAS effect, the nine mice were divided into three
groups in random: TMAS, TUS, and control (Con).

The mice (20-22 g) were anesthetized with 4% isoflurane,
then fixed by the mouse holder of the stereotaxic apparatus.
US coupling gel was applied and gently wiped on the mouse’s
scalp. During the stimulation, the mice were subjected to light
anesthesia with 1% isoflurane. The TMAS group received TMAS
treatment with US stimulation focused at the substantia nigra
of the mouse brain [centered at anteroposterior (AP) —3.4 mm,
mediolateral (ML) 1.5 mm, dorsoventral (DV) 4.5 mm] within
a static magnetic field of 0.2 T, while the TUS group received
TUS treatment at the same target region without the static
magnetic field. The con groups received sham stimulation by
turning off the US stimulated signal on the mouse head, with
the same static magnetic field and the same conditions as the
TMAS and TUS groups.

Considering the induced electric field intensity and the
security of ultrasonic treatment, the US stimulated signal was
chosen as in Figure 4.

The frequency of the US stimulated signal was 1 MHz. The
pulse duration (PD) was 200 wm with 1 Hz PRF. We measured
the intracranial US pressure of a mouse using the US field
detector shown in Figure 2. The intracranial US pressure Pi,
was approximately 3 MPa, and the spatial-peak temporal-average
intensity Ispra was approximately 60 mW/cm?. The duration of
stimulation was set to 2 min and contained 120 pulses. All the
mice received TMAS, TUS, or sham stimulation once each day for
consecutive 10 days. After 10 days of treatment, animal behavior
tests were carried out, including the elevated plus-maze test
(Okonogi et al., 2018), the open field behavior test (Aulich, 1976)
and the Morris Water Maze (MWM) test (Vorhees and Williams,
2006) to assess the emotion and the learning and memory abilities
of the healthy mice.

Behavioral Test Methods

The elevated plus-maze was made of black plastic boards and
consisted of four arms (two open arms without walls and
two enclosed by 15-cm-high walls) 30 ¢cm long and 5 cm
wide. Each test began with a mouse placed on the central
platform and made to face an open arm. Mouse activities were
recorded with a camera located 100 cm above the maze and
analyzed on a computer.

The open field arena was made of black plastic
(30 cm x 30 cm x 15 cm). Each test began by placing a
mouse at a central point, and mouse activities were recorded for
5 min with a video camera located 100 cm above the arena. The
arena was equally divided into 16 squares on the computer, and
the four squares in the center were defined as the “center” area.

The MWM system (RB-100A type; Beijing, China) contained
a 90-cm-diameter swimming arena filled with warm water
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FIGURE 3 | Specification of the transducer at (A) the x-z section and (B) the x—y section.

W
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(25°C +£ 1°C) that was stained white with non-toxic TiO,
powder. The swimming activities of mice were recorded by a
video camera and analyzed by a computer. On the computer
software, the swimming arena was equally divided into four
quadrants (I-IV) and a 9-cm-diameter platform was placed in
the center of quadrant I and submerged 0.5-1 cm below water
surface during the initial training stage. During the initial training
stage, all the mice were trained for 4 days with four trials each
day. In each trial, the mouse was gently put onto water surface ata
random point of each quadrant. The time spent to find the hidden
platform (escape latency) of each mouse were monitored. If the
mouse failed to find the platform within 60 s, the experimenter
would guide the mouse and keep the mouse stay on the platform
for 10 s, and the escape latency of this mouse would be recorded
as 60 s. The time interval between trials was no less than 10 min to
make sure all the mice got sufficient rest. After 4 days of training,
all the mice were subjected to spatial probe test 24 h after the
last training trial. During the spatial probe test, the platform
was removed and the mouse was gently put into water at the
opposite quadrant (IV). The mouse was allowed to swim freely
for 60 s. The platform crossings and target quadrant dwell time
(percentage of time spent in quadrant I) were recorded.

PD Model Mice Stimulation

The 30 PD model mice were used to further evaluate the
novel stimulation method. The PD mice received a dosage of
25 mg/kg 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)

120s, 120 pulses |
1/PRF |
PD=200um | |
f~1MHz I, =60mw/cm?

spta

FIGURE 4 | Ultrasound stimulated signal for TMAS in live animal experiments.

(Patil et al., 2014) intraperitoneally (i.p.) each day for 5 days to
generate PD-like behavioral phenotypes. The 30 PD mice were
also divided into three groups in random: TMAS, TUS, and Con.
The stimulation parameters and the experimental conditions for
the PD mice were the same as those used for the healthy mice, as
described in section “Healthy Mice Stimulation.” After 10 days of
treatment, the 18 PD (n = 6 in each group) mice were subjected
to in vivo electrophysiological experiments. And the other 12 PD
mice (n = 4 in each group) were subjected to the MWM test to
assess the spatial learning and memory abilities.

In vivo Electrophysiological Study

The mice were positioned on a stereotaxic frame (SR-6 N;
Narishige, Japan) after being anesthetized with 30% (w/w)
urethane (0.4 mL/kg, i.p.). A bipolar stimulating electrode and
recording electrode were implanted in the perforant pathway
(—3.8 mm AP, 3.0 mm ML, 1.5 mm DV) and the dentate gyrus
(DG) of the hippocampus (—2.0 mm AP, 1.4 mm ML, 1.5 mm
DV), respectively. A stimulation current that could evoke a
field excitatory postsynaptic potential (fEPSP) of 50-60% of the
maximal fEPSP was used. Long-term potentiation (LTP) was
induced by theta burst stimulation (30 trains of six pulses at
100 Hz with the inter-train interval of 200 ms) after 30 min
of basal fEPSP recording (once every 60 s). Then, the single
stimulating pulse-evoked fEPSP was recorded every 60 s for
90 min. Afterward, depotentiation (DP) was induced by low-
frequency stimulation (900 pulses of 1 Hz for 15 min), and evoked
fEPSP was recorded every 60 s for 90 min (Gao et al., 2015).

RESULTS

The Simulation Results Induced

Electrical Field in TMAS

Figure 5 shows the (I) simulated US field distribution and (II)
simulated electrical field distribution at (A) the x—y section when
y=0mm and (B) the x-z section when y = 23 mm. The simulated
focus size and focal length of the US field were nearly 2 and
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FIGURE 5 | Comparison of the (|) ultrasound pressure field distribution and (1l) electrical field intensity distribution at (A) the x—y section (y = 0 mm) and (B) x-z
section (y = 23 mm) in the simulation.

23 mm, respectively (Figure 5I), and the focus size and focal
length of the induced E (Figure 5II) were also 2 and 23 mm,
respectively. The distribution of E was highly consistent with
the distribution of the US pressure field of the transducer in a
homogeneous medium. As shown in Figure 5II, the maximal
electrical field intensity was 0.4 V/m when P = 3 MPa and By = 0.2
T. Figure 6 shows the linear relationship between the intensity of
the E-field and the US pressure. Clearly, a stronger E-field was
obtained as the US pressure increased.

Measurement of the Induced Electrical
Field in TMAS

Figure 7 shows measurements of (I) the ultrasound pressure field
distribution and (II) the electrical field intensity distribution at
(Figure 7A) the x-y section when y = 0 and (Figure 7B) the
x-z section when y = 23 mm by normalization. The focus size
and focal length of the US field (Figure 7I) were nearly 2 and
23 mm, respectively, as were the focus size and focal length of
the induced E (Figure 5II). The distribution of E was consistent
with the distribution of the US pressure field of the transducer
using the test sample. Figure 8 shows the relationship between
the induced voltage and the US pressure. The induced voltage (E-
field) was linearly correlated with the stimulated US pressure, the
same as in the simulation.

Behavioral Results From Stimulation

Experiments in Healthy Mice
Figure 9 illustrates the behavior results of the stimulation
experiments on nine healthy mice described in section “Healthy

Mice Stimulation.” The behavior tests included the elevated plus-
maze test and the open field behavior test. Figures 9A,B show the
average open arm duration as a percentage of the total time, and
the average open arm distance as a percentage of the total distance
in the elevated plus-maze test. Figure 9C shows the average center
duration in the open field behavior test.

As shown in Figures 9A,B, both the duration (%) and the
distance (%) of the TMAS group and the TUS group were higher
than those of the Con group. Moreover, the duration (%) and the
distance (%) of the TMAS group exceeded those of the TUS group
by about 23 and 22%, respectively. As shown in Figure 9C, the
center duration times of the TMAS group and TUS group were
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FIGURE 6 | Intensity of the E-field at different US pressures in the simulation.
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(B) x—z section (y = 23 mm) by normalization.

FIGURE 7 | Measurement results of () the ultrasound pressure field distribution and (Il) the electrical field intensity distribution at (A) the x—y section (y = 0 mm) and
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higher than those of the Con group, while the center duration of
the TMAS group exceeded the TUS group by about 14%.

As shown in Figure 10A, in the training process, the escape
latencies in all groups decreased in the following days as
compared to the first training day. And the rate of descent of the
TMAS group is greater than the TUS group and the Con group.
The rate of descent of the TUS group is greater than the Con
group, too. Furthermore, the average escape latency in TMAS
group is 29.64 & 3.35 s, which is much shorter than the average
escape latency in Con group (36.34 £ 5.29 s) and shorter than
the average escape latency in TUS group (32.08 % 3.60 s). In the
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FIGURE 8 | Induced voltage of the test sample at different US pressures.

probing test process, the platform crossings and the percentage of
duration spent in the target quadrant were analyzed, as shown in
Figures 10B,C. For the platform crossings results (Figure 10A),
the difference between the TMAS group and Con group was
significant (p = 0.0166). And the platform crossings times of
the TMAS group (10.25 + 1.72) is more than the TUS group
(8.50 £ 0.42) and more than the Con group (5.00 % 1.16). For
the percentage of duration spent in the target quadrant results
(Figure 10C), the TMAS group (62.51 £ 3.13%) is more than
the TUS group (59.46 & 4.14%) and more than the Con group
(48.64 £ 5.99%). The results in Figures 10B,C show the same
changing trend as those in Figure 10A.

Besides, both the healthy mice involved in behavioral tests
were in good physical and mental state during the 10 days
treatment and didn’t show any obvious discomfort after
the TMAS and TUS.

Electrophysiological Results and MWM
Results of the Stimulation Experiments
in PD Mice

The results of the in vivo electrophysiological experiments on 18
PD mice described in section “PD Model Mice Stimulation” are
shown in Figures 11, 12.

As shown in Figure 11, the TMAS treatment improved LTP
substantially in PD mice. At the end of the LTP recording, the
slope of fEPSP in the TMAS group reached 343.9 £+ 11.6%
of the baseline, which much higher than the increase seen
for the Con group (74.4 £ 1.4%). The TUS treatment also
improved the LTP effect in PD mice. The slope of fEPSP in
the TUS group reached 154.8 & 2.3% at the end of the LTP

Frontiers in Neuroscience | www.frontiersin.org

December 2019 | Volume 13 | Article 1342


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Zhou et al. Magneto-Acoustic Transcranial Electrical Simulation Method
A Open arm duration of total time B Open arm distance of total distance C Center duration
40 30
304 S
IS < -
IS @ 20
Iy g —
£ 8 O
= o
5207 5 g
s T [=
=}

: 511
104 <

0 0
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FIGURE 10 | MWM training and test results of the healthy mice (n = 3). (A) Escape latencies during training days. (B) Platform crossings on probing test day.

recording, compared with 74.4 £ 1.4% in the Con group. We
quantified the extent of LTP and DP by calculating the averages
of the last 10 min of LTP recording or DP recording for each
group of mice, as illustrated in Figure 12. For the LTP results
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FIGURE 11 | Normalized slopes of fEPSPs in hippocampus of PD mice
(n = 6). Red line, blue line, and green line denote the TMAS group, TUS group,
and Con group, respectively.

(Figure 12A), the difference between the TMAS group and
Con group was significant (p < 0.001), as was the difference
between the TUS group and Con group (p < 0.001). Moreover,
there was a significant difference between the TMAS group and
TUS group (p < 0.001). Similarly, the DP results (Figure 12B)
showed significant differences between the TMAS group and Con
group (p < 0.001), and between the TUS group and Con group
(p < 0.01). There was significant difference between TMAS group
and TUS group (p < 0.001), too. The results in Figure 12 show the
same changing trend as those in Figure 10, and further confirm
the conclusions drawn from Figure 11.

As shown in Figure 13A, in the training process, the escape
latencies in all groups decreased in the following days as
compared to the first training day. And the rate of descent of
the TMAS group is greater than the TUS group and the Con
group. The rate of descent of the TUS group is greater than
the Con group, too. Furthermore, the average escape latency in
TMAS group is 30.28 £ 3.14 s, which is much shorter than
the average escape latency in Con group (35.81 &+ 3.74 s) and
slightly shorter than the average escape latency in TUS group
(30.67 £ 3.59 s). In the probing test process, the platform
crossings and the percentage of duration spent in the target
quadrant were analyzed, as shown in Figures 13B,C. For the
platform crossings results (Figure 13A), the platform crossings
times of the TMAS group (7.33 £ 0.55) is more than the TUS
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group (7.00 = 0.97) and more than the Con group (6.00 £ 0.73).
For the percentage of duration spent in the target quadrant results
(Figure 13C), the difference between the TMAS group and Con
group was significant (p = 0.0143), as was the difference between
the TUS group and Con group (p = 0.0223). And the percentage
result of TMAS group (66.86 £ 1.69%) is more than the TUS
group (66.17 £ 1.54%). The results in Figures 13B,C show the
same changing trend as those in Figure 13A.

Besides, both the PD mice involved in electrophysiological
study and MWM tests were in good physical and mental state
during the 10 days treatment and didn’t show any obvious
discomfort after the TMAS and TUS.

DISCUSSION

As shown in Figures 5 and 7, the distribution of E was consistent
with the distribution of the US pressure field in both simulation
and measurement, confirming the high-resolution ability of the
TMAS method when employing a highly collimated ultrasonic
beam. In our experiments, TMAS could achieve a focused

electrical field with 2 mm focal size at the focal length of the
transducer (23 mm). We could also acquire a series of intensities
for E by changing the stimulated US pressure, as shown in
Figures 6 and 8.

The open arm duration as a percentage of total time and the
open arm distance as a percentage of total distance in the elevated
plus-maze test reflect the emotion condition of mice. The center
duration time in the open field behavior test reflects the active
learning ability of mice. The results demonstrate the efficacy and
the safety of the TMAS treatment. Limited by the sample size of
the behavioral tests (three mice per treatment group), the results
shown in Figure 9 only suggest that both the TMAS treatment
and TUS treatment might relieve the anxiety emotion and
improve the learning ability of the healthy mice. Moreover, the
TMAS group showed better performance than the TUS group.

The escape latency in the MWM test reflects the spatial
learning ability of mice. The platform crossings and the
percentage of duration spent in the target quadrant in the
MWM test reflect the spatial memory ability of mice. Similarly,
limited by the sample size in the MWM tests (three mice per
treatment group), the results shown in Figure 10 might suggest
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that both the TMAS treatment and TUS treatment might improve
the learning ability and memory ability of the healthy mice.
Moreover, the TMAS group showed better performance than the
TUS group. The results demonstrate the efficacy and the safety of
the TMAS treatment, too.

The results shown in Figures 11 and 12 illustrate that TMAS
treatment and TUS treatment could potentially alleviate the
memory impairments caused by MPTP treatment by improving
the LTP effect in the hippocampus. The LTP effect reflects
the synaptic plasticity of mice. The synaptic plasticity in
hippocampus is related to the spatial learning and memory
abilities. Both the TMAS treatment and TUS treatment could
improve the synaptic plasticity of the PD mice. Moreover, the
TMAS group showed better performance than the TUS group.
The results further demonstrate the efficacy of TMAS in PD mice,
as well as the safety of the TMAS treatment.

Similarly, the MWM results shown in Figure 13 suggest that
both the TMAS treatment and TUS treatment might improve
the spatial learning ability and memory ability of the PD mice.
Moreover, the TMAS group showed better performance than
the TUS group. Due to the small sample size (four mice per
treatment group) in the MWM test, the MWM results could
be a supplementary proof to further demonstrate the efficacy
of TMAS in PD mice. The MWM results also demonstrate the
efficacy and the safety of the TMAS treatment, too.

As illustrated in Figures 9-13, we could find that the synaptic
plasticity of the PD mice was significantly improved by the
TMAS treatments based on the electrophysiological results. And
the synaptic plasticity in hippocampus is related to the spatial
learning and memory abilities. According to the behavioral
results, the learning and memory ability of the healthy mice might
be significantly improved by the TMAS treatments. However, due
to the small sample size (3 or 4 mice per treatment group) in
the behavioral tests, it should admit that the behavioral results
have certain limitations. So, the behavioral results could be
a supplementary proof to further demonstrate the efficacy of
TMAS in healthy mice and PD mice. We shall increase the
sample size of the behavioral tests in the next work to improve
our research. These in vivo results suggest that TMAS could
focus on the substantia nigra of the mouse brain with a high
resolution (2 mm) and have the ability to activate a small target
region effectively. In addition, TUS treatments also improved
the synaptic plasticity of the PD mice and might improve the
learning and memory ability of the healthy mice and the PD
mice compared with the Con group, although the improvement
in performance of the TMAS group was superior to that of the
TUS group. As described in sections “Theory of TMAS” and
“Experimental Setup for TMAS,” the TMAS process inevitably
contains the TUS process, based on their similar systems and
the theory of TMAS. In our animal experiments, the TMAS
contained a focused electrical field with E = 0.4 V/m and a focused
US field with Igpt, = 60 mW/ cm?, simultaneously. Based on the
results shown in Figures 9-13, we can speculate that the TMAS
is not only a focused electrical stimulation but also a complex
stimulation combining the electric field of the magneto-acoustic
effect and the mechanical force of TUS, both of which play a part
in TMAS treatments.

However, it is a novel finding that using an E-field with
E = 0.4 V/m and US with It = 60 mW/cm? can have such a
marked effect in animal experiments. When designing our in vivo
TMAS studies, we chose the stimulation parameters (the PD, PRE,
etc.) to form a proper electrical field mode by considering typical
electrical stimulations. Therefore, based on recent research about
TUS, the PD, the duty cycle, and the intensity of our US
stimulated signal were all much lower than those of the usual
stimulation wave in TUS studies (Tufail et al., 2010; Li et al.,
2016; Guo et al., 2018). That is, the US stimulation used in our
TMAS process was not a typical one. Furthermore, the electric
field intensity (E = 0.4 V/m) was also much lower than the electric
field intensity of typical electrical stimulations by electromagnetic
induction, such as TMS and DBS. The electrical stimulation used
in our TMAS experiments was really a subconvulsant electrical
stimulation, since E = 0.4 V/m is lower than the threshold of the
action potentials (Nicholls et al., 2012) of neurons.

This means that the performance of TMAS can be attributed
to a combination of the electric field and the US field. The
mechanism of TUS has been explored in many studies. It is
generally considered that the mechanical force of US can change
the threshold of ion channels in the cytomembrane (Tyler et al.,
2008,2018; Lietal., 2016; Back et al., 2017). In the TMAS process,
perpendicular mechanical forces are added to the induced E-field
at the target region. The mechanical force of US waves may
change the ion channels, and the E-field stimulation could
achieve much better activity, accordingly. On the other hand,
a perpendicular E-field is added to the mechanical force at the
target region. The electrical field or electrical electricity influences
the local potential or the ion channel threshold, and the US
stimulation could also achieve better activity in this way. In brief,
based on the in vivo TMAS studies, we propose that TMAS is a
dual-mode stimulation, simultaneously combining an electrical
stimulation by the magneto-acoustic effect and an orthogonal
mechanical wave stimulation. This also provides an explanation
of the mechanism of TMAS. To date, there has been no other
research into the mechanism of TMAS; further studies are needed
to evaluate our viewpoint.

Compared with TUS, the static magnetic field in TMAS
provides an additional energy source and produces an induced
E-field by the magneto-acoustic effect, which involves non-
negligible neurobiological effects. TUS is an important tool in
neurosciences, and is often combined with MRI and used for
MRI-guided brain stimulation (Rizzitelli et al., 2015; Cho et al,,
2017; Meng et al., 2017). According to the in vivo results, we
suggest that future US stimulation in MRI-guided studies should
involve careful consideration of the spatio-temporal E-field
caused by the strong static magnetic field of MRL

CONCLUSION

In this paper, a novel non-invasive transcranial electrical
stimulation TMAS method was, for the first time, performed
experimentally and used in live mice. The induced electrical field
of TMAS was simulated and measured. The results demonstrated
the high-resolution ability of the TMAS method by employing
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a highly collimated ultrasonic beam. We built an animal
experiment system, in which healthy mice and PD model mice
were simulated by TMAS in vivo. In order to explore the relative
contribution of TUS to the TMAS effect, a TUS group was
added. The behavioral and electrophysiology results validate that
TMAS could focus on the mouse brain with a high resolution
(2 mm) and activate a small target region effectively. The results
also showed that both TMAS and TUS improved the synaptic
plasticity of the PD mice and might improve the learning and
memory ability of the healthy mice and the PD mice, with
the TMAS group being superior to the TUS group in terms
of improvement in performance. Based on the in vivo TMAS
studies, we propose that TMAS is a dual-mode stimulation
combined by the electric field of the magneto-acoustic effect
and the mechanical force of TUS. Our results also provide an
explanation of the mechanism of TMAS. In addition, we suggest
that in the future, US stimulation in MRI-guided studies should
involve careful consideration of the spatio-temporal E-field
caused by the strong static magnetic field.
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