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Abstract

We report a novel subthreshold non-invasive brain stimulation approach that we refer to as
kilohertz transcranial magnetic perturbation, or KTMP. KTMP is a magnetic induction method that
delivers kHz-frequency cortical E-fields and, through amplitude modulation of the kHz carrier
frequency, may mimic E-fields at physiological frequencies. To evaluate the efficacy of kKTMP, we
used suprathreshold TMS to elicit motor-evoked potentials (MEP) in a peripheral muscle,
comparing the amplitude of the MEPs before and after kKTMP stimulation. In Experiment 1, we
used non-modulated KTMP with an E-field amplitude of 2 V/m over motor cortex. Ten minutes of
kTMP stimulation resulted in an increase in cortical excitability in a frequency-specific manner.
We replicated this effect in Experiment 2 and found that amplitude-modulation at 20 Hz produced
an additional boost in cortical excitability. The only percept associated with kTMP is a faint

auditory tone, making kTMP ideal for double-blind experimentation.
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Introduction

Non-invasive brain stimulation (NIBS) is a group of methods which perturb brain function by
coupling an applied electric field (E-field) to the tissue of the brain without the need to invasively
introduce electrodes. The NIBS E-field can safely manipulate neural excitability, providing
neuroscientists with a powerful tool to advance our understanding of brain function. Evidence that
NIBS can promote brain plasticity* has prompted clinicians to pursue NIBS interventions in the

treatment of psychiatric and neurologic disorders®.

The NIBS E-field amplitude can be categorized as subthreshold or suprathreshold.
Suprathreshold fields are sufficient to elicit immediate action potentials in neurons near resting
membrane potential. Subthreshold E-fields are insufficient to directly cause action potentials but
may alter the state of the targeted neurons on time scales ranging from immediate entrainment
effects to plasticity effects that extend well past the stimulation epoch®®. As such subthreshold

and suprathreshold methods have different experimental utilities.

Two broad categories of NIBS methods exist: Electrical contact methods (EC) and magnetic
induction methods (MI). EC methods such as transcranial electric stimulation (tES) establish a
cortical E-field via electrodes in contact with the scalp. In tES, the current is either constant as in
transcranial direct current stimulation (tDCS) or time varying as in transcranial alternating current
stimulation (tACS). Ml methods, such as transcranial magnetic stimulation (TMS), establish a
cortical E-field via a current-carrying coil that is positioned near the scalp, generating a time-
varying magnetic field and consequently an induced cortical E-field. TMS is delivered as a brief
pulse (typically 200-300 ps) and is referred to as repetitive TMS (rTMS) when delivered as a train

of pulses.

The E-fields of the EC and MI methods differ in important ways'°. First, for MI the E-field amplitude
is linearly proportional to the frequency of the current source whereas the EC E-field amplitude is
independent of this frequency. Second, the E-fields for the two methods exist in orthogonal
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subspaces. While they can never be identical, they can in principle be spatially similar with respect
to focality on the cortical surface. Third, for spatially similar cortical E-fields, the ratio of the EC-
to-MlI scalp E-field (root-mean-square) increases as cortical focality increases. For the focality of
a typical TMS coill this ratio is estimated to be approximately 10 and reaches a limiting value of
18 as focality is increased. Thus, the scalp E-field amplitude ultimately places a severe constraint
on the focality and amplitude of EC cortical E-fields. Estimates of the EC cortical E-fields in the
physiological frequency range suggest that the maximum for most human participants is around
0.5 V/Im'112; beyond this value scalp sensory stimulation becomes detectable and soon
intolerable. MI systems are far less burdened by constraints imposed by the scalp E-field
amplitude, allowing the method to be used to produce both subthreshold and suprathreshold

cortical E-fields (as with TMS).

Another major difference between EC and MI methods arises due to energetic requirements. The
generation of cortical E-fields in the endogenous frequency range of 0-200 Hz is very costly for
MI methods. To obtain a 0.5 V/m cortical E-field amplitude at 10 Hz with tACS requires about 0.02
Wi/cycle delivered to the electrodes. To achieve the same E-field using a typical TMS coil would
require approximately 600 kW/cycle delivered to the coil! However, the energetic cost of the Mi
method can be reduced to a manageable level by operating at higher frequencies. For example,
to deliver a 0.5 V/m cortical E-field using a typical TMS coil at 2.0 kHz would require an average
power of approximately 9 W/cycle, while a 2.0 V/m cortical E-field at 2.0 kHz would require less

than 150 W/cycle.

An important application of NIBS is to modulate endogenous frequency activity. Due to the
energetic costs of Ml methods, the coupling between neurons and the NIBS E-field on the time
scale of endogenous frequencies is achieved by other means. One means of introducing such
timescales is through amplitude modulation. To this end, rTMS uses a waveform consisting of a

kHz carrier frequency together with amplitude modulation (AM) and, to lesser extent, phase
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modulation (PM) to achieve its effects. The carrier frequency of rTMS is a fixed value chosen by
the manufacturer and is typically in the range of 3-4 kHz. The AM waveform is quite inflexible
consisting of a sequence of boxcar-like functions that permit a damped single or half cycle of the
kHz carrier frequency (a pulse) at programmable intervals. The phase-modulation is such that
each TMS pulse begins at the same phase. These restrictions on the waveform are due to the
TMS current source, a periodically charging and discharging capacitor which delivers a few
thousand amperes to the TMS coil. The tACS current source, on the other hand, is a low-power
and large-bandwidth amplifier which delivers a few milliamperes to the electrodes. As such, there

are essentially no practical limitations with respect to the tES waveform.

To increase the experimental flexibility of NIBS methods and the robustness of its effects we have
developed a new MI method, kilohertz transcranial magnetic perturbation (KTMP) (see Fig.1). The
kTMP E-field is characterized by the waveform flexibility of tES along with the focality and potential
amplitude range of TMS. The amplitude of our prototype kKTMP system, as large as 8 V/m at 5
kHz, far exceeds that of tES. In contrast to capacitor-driven TMS, the KTMP current source is a
high-current large-bandwidth amplifier often used to provide the magnetic field gradients of
magnetic resonance imaging. As with the amplifier driven tES method there are almost no
practical limitations with respect to the kTMP waveform. The experimenter may vary carrier
frequency, AM, and PM over a wide range to investigate their NIBS effects. Multiple amplifiers
driving the magnetic induction coil in a parallel can be used to obtain E-field amplitudes equal to

those of TMS.
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Fig. 1. E-field amplitude, carrier frequency, amplitude modulation and spectral differences between
tES, rTMS and kTMP. The maximum E-field amplitudes for each method as a function of the carrier
frequency fc. The maximum E-field amplitude for EC methods is independent of the carrier frequency
whereas the maximum amplitude of MI E-fields is linearly proportional to the carrier frequency fc of the
current source. The carrier frequencies for rTMS are fixed values set by the device manufacturer whereas
the carrier frequencies of tES and kTMP are variable within the bandwidth specifications of the current
source. A next generation KTMP system could provide E-field amplitudes equal to those of TMS. Column
B: The amplitude modulated waveforms when targeting 20 Hz endogenous frequencies with tES at 20 Hz,
rTMS at 20 pulse/s and KTMP at a 20 Hz beat frequency. The insert shows a single TMS pulse obtained
by multiplying the carrier waveform by a boxcar-like (boxcar with slight exponential decay) amplitude-
modulation function. The amplitude modulation waveforms for KTMP are very flexible. Here we depict the
type of modulation used in this work, a sinusoid that produces a beating amplitude. Column C. Frequency
spectra when targeting 20 Hz endogenous frequencies with tES at 20 Hz, rTMS at 20 pulse/s and kTMP at
a 20 Hz beat frequency. The value plotted along the y-axis is a unitless ratio of the spectral amplitude at
frequency f to the peak spectral amplitude. In rTMS the resultant frequency spectrum has infinite peaks at
the harmonics of the rate of stimulation. Moreover, the harmonic of largest amplitude (not shown) is located
at the reciprocal of the biphasic TMS pulse length (approx. 4 kHz) rather than at the targeted rTMS rate.
With sinusoidal amplitude modulation at beat frequency fb the kKTMP spectrum has sideband peaks at fc -
fb and fc + fb.

Since neurons near resting membrane potential act as low-pass filters, a critical question centers
on whether and by what mechanism narrow band kHz E-fields can effectively couple to the
transmembrane potential to influence neural activity. We take up the mechanism question in the

Discussion section. Here we note the impressive body of empirical results supporting a coupling
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between kHz E-fields and neuronal dynamics, comprehensively reviewed in Neudorfer et al's.
This work targets sub- and suprathreshold E-fields using in vitro models, as well as invasive and
non-invasive in vivo studies with various species, including humans. To date, narrow-band kHz
studies have used EC methods due to the absence of narrow-band Ml devices. Subthreshold
ITMS is spectrally peaked at its kHz carrier frequency. However, its spectrum has broad
sidebands due to the brief boxcar function used for AM and contains peaks at all harmonics of
the rTMS pulse rate. Thus rTMS, while widely employed to examine pulse rate-specific effects, is

not appropriate for isolating frequency-specific effects at kHz frequencies.

We report here the results of two experiments with human participants that evaluate the efficacy
of KTMP in modulating cortical excitability. Adopting what has been the “gold standard” for
evaluation the efficacy of NIBS methods'#’, we used suprathreshold TMS, measuring motor
evoked potentials (MEPS) elicited in a hand muscle, comparing the amplitude of the MEPs before
and after kTMP stimulation. For both experiments the KTMP amplitude was set to a produce a
cortical E-field amplitude of approximately 2.0 V/m at the targeted primary motor cortex. In
Experiment 1, we tested non-amplitude modulated kTMP at three different carrier frequencies (2
kHz, 3.5 kHz and 5 kHz), comparing these conditions to a sham condition (0.01 V/m at 3.5 kHz).
In Experiment 2, we set the carrier frequency at 3.5 kHz and used AM to create beat frequencies
of either 20 Hz or 140 Hz. In both experiments, we observed a robust increase in MEPs following
KTMP stimulation, with the effect of a 3.5 kHz carrier frequency enhanced with amplitude

modulation.

Results

The experimental design is summarized in Fig. 2. We sandwiched five probe blocks around kTMP

stimulation (active or sham). For the probe blocks, a commercial TMS unit was used to drive the
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coil in the suprathreshold range to elicit MEPs. Each block included a single-pulse protocol and
two paired-pulse protocols (short intracortical inhibition, SICI; intracortical facilitation, ICF). The
two pre-stimulation blocks were used to establish baseline measures and assess reliability. Three
post stimulation blocks were included to assess changes in neural excitability at three time points

after KTMP stimulation.

A Experimental protocol
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Fig. 2. Experimental setup and protocol. A) At the beginning of each session the rMT was determined
at the hotspot (identified and marked during Session 1), followed by five TMS probe blocks, two that
occurred prior to KTMP stimulation and three that followed KTMP stimulation. Each TMS block consisted of
90 suprathreshold TMS trials (30 single pulse, 30 SICI, 30 ICF), with each trial separated by a 4 -5 s
interval. In Exp 2, we administered a short survey to obtain subjective reports of sensory experience after
the second TMS probe block and at the end of the KTMP stimulation. B) The experimental hardware
consisted of the suprathreshold TMS current source, subthreshold kTMP current source, a figure-eight TMS
coil, EMG system, and neuronavigation system. A switch allows the TMS coil to be driven by either the
TMS or KTMP current source. C) Experimental conditions. In Exp 1, three carrier frequencies, set to produce
a 2 V/m E-field at that surface of the motor cortex, were tested (each in a separate session), along with
sham KTMP. In Exp 2, the non-modulated 3.5 kHz and sham conditions were repeated, along with two
amplitude modulation conditions. In both experiments, KTMP stimulation was for 10 min.
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After cleaning the MEP data (see Methods), there were a minimum of 20 MEP measures per
protocol in each assessment block for each individual, a sufficient number for performing the MEP
analyses®®-2', For each stimulation protocol, the average MEP amplitude was calculated for each
block, and the effect of kKTMP stimulation was operationalized as the percent change relative to
the two baseline blocks (averaged across these blocks). This resulted in three post-kTMP
measures per participant per condition (see Statistical Analysis for details). A value of 0% would
indicate no change in MEP amplitude from pre- to post-stimulation, whereas a value of 100%

would indicate the MEP amplitude doubled from pre- to post-stimulation.

Experiment 1: Non-Modulated kKTMP

In the first experiment, we assessed the effect of 10 min of non-modulated kTMP stimulation with
a cortical E-field amplitude of 2 V/m (see Methods, EQ 1), comparing three stimulation
frequencies (2 kHz, 3.5 kHz and 5 kHz) to a sham kTMP condition (0.01 V/m, 3.5 kHz). We used
a within-subject design, testing each participant in all four conditions (order randomized) with a
minimum of two days between sessions. Five of the 19 participants only completed three of the
four sessions conditions due to technical issues with the Brainsight Neuronavigation system (n =
1) or university suspension of testing with human participants in March 2020 due to the onset of
the COVID-19 pandemic (n = 4). To account for missing data, we used a mixed-effects model
with fixed factors of stimulation frequency and post-stimulation block, and a random factor of

participant.

Single Pulse: We first assessed the reliability of our dependent measure, focusing on the single-
pulse data from the two baseline blocks. The mean MEP amplitude was highly correlated across
participants (r = 0.93, p <.001), with no difference between the two blocks (Difference = .037 mV,
t(70) = 1.048, p = .299]. This analysis indicates that this MEP measure was very reliable across
the two timepoints tested prior to KTMP stimulation.
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Turning to the main data of interest, Fig. 3 shows the percent change in MEP amplitude post-
kTMP relative to pre-kTMP, with the data averaged across post-stimulation blocks (3A) and for
each of the three post-stimulation blocks individually (3B). The effect of stimulation frequency was
significant [¢*(3) = 10.841, p < 0.05]: Cortical excitability increased following non-modulated
kTMP. There was no effect of post stimulation block [x*(2) = 1.433, p > 0.4] nor was the interaction
significant [?(6) = 8.415, p > 0.2]. Thus, in terms of the overall pattern, there was an increase in

corticospinal excitability following KTMP stimulation and this effect persisted for at least 35 min.

To further evaluate the main effect of frequency, we compared the percent change for each active
condition to sham. These comparisons revealed that MEPs increased after 3.5 kHz kTMP

stimulation [x*(1) = 7.982, p < 0.01] and after 2 kHz kTMP stimulation [¢?*(1) = 4.107, p < 0.05]

compared to sham. In contrast, there was no effect of 5 kHz stimulation [x(1) = 3.186, p > 0.05].

SICI: We first confirmed that MEPs to the suprathreshold TMS pulse were attenuated in the
paired-pulse protocol when the subthreshold conditioning stimulus was presented 3 ms in
advance of the test pulse. To this end, we computed the ratio of the paired-pulse MEP amplitude
to that observed on single pulse trials. We restricted this analysis to the pre-stimulation data to
avoid confounding with the effect of KTMP stimulation, pooling the data across the two pre-kTMP
blocks and across all four sessions. This analysis showed a strong SICI effect, with a mean
attenuation of 58% on the paired-pulse trials relative to the single pulse trials [t(70) = -19.571, p
< .001; Fig. 3C]. A similar level of attenuation was observed in the post-kTMP blocks following

sham stimulation.
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Fig. 3. Non-modulated KTMP increases cortical excitability. A) Change in MEP amplitude measured
with single-pulse, suprathreshold TMS following kTMP stimulation, relative to baseline. Compared to sham,
MEPs increased following 2 kHz and 3.5 kHz KTMP. B) Single-pulse MEP results plotted separately for the
three TMS blocks administered after kTMP. The first block started approximately 5 min after kTMP and the
other two started approximately 12 min after the preceding block. The effect of block was not significant,
nor the block x condition interaction. C/D) Change in SICI and ICF measured with paired-pulse protocols,
relative to baseline. While both of the expected paired-pulse effects were observed, neither SICI or ICF
changed following KTMP stimulation.

We then asked if the magnitude of the SICI effect was modulated by active kKTMP using the same
mixed-effect model as in the single-pulse analysis. There was no effect of stimulation frequency
[x* (3)=1.016, p>0.7], no effect of post-stimulation block [¢*(2) =3.824, p>0.1] and no
interaction between the two factors [y%(6) = 1.265 p = 0.974]. Thus, KTMP does not appear to

influence the magnitude of intracortical inhibition.
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ICF: Similar to SICI, we first confirmed that MEPs to the suprathreshold test stimulus increased
when the subthreshold conditioning stimulus was presented 10 ms in advance of the test pulse.
MEP amplitude was greater in this paired-pulse condition compared to the single pulse protocol,
with a mean effect of facilitation of 19% [t(70) = 5.141, p < .001; Fig. 3D]. However, as with SICI,
there was no evidence that kKTMP, as tested here, influenced ICF: There was no effect of

stimulation frequency [¢*(3) = 4.473, p > 0.2], no effect of post-stimulation block [%*(2) = 1.332,

p > 0.5], and no interaction between the two factors [x?(6) = 2.009, p > 0.9].

In summary, non-modulated kKTMP at 2 kHz and 3.5 kHz produced an increase in corticospinal
excitability as measured with single pulse TMS. Relative to sham, KTMP at 5 kHz did not produce
a significant increase in corticospinal excitability, suggesting that the effect of kHz-induced E-
fields may be frequency specific. However, this hypothesis must be treated cautiously given that
there was no difference between the three active conditions when directly compared [all x*'s <
3.783 all p’'s > 0.05]. Although our paired pulse SICI and ICF protocols exhibited the standard
pattern of inhibition and facilitation, respectively, non-modulated KTMP did not impact these

measures.

Experiment 2: Amplitude Modulated kTMP (AM-kTMP)

The main goal of the second experiment was to evaluate the effect of AM-KTMP on cortical
excitability. To this end, a carrier frequency of 3.5 kHz was amplitude modulated (see Methods
and fig. 1), to produce beat frequencies at 20 Hz or 140 Hz, frequencies chosen because of their
relevance to endogenous activity in motor cortex??-24. The stimulation intensity was set to produce
an E-field of 2 V/m at the cortical surface. As points of comparison, we also included a non-
modulated 3.5 kHz condition (at 2 V/m) and a sham condition (3.5 kHz carrier with E-field set to

0.01 V/m). The inclusion of these two latter conditions also provides a replication of the most
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prominent effect reported in Exp. 1. Thirteen of the 16 participants completed all four sessions.

Three completed only three sessions, one due to a technical problem with the Brainsight system

and two due to university suspension of NIBS testing during the pandemic.

Single Pulse: We first verified that the MEP measures remained stable during the two baseline

blocks. Mean MEP amplitudes were positively correlated across the two blocks (r = 0.83, p <.001)

and there was no significant difference between blocks [Xpir= .057, t(60) = 1.671, p = .100].

We next examined the non-modulated 3.5 kHz condition since this provides a replication of the

condition in Exp1 that produced the most robust effect of KTMP. We again found that the 3.5 kHz

condition significantly increased corticospinal excitability relative to sham [x?(1) = 11.032,

p < 0.001]. As can be seen in Fig. 4, the magnitude of the increase, as well as variability across

participants was similar to that observed in Exp 1.
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Fig. 4. Increase in cortical excitability following non-modulated 3.5 kHz kTMP replicates in Exp 2.
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Fig. 5A shows the percent change in MEP amplitude post-kTMP relative to pre-kTMP for all four
conditions. A mixed-effect model revealed a significant effect of stimulation frequency

[x*(3) = 17.211, p < 0.001], a significant effect of post-stimulation block [y*(2) = 6.255, p < 0.05],

with no interaction between the two factors [y*(6) = 2.402, p > 0.8]. Planned comparisons showed
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Fig. 5. Amplitude-Modulated kTMP. A) Single Pulse average percent change across conditions.
Percent change in MEP amplitude from pre to post kTMP stimulation across the four experimental
conditions. Compared to sham, an increase in MEP amplitude was found for all three of our
experimental conditions compared to sham. In addition, AM-KTMP at 20 Hz increased MEPs
significantly above that for non-modulated 3.5 kHz, suggesting AM KTMP stimulation at some AM
frequencies may be more effective than non-modulated kTMP. B) Single Pulse time course post KTMP.
Time course of MEP percent change across the three TMS blocks post KTMP stimulation. Time in-
between each post TMS block is approximately 12 minutes. An effect of time post stimulation was found
with non-modulated 3.5 kHz and AM 140 Hz increasing significantly across time; no effect of time was
found for sham or AM 20 Hz. C) SICI protocol. We again saw a substantial inhibitory effect for the SICI
protocol compared to single pulse, but AM-KTMP did not have an effect on the amount of inhibition
elicited. D) ICF protocol. Same as C except for facilitatory protocol.
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that MEPs increased significantly after AM-KTMP stimulation at 20 Hz [y*(1) = 13.816, p < 0.001]
and 140 Hz [¢?(1) = 15.412, p < 0.001] compared to sham. More important, MEP amplitude in the
20 Hz AM condition was significantly greater than non-modulated kTMP at 3.5 kHz [%?(1) = 6.503,
p < 0.05]. This comparison indicates that AM-KTMP at 20 Hz has a stronger effect on cortical
excitability that non-modulated KTMP for an E-field of identical peak amplitude. There was also
an increase in MEP amplitude in the 140 Hz condition compared to non-modulated KTMP, but

this difference was not significant [x*(1) = 1.098 p > 0.2].

In terms of the effect of time (Fig 5B), MEP amplitude increased across the three post-kTMP
blocks for the non-modulated 3.5 kHz condition [%?(2) = 16.329, p < .001] and 140 Hz AM
[x*(2) = 8.763, p < 0.05]. This effect was not observed for the sham condition [¢?*(2) = 3.758, p >
0.1] nor the 20 Hz AM condition [¢?*(2) = 1.679, p = 0.432]. The latter is especially noteworthy,

suggesting that the increase in corticospinal excitability following 20 Hz AM-kTMP persisted for
at least 35 min. The overall pattern of an increase in the efficacy of kKTMP across the post-

stimulation blocks was unexpected, a point we return to in the Discussion.

Paired-pulse protocols: The SICI and ICF protocols were effective, producing a decrease and
increase, respectively, in MEP amplitude relative to the single pulse protocol [SICI: t(60) = -
16.576, p < .001; ICF: [t(60) = 2.976, p = .004; Fig. 5C-D]. As in Exp 1, KTMP stimulation did not
produce a change on either measure. For SICI, there was no effect of stimulation frequency
[%*(3) =1.614, p>0.7], no effect of post-stimulation block [x?(2) =0.503, p>0.7], and no
interaction between the two factors [x*(6) = 5.028 p > 0.5]. Similarly, for ICF, there was no effect
of stimulation frequency [¢2(3) = 4.053, p > 0.2], no effect of block [x?(2) = 0.148, p > 0.9], and no

interaction [y (6) = 5.627, p > 0.4].
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In summary, we replicated the finding that non-modulated 3.5 kHz kTMP produces an increase in
corticospinal excitability. In addition, 3.5 kHz AM-kTMP with a beat frequency of 20 Hz produced

an increase in excitability above that observed with 3.5 kHz non-modulated kTMP.

Subjective experience during KTMP stimulation

Informal observations from the participants in Exp 1 indicated that the coil did not produce any
detectable tactile or auditory sensation. The amplifier does produce a sound, but one that was

effectively masked by playing a louder, pre-recorded sound (3.5 kHz tone) in all conditions.

We conducted a more formal assessment of subjective experience in Exp 2, administering a short
survey twice, once just before and once just after KTMP stimulation (Fig. 2A). The former provides
reports concerning the participants’ experience of the TMS probes since it follows right after the
second baseline block; the latter would assess the participants’ experience of kKTMP stimulation.
Participants provided three ratings using an 11-point scale (0 = not at all; 10 = extremely) in

response to questions on annoyance, pain, and muscle twitching.

Table 1 presents the means for each measure following TMS, active kKTMP, and sham KTMP. In
line with expectations for TMS?°, the participants were aware of occasional twitches in the finger,
but the stimulation was well-tolerated in terms of annoyance and pain given that the coil was
positioned over M1. Of primary interest for the present report, the modal rating was 0 for all three
ratings following active KTMP. Given the low mean values and limited range, we did not do a

statistical comparison of active and sham KTMP.

After completing the three ratings, participants were given an open-ended question to describe
their subjective experience. Similar to previous reports 2°, the comments following suprathreshold
TMS stimulation noted involuntary hand movement (5 reports), face twitching (2 reports), a flicking

sensation on the head (presumably the TMS tactile artifact, 8 reports), and a clicking noise (1
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report). Only two comments were made following KTMP: One participant reported experiencing a
headache following 20 Hz AM-kTMP. Another participant reported experiencing tingling in the
fingers as if “my limbs were asleep” following 140 Hz AM-KTMP. In summary, while this is only a
preliminary examination of the feelings and sensations experienced during active KTMP, the
survey data and subjective reports suggest that KTMP is amenable to double-blind

experimentation.

Stimulation method Annoyance Pain Muscle Twitch
T™S 1.5 (1.4) 0.5(0.7) 5.3 (1.6)
Active KTMP 0.5 (1.1) 0.1 (0.4) 0.2 (0.6)
Sham kTMP 0.1 (0.3) 0.0 (- 0.4 (1.4)

Table 1. Mean ratings (SD in parenthesis) from Exp 2 on an 11-point scale in response to questions
assessing annoyance, pain, and awareness of muscle twitching following second baseline TMS block or
after KTMP stimulation.

Discussion

kKTMP offers a novel method for exploring subthreshold NIBS experimental space. It combines
the waveform flexibility of tES methods with the wider E-field range of TMS methods and, by using
a TMS coil to deliver stimulation, retains the focality of TMS. Moreover, amplitude modulation of
the flexible KTMP waveform allows us to mimic E-fields at frequency bands that correspond to

those of well-documented endogenous neural rhythms (e.g., alpha, beta).

We conducted two experiments to assess the efficacy of KTMP in modulating neural activity,
measuring MEPs before and after non-modulated KTMP and AM-KTMP. In Experiment 1 non-
modulated KTMP with a targeted cortical E-field of 2 V/m in all conditions produced an increase

in corticospinal excitability, a directional change similar to that observed with other methods using
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subthreshold kilohertz stimulation'3. Although we did not observe significant differences between
the three carrier frequencies, the effect was most pronounced in the condition in which the carrier

frequency was set to 3.5 kHz.

In Experiment 2 we replicated our finding that non-modulated kTMP at 3.5 kHz increases
corticospinal excitability. We also observed increased corticospinal excitability for the two AM-
KTMP conditions (20 Hz and 140 Hz, with a carrier frequency at 3.5 kHz) relative to sham.
Critically, 20 Hz AM-KTMP produced an increase above that observed with non-modulated 3.5
kHz KTMP, suggesting that amplitude modulation at physiologically-relevant frequencies induces
an additional change in excitability over that arising from stimulation in the kHz carrier frequency

range.

The effects of KTMP were only observed with the single-pulse TMS protocol; we did not observe
any effect of kKTMP on the two paired-pulse protocols. The mechanisms through which these
protocols probe corticospinal excitability are complicated. Both the orientation of the coil and
targeted region of the cortex impact the manner in which the suprathreshold TMS pulse elicits
MEPs: It can come about via direct excitation of the axons of the corticospinal neurons (D-wave)
or via its effects on neurons that provide synaptic input to corticospinal neurons (I-wave). Given
that the efficacy of KTMP was only observed with the single pulse probe using the standard M1
stimulation protocol (coil oriented along the anterior-posterior axis), we postulate that kTMP
impacts the mechanisms that influence the early I-wave (for a review on circuits involved in NIBS
see?f). We note, though, that this hypothesis is post-hoc and rests on a null result—the absence
of an effect for the paired-pulse procedures. Moreover, prior studies using a combination of single-
and paired-pulse procedures have yielded an inconsistent picture. For example, whereas single-
pulse probes of NIBS efficacy generally produce consistent results (e.g., iTBS produce an
increase in excitability; cTBS produces a decrease), the results from paired-pulse protocols are

quite variable'#2728, The present results are encouraging in that, across a range of conditions, we
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consistently observed an increase in cortical excitability in response to single-pulse TMS following

the application of a 2 V/m E-field for 10 min.

More generally, we can speculate about the mechanisms by which kHz stimulation modulates
neural state, both in terms of how the E-field is coupled to neurons and, once coupled, the
resultant effects at the cellular and network level. As a starting point, we note that if neurons
behave as low-pass filters (as is commonly assumed), kHz E-fields, even if amplitude modulated
could not modulate neural excitability. However, the low pass filtering assumption is rooted in the
treatment of neurons as linear, time-invariant systems near resting membrane potential. If the
transmembrane potential departs significantly from the resting value, then the neuron must be
modeled as an active electrical system which, by virtue of voltage-dependent membrane
resistance, requires nonlinear models (e.g., Hodgkin and Huxley, 1952). Furthermore, neurons

need not pass kHz frequency components to have an effect upon the transmembrane potential.

We suggest three mechanisms by which kHz E-fields may couple to the neuron transmembrane
potential. First, high frequency signals could be passed during short intervals. As the membrane
potential nears threshold (due to synaptic input) the sodium ion membrane conductance can
increase by two orders of magnitude?®. This will effectively decrease the membrane time constant
(the product of membrane resistance and capacitance) and increase the cutoff frequency by the
same factor. For example, the cutoff frequency for the resting membrane of pyramidal cells is
approximately 20 Hz3°; when near threshold the cutoff frequency could transiently increase to

approximately 2 kHz, providing a possible mechanism for the effects of non-modulated kTMP.

Second, coupling may come about from demodulation whereby the envelope of a kHz presynaptic
transmembrane potential may be passed to a postsynaptic cell. An AM signal can be demodulated
to produce the component frequencies of its modulation envelope through sequential rectification
and low-pass filtering. Gap junctions in some electrical synapses of the mammalian brain operate

as current rectifiers (see review, Faber and Pereda, 2018). Therefore, an AM kHz signal passed
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to a near-threshold transmembrane potential of a presynaptic neuron may appear as a

demodulated signal in a near-rest post-synaptic neuron acting as a low-pass filtering.

Third, coupling might come about from intermodulation. Intermodulation is a process exhibited by
nonlinear systems whereby input frequencies f; and f, can produce output frequencies at nf; - mf
(where n,m are integers). Thus, when the AM signal is created by the superposition of two kHz
signals (as with AM-kKTMP), intermodulation can produce frequencies in the endogenous

frequency range (0-200 Hz)323,

Future studies will need to address the mechanisms responsible for KTMP and its impact on
cortical excitability. We note that the magnitude of the increase in cortical excitability in both
experiments is similar to that observed in the initial reports of tES and rTMS protocols that used
a single-pulse TMS protocol to assess efficacy!>3435. While this is surprising given the striking
differences between the methods, it is also difficult to make comparisons given the effect of NIBS
is likely dependent on not just the amplitude but also the direction, frequency, and duration of the
applied E-field. The interplay of these factors may account for the fact that efforts to establish
dose-dependent response functions with NIBS protocols have provided very mixed results36:37, A
limiting factor for tES studies of dose-dependency is that these methods are restricted to the very
low end of subthreshold space in terms of E-field amplitude. In contrast, KTMP opens up a large
subthreshold experimental space, one in which there is considerable range in terms of E-field
amplitude, carrier frequency, AM waveform, and stimulation duration. Not only should the broad
KTMP space be well-suited for studying dose-dependency, but we may find regimes within this

space in which KTMP produces an inhibitory effect on neural excitability.

At present, we have sampled just a small part of this space given that we set the E-field to 2 V/m
in both experiments and limited kTMP stimulation to 10 min. While the theoretical upper boundary
for our current system is 8 V/m (at 5 kHz), this range can be easily expanded by using a more

powerful amplifier or running multiple amplifiers in parallel. Our calculations indicate that safety
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issues will remain negligible up to 15 V/m at 10 min. Higher E-fields and/or longer durations (at
these higher E-fields) will require empirical evaluation involving bench tests and possibly animal

models.

On the evaluation side, we have only assessed the impact of KTMP on neural excitability out to
35 min post-stimulation. A priori, we made this decision given a desire to limit the experimental
session to two hours and expected that an effect, if observed would start to dissipate in the last
block. Surprisingly, the pattern in both experiments suggests that the effect of KTMP may become
more pronounced over the 30-min window. Extending the duration of the post-stimulation probe

is another priority for future testing.

In addition to offering a large subthreshold experimental space, there are a number of other
noteworthy features of KTMP. First, KTMP is ideally suited for double-blind experimentation. As
verified in the subjective reports of our participants, the only percept associated with 2.0 V/m
KTMP is a tone at the carrier frequency emanating from the amplifier, one that can be easily
masked. Even when positioned over the prefrontal or occipital cortex, there is no peripheral nerve
stimulation or tactile percept from kTMP stimulation, issues that can impact TMS and tES

protocols.

Second, for studies using TMS as a probe on NIBS efficacy, the E-fields of the perturbation (e.qg.,
kTMP) and probe (e.g., suprathreshold single-pulse TMS) are matched up to a scale factor. In
contrast, the E-fields of tES and TMS cannot be matched® and, as such, likely impact different
neural populations even when the targeted region is ostensibly the same. Beyond the
experimental convenience of using the same TMS coil for both perturbation and probe as in our

prototype, the E-field alignment may increase experimental robustness.

Third and perhaps most exciting are the manipulations made possible with AM-KTMP given that
this approach combines an expanded range of subthreshold E-field amplitudes with AM waveform
and carrier frequency flexibility. Future work is required to determine the AM and carrier frequency
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(and location) specificity of these effects, something that has been explored with considerable
success in the tACS and rTMS literatures. Importantly, the experimenter can create a kTMP
waveform of unlimited complexity and flexibility, with the resulting stimulation pattern completely
specified in terms of its E-field spectrum. We foresee no serious technical problems in running
concurrent KTMP-EEG experiments given that the artifact from the kHz carrier frequency can be
easily filtered out. This approach will make it possible to measure entrainment effects between
the exogenous KTMP waveform and endogenous brain rhythms. Moreover, this approach can be
used to tailor the stimulation waveform on an individual basis or for closed-loop control, promising

avenues for translational applications of NIBS.

The expanded E-field range of kKTMP also makes this approach ideal for tailoring the level of
stimulation on an individual basis. Similar to many TMS studies, individual thresholds can be
determined with single pulse TMS, and the threshold can then be used to adjust the intensity of
the KTMP stimulation as a way to roughly equate “effective stimulation”. In this way, one can
empirically modify the stimulation level to account for factors such as skull thickness, skull-to-
cortex distance, and cortical morphology known to influence the amplitude of the cortical E-
field3®3°, While the frequency of stimulation with tACS can be tailored on an individual basis, the
limited E-field range of EC methods makes it impractical to vary the intensity of stimulation

between individuals.

Conclusion

NIBS has provided a powerful approach for safely perturbing brain activity, one that has been
employed in basic research to test functional hypotheses concerning brain-behavior relationships
spanning all aspects of human cognition with increasing translational applications. kTMP offers

an opportunity to explore a new experimental space, one with a relatively large range of
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subthreshold E-field induction, the focality of TMS, and the ability of imposing E-fields at

physiological relevant frequencies.

Methods

Apparatus
Kilohertz Magnetic Perturbation (kTMP) system

The KTMP system consists of a high-amplitude current source, a TMS coil, and a control system.
The same TMS coil may be connected to either the kTMP current source or to a commercial TMS
power supply system (MagVenture MagPro x100 TMS stimulator), permitting interleaved kTMP-
TMS experiments and ensuring identical KTMP and TMS E-field distributions up to an amplitude
scaling factor. The kTMP amplifier (AE Techron Model 7794) is a voltage-controlled current
source capable of delivering up to 200 A to the coil. We used a passive liquid-cooled figure-8 coll

(MagVenture Cool-B65; i.d. 35 mm, o0.d. 75 mm).

The KTMP control system consists of a personal computer (PC), input/output PCI card, and a
custom interface to read the coil’s built-in temperature sensor. Using a data acquisition toolbox
(Mathworks R2018a), the PCI card was programmed to deliver analog input to the amplifier, thus
specifying the temporal waveform of the E-field. The input waveform can be either a fixed

sinusoidal frequency or the waveform can be amplitude modulated.

Bench testing indicated that the system when running in KTMP mode did not produce marked
changes in coil temperature. As an added safeguard, the PCI card was set up to receive an analog
input from the coil’'s temperature sensor and create an automatic shutdown if the coil temperature
exceeded 48°C, following guidelines established by the International Electrotechnical
Commission (IEC). In practice, for E-fields up to the 2 V/m limit used in the present experiments,

the coil temperature never rose above 32° C during system operation.
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Participants

29 young adults were recruited through various advertisements posted to the UC Berkeley and
Berkeley communities. 19 were tested in Experiment 1 (12 female, 7 male) and 16 were tested
in Experiment 2 (10 female, 6 male, seven of whom had been tested in Exp 1). All participants
were naive to the purpose of the study, provided informed consent, and were financially
compensated. Given the novelty of KTMP as a NIBS method, the IRB at UC Berkeley enlisted an
outside expert and members of the campus Environmental and Health Safety Committee to
evaluate the system. Following their reports, the protocol was approved by the IRB at UC

Berkeley with the KTMP system deemed a non-significant risk device for e-fields up to 8 V/m.

Procedure
Overview

To evaluate the KTMP system as a new tool to modulate neuronal excitability, we measured the
impact of KTMP on corticospinal excitability using suprathreshold TMS stimulation over motor
cortex. Figure 2 depicts an overview of the experimental hardware and protocol. In brief, KTMP
stimulation was sandwiched by five 7-min probe blocks, each of which consisted of a trio of TMS
assays of cortical excitability. Two of the probe blocks occurred prior to KTMP and three occurred

after KTMP.

Each experiment consisted of five 2-hr test sessions, with each session separated by a minimum
of 2 days. The first test session was used to determine the optimal coil position (“hotspot”) and
threshold intensity for eliciting MEPs with suprathreshold single-pulse TMS (see below). The
position of the hotspot was recorded by a neuronavigation system (BrainSight). This allowed the
experimenter to return to the same position for each TMS block (see below), as well as during the

application of KTMP. The other four test sessions were used to test the efficacy of different kKTMP
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parameters on cortical excitability with a focus on variation of the carrier frequency for non-
modulated kTMP in Exp 1 and amplitude-modulated kTMP in Exp 2 (Fig. 2C). Two steps were
taken to create a double-blinding protocol. First, we created a coding system such that the
experimenter typed in a number that was paired to the desired stimulation condition in an arbitrary
and random manner, one that varied across participants in a manner unknown to the
experimenter. Second, we recorded the sound emanating from the amplifier when producing a
non-modulated 3.5 kHz waveform and played this recording at a higher intensity as background

sound during KTMP stimulation. This effectively masked the amplifier sound.

kTMP

For each carrier frequency, the current amplitude was selected to achieve a peak 2.0 V/m E-field
at a distance of 14 mm perpendicular to the coil surface, a distance we took to represent the depth
of the motor cortex from the overlying scalp*®. The method of Nieminen*! was used to measure
the effective E-field amplitude in a spherical phantom as a standard. The relationship between
the current amplitude | (amperes), carrier frequency f. (Hz), and E-field magnitude E (V/m) at 14

mm was established to be:
E = (7.875 x 10°% Vs/Am) f. | (EQ. 1)

where V, s, A, and m, correspond to volts, seconds, amperes, and meters, respectively. As a
function of time t, the AM-KTMP waveform is obtained by multiplying the carrier waveform by
cos(2nf,t) where f,is the beat frequency (modulation frequency). Spectrally the beating AM
signal would be composed of two peaks at frequencies f; and f, such that f, = (f;, — f1)/2 (fig.

1).

25


https://doi.org/10.1101/2021.11.17.465477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.465477; this version posted November 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Experiment 1. Non-modulated kTMP

We used a within-subject design, testing each participant between sessions on each of four kTMP
stimulation conditions, with the order counter-balanced across participants. For three of the
conditions, the carrier frequency (2 kHz, 3.5 kHz, 5 kHz) was paired with an intensity to create an
E-field at the superficial aspect of the hand area of the motor cortex of 2 V/m. Note that we did
not adjust for individual differences in scalp-to-cortex distance. For the sham condition, we used

a 3.5 kHz carrier frequency producing a 0.01 V/m E-field at the cortical surface.

Experiment 2. Amplitude-modulated KTMP

We again used a within-subject design, testing each participant in four sessions. Two of the
conditions were repeated from Exp 1: the 3.5 kHz unmodulated kTMP at 2 V/m and the sham
condition. For the other two conditions, the carrier frequency was set at 3.5 kHz and the waveform
was amplitude modulated to create beat frequencies of 20 Hz and 140 Hz. The 3.5 kHz carrier
frequency was chosen since we had obtained the strongest effect at this frequency in Exp 1. We
selected the 20 Hz beat frequency given the relevance of beta to motor function*>-#4 and the 140
Hz beat frequency based on literature concerning ripple effects at this frequency3*>4546, The peak
cortical E-field amplitude for the AM conditions was 2 V/m, identical to the non-modulated
condition. Note that the inclusion of the 3.5 kHz non-modulated condition not only provides a
replication of one condition in Exp 1, but also serves as the main point of comparison for the two

AM-kTMP conditions.
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TMS

Hotspot and Threshold Procedure (Session 1)

Single-pulse TMS was applied over left hemisphere M1 to determine the resting motor threshold
(rMT) for the first dorsal interosseous muscle (FDI) in the right hand. We focused on FDI since it
is relatively easy to isolate in all individuals and threshold values are very stable across test

sessions €49 4749,

The TMS coil was placed tangentially on the scalp with the handle pointing backward and laterally
at 45° from the midline. The stimulator intensity was initially set to 30% of maximal stimulator
output (MSO) and single pulses were generated at random intervals, with the experimenter
visually monitoring the electromyography (EMG) output for MEPs. If no MEPs were detected after
2 or 3 pulses, the experimenter moved the coil a few mm. If a search over the candidate area
failed to produce any MEPs, the stimulator output was increased (step size of 3%), with the
location search repeated. Once MEPs were detected, a more focal search was conducted to
identify the optimal location for eliciting MEPs. This location was registered in three-dimensional
space using a neuro-navigation system (Brainsight, Rogue Resolutions Ltd., Cardiff, UK) to
ensure consistent coil position during and between experimental sessions. rMT was defined as
the minimum TMS intensity required to evoke MEPs of at least 50 UV peak-to-peak amplitude on

5 of 10 consecutive trials. Trials in which background EMG was elevated were excluded.

The mean threshold was 58% (SD=11.3) and 63% (SD=11.1) of maximum stimulator output in
Experiments 1 and 2, respectively. We repeated the threshold procedure in each of the kKTMP
sessions to capture possible intra-individual baseline changes in the cortico-excitability of the
participants. In practice, the individual's threshold values remained very stable across days (mean

deviation of 2.6%).
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TMS Assays of Corticospinal Excitability (Sessions 2-5)

Each of the five probe blocks (two pre-kTMP and three post-kTMP) included single-pulse TMS
(SP), and two paired-pulse protocols: short intracortical inhibition (SICI) and intracortical
facilitation (ICF). These three protocols have been widely used in prior studies designed to
evaluate the efficacy of tES and rTMS methods in altering neural excitability'®27%0. For SP, the
stimulation level was set at 120% of rMT. For the paired-pulse assays, the suprathreshold pulse
was preceded by a sub-threshold conditioning stimulus set at 80% of rMT, with an interstimulus
interval (1SI) of 3 ms or 10 ms for SICI and ICF, respectively. The probe block consisted of 90

trials, 30 for each of the three assays, with the order randomized within the block.

We developed a system to read and record the six-dimensional spatial and angular position of
the coil with respect to the hotspot in real time. This information was recorded at the time of each
TMS pulse and used to exclude trials in which the coil was distant from the hotspot or the angle

had changed from the optimal hotspot orientation.

EMG

EMG activity was measured with a Bagnoli-8 EMG System (Delsys Inc.). EMG activity was
recorded from surface electrodes placed over the right FDI muscles, with a reference electrode
over the right elbow. The experimenter visually inspected the EMG traces on a monitor to ensure
that the participant remained relaxed (i.e., negligible EMG background activity in FDI) and to

detect the presence or absence of MEPs in response to the TMS pulses.

The EMG signals were amplified and bandpass filtered on-line between 20 and 450 Hz. The
signals were digitized at 2000 Hz for off-line analysis. All EMG measures were analyzed with

custom scripts written in Matlab 2018a. EMG was recorded continuously during the experiment.
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The records were aligned offline with the TMS pulses based on a TTL pulse from the TMS system

that was recorded by the EMG amplifier on an auxiliary channel.

Subjective Reports

We informally assessed the participants’ subjective experience in Exp 1, focusing on reports
concerning the perception of amplifier sound, tactile sensation, and discomfort. We formalized
the process in Exp 2, administering a short survey concerning annoyance, pain and muscle
twitching 2 after the second TMS probe block and at the end of the KTMP stimulation. The first
survey was designed to obtain ratings on the subjective experience of suprathreshold TMS; the

second was to obtain ratings on KTMP stimulation.

Data analysis

MEP. For each trial, the peak-to-peak amplitude of the MEP was calculated based on an epoch
after the TMS pulse (15 to 50 ms after TMS pulse). Trials were excluded from the analysis based
on the following criteria: 1) If the MEP amplitude was two standard deviations above or below the
mean, with the mean and standard deviation calculated separately for each TMS assay (SP, ICF,
ICI) for each probe block. 2) If the MEP amplitude was below .05 mV. 3) If the Brainsight recording
indicated that the coil was more than 3 mm (Euclidian distance) from the optimal hotspot location
or had an angular or twist error more than 5° from the optimal trajectory angle. 4) If noise in the
EMG signal (200 ms - 50 ms) before the TMS pulse exceeded two standard deviations of the
mean EMG signal. On average 10% (SD = 3%) of the trials were excluded per participant with a

range of 4.8% to 20%.

29


https://doi.org/10.1101/2021.11.17.465477
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.465477; this version posted November 19, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The average MEP amplitude was calculated for each of the three TMS protocols in each probe
block on an individual basis. SICI and ICF values were calculated by computing a ratio of the

paired-pulse MEP average over the single pulse MEP average for each block.

We normalized the data for the post-kTMP blocks by calculating the percent change from the two
baseline blocks (averaged together). This normalization was done separately for each probe
block. Thus, the main analysis focuses on the three post-kTMP stimulation probe blocks for each
of the three TMS assays (SP, SICI, ICF). We used a mixed-effects model with fixed factors of
stimulation type (Expl: 2 kHz, 3.5 kHz, 5 kHz, Sham; Exp 2: 3.5 kHz non-modulated, 20 Hz AM,
140 Hz AM, Sham) and post-stimulation block and a random factor of participant. This model was
selected since it can accommodate missing data and subject variability. In addition, each active
KTMP stimulation condition was tested against the sham condition and in Exp 2, we compared

the two AM KTMP conditions to the 3.5 kHz non-modulated condition.
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