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ABSTRACT

Background: Transcranial ultrasound stimulation (TUS) is a novel non-invasive brain stimulation technique with
high depth penetrance and spatial resolution. Theta-burst TUS (tbTUS) is a plasticity-inducing protocol which
increases motor cortical excitability for up to 30 min following 80s of sonication. While this protocol may have
therapeutic potential for the treatment of psychiatric and neurological disorders, the mechanisms of action of
TUS remain unclear.

Objective: We conducted the first pharmacological study to examine the mechanisms of TUS in human primary
motor cortex. By administering brain-active drugs with known mechanisms of action, we aimed to elucidate the
mechanisms of tbTUS.

Methods: Fourteen healthy subjects participated in a within-subjects randomized, double-blind, cross-over study
with five visits. At each visit, one of four study drugs (carbamazepine — Na™ channel blocker, nimodipine — L-type
Ca?* channel blocker, lorazepam — positive allosteric modulator of gamma-aminobutyric acid (GABA) type A
receptor, dextromethorphan — N-methyl-p-aspartate receptor antagonist) or placebo was administered in random
order, followed by tbTUS.

Results: The plasticity effects of tbTUS on motor cortex excitability measured by motor-evoked potential am-
plitudes elicited by transcranial magnetic stimulation were reduced by all study drugs compared to placebo.
Conclusion: tbTUS may induce NMDA-dependent synaptic plasticity since the effects are blocked by increased
GABA, receptor activities and voltage-gated Na™ and Ca®" channels blockers. These results are consistent with
the hypotheses that tbTUS induced long-term potentiation-like mechanisms and that TUS involves activation of
mechanosensitive Na* and Ca®' channels. Alternatively, non-specific pharmacologically induced changes in
excitatory/inhibitory balance might have interfered with the effects of tbTUS.

1. Introduction

confounded by the audible tone produced by the TUS [6]. To use TUS as
a treatment of neurological and psychiatric disorders, induction of

Transcranial ultrasound stimulation (TUS) is a novel, non-invasive
brain stimulation (NIBS) technique with higher spatial resolution and
depth penetration compared to current NIBS techniques such as trans-
cranial magnetic stimulation (TMS) or transcranial direct-current stim-
ulation [1,2]. Previous studies showed that TUS with sonication
durations from 100 to 500 ms suppressed human motor cortical (M1)
excitability during and immediately after sonication [3-5]. However,
new findings have shown that online TUS effects are strongly

plasticity effects that persist after sonication is needed. A study showed
that a theta-burst TUS (tbTUS) protocol with 20 ms bursts of TUS
repeated at a 5SHz pulse repetition frequency (PRF) for 80 s increased M1
excitability for up to 30 min [7]. This was accompanied by reduction in
short-interval intracortical inhibition (SICI) and increase in intracortical
facilitation (ICF) measured by paired-pulse TMS, and reduction in
movement time in a visuomotor task. Furthermore, a magnetoenceph-
alography (MEG) study found tbTUS increased local connectivity in
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pillow was placed underneath their right arm to ensure relaxation.

2.5. Pharmacological interventions

Single doses of 600 mg of carbamazepine (CBZ), 30 mg of nimodi-
pine (NDP), 150 mg of dextromethorphan (DMX), 2.5 mg of lorazepam
(LRZ) or placebo were orally administered. Drug dosages were based on
previous pharmaco-TMS studies which showed safe and significant ef-
fects on cortical excitability and plasticity at these doses [13]. The pills
were sourced and packaged by a research pharmacy (Pharmacy.ca ,
Toronto, Canada) to appear with the same size and color. A waiting
period of 150 min before TUS/TMS stimulation was selected based on
the pharmacokinetics of each drug. Although some drugs may not be at
the peak plasma concentration by the time of TUS administration, all
drugs tested (CBZ, DXT, LRZ and NDP) have shown significant effects on
cortical excitability or plasticity at 1.5-2.5 h following oral adminis-
tration [14-18,20].

2.6. Study design

The study followed a within-subjects randomized, double-blind,
placebo-controlled cross-over design. Both the subjects and the experi-
menter were blinded to the study drug assignment. Subjects completed 5
study visits at least one week apart to avoid carryover effects, and one
study drug or placebo was administered at each visit in random order.
All study visits were identical in protocol and timeline. Drug was
administered at T = O h, followed by a 2.5 h wait time (Fig. 1). At T =
2.5 h, baseline pre-tbTUS MEP recordings were conducted. The pre-
tbTUS recording included determining the stimulus intensity for rest
motor threshold (RMT) and 1 mV MEP (SI1mV), recording of 1 mV rest
MEP (15 trials), and then SICI and ICF. RMT was determined as the
minimum stimulator intensity required to elicit 50 pV MEPs in 5 of 10
trials. SIImV was determined as the minimum stimulator intensity
required to elicit 1 mV MEPs in 10 trials. For SICI and ICF, the intensity
of the test stimulus (TS) was set to produce 1 mV MEP and was re-
assessed at each recording time. Fifteen trials of SICI, ICF and TS
alone were delivered in a random order in a 45-trial block. Conditioning
stimulus (CS) was set at 80% RMT and was delivered 2 ms before TS for
SICI and 10 ms before TS for ICF. Following baseline recording and
tbTUS delivery, MEP recordings were repeated at post-5, post-30, and
post-60 min.

2.7. Safety and side effects questionnaire

Subjects were encouraged to report side effects they experienced
throughout the study. At the end of each study visit, subjects completed
a questionnaire which included common side effects of the drugs (e.g.,
nausea, drowsiness, dizziness) and previously reported side effects in
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human TUS studies [26]. If a side effect was present, subjects rated it as
mild, moderate or severe.

2.8. Data analysis

Peak-to-peak MEP amplitudes were measured, and median ampli-
tudes were extracted, using a custom script in SIGNAL 6.04 software. R
version 4.1.3 (R Core Team, Vienna, Austria) and JASP (Version 0.1.6)
were used for statistical analyses. Significance level was set at p < 0.05,
and family-wise error rate was corrected using the Holm-Bonferroni
method when conducting multiple comparisons [27]. The median for
each MEP recording was used for computing group-level means for
statistical testing. SICI and ICF were expressed as the MEP ratio of the
median conditioned MEP to the median unconditioned MEP per subject.
The effects of each drug on MEP amplitudes were expressed as a ratio
normalized to the pre-tbTUS baseline, aiming to standardize the results
and enhance the comparability between different conditions [7]. For
normalized MEP amplitude, the mean values for each time post-tbTUS
(Post-5, Post-30, Post-60) were determined for each drug, and were
analyzed using linear mixed effect (LME) modelling, with main effects of
time, drug condition (Placebo, CBZ, NDP, LRZ, DXT), and their in-
teractions. As an exploratory analysis, we conducted pairwise compar-
isons of our post-tbTUS timepoints within each drug condition to the
pre-tbTUS timepoint using non-normalized MEP amplitudes, in order
to assess for how the drugs may have altered the timeline of tbTUS ef-
fects on MEP. These comparisons were also corrected using the
Holm-Bonferroni method. Non-normalized data for SICI, ICF, RMT and
SI1mV values for each time point (Pre-tbTUS, Post-5, Post-30, Post-60),
drug condition (Placebo, CBZ, NDP, LRZ, DXT) and their interactions
were also analyzed with LME.

Baseline MEP measures (SI1mV, RMT, SICI, ICF) across study visits
(representing the effects of pharmacological intervention alone) were
compared using Holm-Bonferroni-corrected paired t-tests compared to
the placebo condition. This was done in order to establish the baseline
effects of drugs on cortical excitability without the influence of tbTUS.

3. Results

One session each for the LZR and DXT visits were not completed by
different subjects due to adverse effects (Fig. 5). Therefore, data from 13
subjects were available for these two drugs and data for 14 subjects were
available for the other drugs and the placebo condition.

3.1. Effects of drugs on baseline measures

CBZ significantly increased SIImV compared to placebo (t;3 = 3.03,
p = 0.01) (Table 1). No other drugs had a significant effect on SI1mV,
RMT, SICI and ICF compared to the placebo condition at baseline.

Fig. 1. Visit timeline for each study session. Following drug administration, there was a 2.5 h waiting period for the drug to take effect. M1 FDI hot-spot deter-
mination occurred near the end of this stage. At 2.5 h, baseline MEP recordings were performed, followed by tbTUS of the M1. Post-tbTUS recordings are conducted 5

(P5), 30 (P30) and 60 (P60) minutes following tbTUS.
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Table 1
SI1mV values of each drug condition and time.
SIlmV PLACEBO CBZ NDP LRZ DXT
Pre- 56.1 £9.1 59.8 + 56.0 + 56.9 + 54.5 +
tbTUS 9.4 10.0 11.3 10.1
Post-5 56.1 £ 9.2 59.6 + 56.3 + 56.7 + 54.2 +
8.5 10.0 11.0 10.2
Post-30 56.6 + 9.6 60.3 £ 56.1 £ 56.2 + 54.0 £
8.7 10.2 11.2 10.0
Post-60 55.4 £9.2 60.8 + 55.9 + 56.5 + 54.3 +
9.3 10.3 10.8 10.3

SI1mV are expressed as % of stimulator output and mean + standard deviation.
SI1mV was significantly higher for CBZ than DXT, but there were no effects of
time. CBZ = carbamazepine; NDP = nimodipine; LRZ = lorazepam; DXT =
dextromethorphan.

Table 2
Rest motor threshold for each drug condition and time.
PLACEBO CBZ NDP LRZ DXT
Pre-tbTUS 47.9 £ 6.3 48.6 + 6.5 47.1 £ 6.9 45.5 £ 5.5 47.6 £ 7.4
Post-5 47.6 £ 6.8 48.2 + 7.3 47.0 £ 7.0 45.5 £5.9 48.1 £ 7.4
Post-30 47.1 £ 6.8 48.7 £ 7.0 47.0+£7.0 45.7 £5.1 47.5 £ 6.9
Post-60 47.6 £ 7.5 49.3 +£ 7.7 47.1 + 8.0 46.1 £ 5.8 47.6 + 6.5

Rest motor threshold (RMT) is expressed as % of stimulator output and mean +
standard deviation. RMT was significantly higher for CBZ than LRZ, but there
were no effects of time. CBZ = carbamazepine; NDP = nimodipine; LRZ = lor-
azepam; DXT = dextromethorphan.

3.2. Effects of drugs and tbTUS on RMT (Table 2)

LME revealed a significant main effect of drug condition (F4 239 =
9.88, p < 0.0001) but no significant effect of time (F3239 = 0.12, p =
0.95) or interaction (F12,239 = 0.12, p = 0.99). Post-hoc comparison of
drug effects revealed higher RMT for CBZ compared to LRZ (p < 0.001)
but there were no other significant differences.
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3.3. Effects of drugs and tbTUS on SIImV (Table 1)

LME revealed a significant main effect of drug condition (F4 239 =
23.79, p < 0.001) but no significant effect of time (F3 239 = 0.01, p =
0.99) or interaction (Fi2239 = 0.21, p = 0.99). Post-hoc comparison
revealed higher SI1mV for CBZ compared to DXT (p = 0.017) but there
were no other significant differences.

3.4. Effects of drugs on tbTUS MEP amplitudes

The effects of each drug condition on post-tbTUS MEP amplitudes
expressed as a ratio to the pre-tbTUS baseline are illustrated in Fig. 2.
LME showed a significant effect of time (Fg 172 = 2.57, p = 0.041), drug
(F4,172 = 5.73, p < 0.001), and non-significant time x drug interaction
(Fg,172 = 0.82, p = 0.65). Exploratory pairwise comparisons of P5, P30
and P60 times compared to Pre-tbTUS revealed significantly higher MEP
amplitudes at P5 (t13 = 2.97, p = 0.012), P30 (t;3 = 2.71, p = 0.018),
and P60 (t;3 = 2.17, p = 0.044) for placebo (Fig. 2A) and at P5 for LRZ
(t12 = 3.16, p = 0.008) (Fig. 2D). There were no significant differences
between pre vs. post-tbTUS MEP amplitudes for CBZ, NDP, or DXT for all
timepoints tested. Post-hoc comparison of drug conditions showed
higher MEP amplitudes for placebo compared to CBZ (p = 0.025), DXT
(p = 0.007), and NDP (p = 0.0004), with placebo having higher MEP
values than all the above.

3.5. Effects of drug and tbTUS on SICI and ICF

LME revealed no significant effect of time (F3 234 = 0.74, p = 0.53),
drug (F4,234 = 0.59, p = 0.67) or interaction (F12,234 = 1.54,p = 0.11) on
SICI (Fig. 3). Similarly, LME showed no significant effect of time (F3 234
=0.15, p = 0.93), drug (F4,234 = 1.39, p = 0.24) or interaction (F2,234 =
0.34, p = 0.98) on ICF (Fig. 4).
3.6. Side effects

A summary of the nature and severity of side effects for each drug is

cBZ C

NDP

DXT

P30 P60

Fig. 2. Effects of different drugs on MEP amplitudes following tbTUS. MEP amplitudes are depicted as ratio to the pre-tbTUS (baseline) MEP. Following LME
modelling, an exploratory analysis was conducted to compare post-tbTUS MEPs to the non-normalized pre-tbTUS MEPs. In placebo sessions, tbTUS significantly
increased MEP amplitude up to 60 min following stimulation. In LRZ sessions, tbTUS significantly increased MEP amplitude at 5 min, but not at 30 and 60 min. Post-
tbTUS times for all other drug conditions were not significantly different from Pre-tbTUS. CBZ = carbamazepine; DXT = dextromethorphan; LRZ = lorazepam; NDP
= nimodipine. Pre = pre-tbTUS; P5 = 5 min post-tbTUS; P30 = 30 min post-tbTUS; P60 = 60 min post-tbTUS. * = p < 0.05; ** = p < 0.005 compared to pre-tbTUS

baseline. Error bars represent standard errors.
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