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Abstract

Primary motor cortex excitability can be modulated by anodal and cathodal transcranial direct current stimulation (tDCS).
These neuromodulatory effects may, in part, be dependent on modulation within gamma-aminobutyric acid (GABA)-mediated
inhibitory networks. GABAergic function can be quantified non-invasively using adaptive threshold hunting paired-pulse
transcranial magnetic stimulation (TMS). The previous studies have used TMS with posterior—anterior (PA) induced current
to assess tDCS effects on inhibition. However, TMS with anterior—posterior (AP) induced current in the brain provides a more
robust measure of GABA-mediated inhibition. The aim of the present study was to assess the modulation of corticomotor
excitability and inhibition after anodal and cathodal tDCS using TMS with PA- and AP-induced current. In 16 young adults
(26 + 1 years), we investigated the response to anodal, cathodal, and sham tDCS in a repeated-measures double-blinded
crossover design. Adaptive threshold hunting paired-pulse TMS with PA- and AP-induced current was used to examine
separate interneuronal populations within M1 and their influence on corticomotor excitability and short- and long-interval
inhibition (SICI and LICI) for up to 60 min after tDCS. Unexpectedly, cathodal tDCS increased corticomotor excitability
assessed with AP (P=0.047) but not PA stimulation (P=0.74). SICI,, was reduced after anodal tDCS compared with sham
(P =0.040). Pearson’s correlations indicated that SICI,p and LICI,p modulation was associated with corticomotor excit-
ability after anodal (P =0.027) and cathodal tDCS (P =0.042). The after-effects of tDCS on corticomotor excitability may
depend on the direction of the TMS-induced current used to make assessments, and on modulation within GABA-mediated
inhibitory circuits.

Keywords Transcranial magnetic stimulation - Transcranial direct current stimulation - Adaptive threshold hunting -
Intracortical inhibition - Current direction

Introduction

Non-invasive brain stimulation can be used to modulate pri-
mary motor cortex (M1) excitability. One such technique is
transcranial direct current stimulation (tDCS), which induces
plasticity akin to long-term potentiation or depression in an
N-methyl-p-aspartate receptor-dependent manner (Nitsche
et al. 2003a). For example, M1 excitability increases after
tDCS is applied with the anode placed over M1 and cath-
ode over the contralateral supraorbit (anodal tDCS), and
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decreases if the electrode placement is reversed (cathodal
tDCS) (Nitsche and Paulus 2000). However, recent studies
have identified a large degree of inter-individual variability
in terms of the direction and magnitude of the response to
tDCS (Ammann et al. 2017; Fujiyama et al. 2014; Lopez-
Alonso et al. 2014; McCambridge et al. 2015; Tremblay
et al. 2016; Wiethoff et al. 2014). This variability must be
addressed if tDCS is to be used as an effective neuromodula-
tion technique.

Endogeneous levels of the main inhibitory neurotransmit-
ter gamma-aminobutyric acid (GABA) may, in part, mediate
tDCS effects on corticomotor excitability. For example, the
observed increase in motor evoked potential (MEP) ampli-
tude after anodal tDCS is delayed with prior administration
of a GABA , receptor agonist (Nitsche et al. 2004).

Paired-pulse transcranial magnetic stimulation (TMS)
protocols are used to examine short- and long-interval
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intracortical inhibition (SICI and LICI), which are mark-
ers of GABA, (Ili¢ et al. 2002; Ziemann et al. 1996)
and GABAz (McDonnell et al. 2006) receptor activity,
respectively. The majority of studies utilise the conven-
tional paired-pulse TMS to quantify inhibition, where the
conditioned MEP is expressed relative to the noncondi-
tioned MEP (Kujirai et al. 1993; Valls-Sole et al. 1992).
However, the modulation of SICI and LICI after tDCS
has been inconsistent (Batsikadze et al. 2013; Heise et al.
2014; Kidgell et al. 2013; Lopez-Alonso et al. 2015;
Nitsche et al. 2005; Sasaki et al. 2016; Zhang et al. 2014),
which may be attributed to the fact MEP amplitude is an
inherently variable measure (Darling et al. 2006; Kiers
et al. 1993). An alternative approach is adaptive threshold
hunting (Awiszus 2003) which eliminates the confound
of nonconditioned MEP variability. With threshold hunt-
ing, inhibition is measured as the percent increase in test
stimulus intensity required to maintain a target threshold
MEP amplitude (e.g., 200 uV) in the presence of the con-
ditioning stimulus. Both methods are thought to be similar
in their mechanisms of action (Amandusson et al. 2017).
Adaptive threshold hunting may be a preferable method
for assessing tDCS effects by overcoming MEP amplitude
confounds introduced by natural variability.

GABA-mediated inhibition before and after tDCS is
usually examined with TMS using a posterior—anterior
(PA)-induced current in the brain. PA stimulation pref-
erentially activates early indirect (I)-waves arising from
transynaptic activation of pyramidal neurons (Sakai et al.
1997). However, the conditioning stimulus from SICI and
LICI supresses later I-waves more so than early (Di Lazzaro
et al. 1998; Nakamura et al. 1997). Anterior—posterior (AP)
stimulation preferentially activates circuits responsible for
late I-waves (Di Lazzaro et al. 2001; Sakai et al. 1997) and
more robust SICI and LICT has been shown with AP stimu-
lation than PA (Cirillo and Byblow 2016; Sale et al. 2015;
Zoghi et al. 2003). Furthermore, individuals who prefer-
entially recruit late I-waves exhibit greater SICI and LICI
than early I-wave recruiters (Cirillo and Byblow 2016) and
are less susceptible to tDCS effects on corticomotor excit-
ability (McCambridge et al. 2015; Wiethoff et al. 2014). It
is unknown how tDCS after-effects on corticomotor excit-
ability and inhibition differ between PA- and AP-induced
current.

The aim of this study was to examine the after-effects of
tDCS on M1 corticomotor excitability and GABA-mediated
intracortical inhibition (SICI and LICI) using single-pulse
and adaptive threshold hunting paired-pulse TMS with PA-
and AP-induced current. We hypothesised that the after-
effects of tDCS would differ between PA- and AP-induced
current due to the preferential recruitment of early and late
[-waves, respectively. We also sought to determine whether
the modulation of intracortical inhibition was associated
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with the extent of corticomotor excitability modulation after
tDCS.

Methods
Participants

Sixteen neurologically healthy young adults (9 females,
mean age 26 + 1 years, range 21-33 years) participated in
this study. All participants were right-handed as assessed
by the short version of the Edinburgh Handedness Inventory
(Veale 2014), with a mean laterality quotient of 93 + 3 (range
75-100). Participants were screened for contraindications
to TMS before participation using a safety screening ques-
tionnaire, developed by our institution based on a previous
report (Keel et al. 2001). Each participant provided written
informed consent and the study was approved by the Uni-
versity of Auckland Human Participants Research Ethics
Committee.

Experimental design

There were three experimental sessions. In each session,
participants were pseudorandomly allocated to receive
either 13 min of anodal (Nitsche and Paulus 2001), 9 min
of cathodal (Nitsche et al. 2003b), or sham tDCS (Gandiga
et al. 2006), in a repeated-measures double-blinded crosso-
ver design. There were six possible tDCS sequences with
either two or three participants assigned to each. Measures
of corticomotor excitability and inhibition were investi-
gated at two time points before (B1 and B2; time interval
of ~5 min) and at four time points after (PO, P20, P40, and
P60) tDCS using TMS (Fig. 1). Sessions one and two were
separated by a mean of 11 days (range 7-37 days). Sessions
two and three were separated by a mean of 16 days (range
5-44 days). All sessions were completed after midday and
at the same time of day for each participant, to control for
the influence of diurnal variations in cortisol levels on neu-
roplasticity (Sale et al. 2008).

Recording and stimulation procedures
Surface electromyography

Surface electromyography (EMG) was recorded from the
first dorsal interosseous (FDI) of the dominant right hand
using 10 mm diameter Ag—AgCl recording electrodes
(Ambu, Ballerup, Denmark) arranged in a belly-tendon
montage, with a 20 mm diameter ground surface electrode
(3M, Canada Health Care) positioned on the dorsum of
the right hand. EMG signals were amplified (1000x) and
band-pass filtered (10-1000 Hz) using a CED1902 amplifier
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Fig.1 Schematic illustration of the experimental design. Participants
completed three sessions where transcranial magnetic stimulation
with posterior—anterior (PA) and anterior—posterior (AP)-induced
current was used to assess the threshold hunting target (THT), short-

(CED, Cambridge, UK), sampled at 2 kHz using a CED1401
interface (CED, Cambridge, UK) and recorded onto a com-
puter for offline analysis using Signal (Version 5.03, CED,
Cambridge, UK) software.

Transcranial magnetic stimulation

A MagPro X100 + option magnetic stimulator (MagVen-
ture, Farum, Denmark) connected to a figure-of-eight coil
(MC-B70, outer wing diameter 97 mm) was used to deliver
TMS using a monophasic waveform (pulse width="70 ps).
Descending volleys were preferentially activated via early or
late I-waves by alternating current flow through M1 (Sakai
et al. 1997). PA stimulation (coil ~45° to the mid-sagittal
line) preferentially elicits early I-waves, whereas AP (coil
angle same as PA, but current reversed) preferentially elicits
late I-waves. The optimal site to elicit consistent MEPS in
the resting right FDI muscle with PA-induced current was
marked on the scalp over the left hemisphere. The same
scalp position was confirmed as the optimal scalp position
for AP-induced current. The current direction order was
pseudorandomised between participants and kept constant
within participants. TMS was delivered at 0.2 Hz, with 20%
variation between trials, and optimal coil position was con-
tinually monitored using visual inspection throughout the
experiment.

interval intracortical inhibition (SICI), and long-interval intracorti-
cal inhibition (LICI) before (B1 and B2) and after (PO-P60) anodal,
cathodal, and sham transcranial direct current stimulation

Motor thresholds

A freeware program that employs a maximum-likelihood
parameter estimation by sequential testing (PEST) was
used for adaptive threshold hunting (Awiszus and Borck-
ardt 2011) to determine rest motor threshold (RMT) and
active motor threshold (AMT). The procedure involves
adjusting the stimulus intensity up or down as required
based on an MEP amplitude criterion for 12 trials
(approximate duration of procedure is 1 min) until the
target intensity is found within 95% confidence intervals.
Two operators were involved in the TMS procedures.
One experimenter held the coil, while the other manually
entered data into PEST software and adjusted stimula-
tor intensity according to PEST output. For RMT, a trial
was deemed successful if the stimulus intensity elicited
a MEP of at least 50 uV in amplitude. For AMT, a trial
was deemed successful if the stimulus intensity elicited
an MEP of at least 100 pV in amplitude, with FDI pre-
activated to approximately 10% of the participant’s per-
ceived maximum voluntary contraction. RMT and AMT
were only measured at baseline as they were not expected
to be modulated by tDCS (Nitsche et al. 2005) and they
exhibit very low intraday variability using PEST (Silbert
et al. 2013). At all time points, a threshold hunting target
(THT) was obtained similar to RMT and AMT, whereby
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the MEP amplitude criterion for a successful trial was
200 pV (Fig. 2).

Short- and long-interval intracortical inhibition

Adaptive threshold hunting paired-pulse TMS was used to
quantify the extent of SICI and LICI within M1 in line with
the previous work (Amandusson et al. 2017; Awiszus 2003;
Awiszus et al. 1999; Cirillo and Byblow 2016; Mooney et al.
2017). To elicit SICI, a subthreshold conditioning stimulus,
set to 90% AMT, was delivered 3 ms prior to a test stimulus
(Kujirai et al. 1993). To elicit LICI, a suprathreshold con-
ditioning stimulus set to 120% RMT was delivered 100 ms
prior to a test stimulus (Valls-Sole et al. 1992). For both
SICI and LICI procedures, PEST was used to determine the
test stimulus intensity required to achieve the THT (200 uV
MEDP) in the presence of the conditioning stimulus. There
was approximately 1 min between the end of one estimation
of the THT and the start of the next.

Transcranial direct current stimulation

A NeuroConn DC stimulator (NeuroConn, Ilmenau, Ger-
many) was used to administer tDCS through two rubber
electrodes inserted into saline soaked sponges. The active
electrode (25 cm?) was placed over the left M1 hotspot and
the reference electrode (35 cm?) was placed over the right
supraorbital ridge. For anodal tDCS (anode over M1) and
cathodal tDCS (cathode over M1), the current was ramped
up for 30 s and then maintained at a constant 1 mA cur-
rent for 13 and 9 min, respectively. For sham tDCS, the
current was ramped up to 1 mA and immediately ramped

down to 0 mA within 30 s. In each session, participants were
instructed to sit quietly by the tDCS administrator for 14 min
throughout the stimulation. TMS and tDCS were carried out
by different operators, with the TMS operator blinded to
each tDCS protocol.

MEP latency

At the end of the third session, MEP latencies were assessed,
while the participant maintained a low-level voluntary con-
traction by isometrically abducting the index finger (Ham-
ada et al. 2013; Sakai et al. 1997). Stimulation intensities
of 110% of AMTp, and AMT,, were used to target MEP
latency from the early and late I-waves, respectively. Lat-
eromedial (LM) stimulation (coil handle 90° to the midline)
with a high stimulation intensity (150% of AMT},,) was
used to preferentially recruit D-waves. Sixteen MEPs were
recorded for each current direction.

Data analysis

During threshold hunting, any trials that were contami-
nated by pre-stimulus EMG activity (root-mean-squared
EMG > 10 pV; 50 ms before stimulation) were rejected
online and repeated immediately. The peak-to-peak ampli-
tude of the 16 MEPs elicited by the suprathreshold condi-
tioning stimulus from the LICI protocol was used to index
corticomotor excitability at each time point. SICI and LICI
induced by the conditioning stimulus were quantified as the
ratio of the conditioned and nonconditioned stimulation
intensity required to evoke the THT:

e Conditioned THT
Inhibition = — s
Nonconditioned THT
THT SICI | ‘ LICI
“‘\ - f\
+ * ; _
PA ] ‘ P /,/" R S W,»,
H“ + Test stimulus / |
| Conditioning stimulus :"

100 v

—— THT intensity ‘
—— Adjusted intensity

Fig.2 Example EMG traces depict motor evoked potentials (MEP)
from an individual participant during adaptive threshold hunting.
First, the transcranial magnetic stimulation (TMS) intensity required
to elicit a fixed MEP amplitude (200 uV) to the single-pulse test stim-
ulus (threshold hunting target, THT) is determined. Dashed lines indi-
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cate MEP onset latencies for TMS with posterior—anterior (PA) and
anterior—posterior (AP)-induced current. For both short- and long-
interval intracortical inhibition (SICI and LICI), adaptive threshold
hunting requires an increase in the test stimulus intensity to evoke the
target response in the presence of conditioning (grey traces)
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where values greater than 1 indicate inhibition. MEP ampli-
tude, THT, SICI, and LICI values obtained at each post-time
point were normalised to the baseline values (average of B1
and B2) where values greater than 1 reflect an increase and
those less than 1 a decrease.

MEP latency was determined using a semi-automated
method and defined as the time point where the rectified
EMG after TMS exceeded 2 SD of the mean background
EMG (100 ms before the stimulus). The MEP latency differ-
ences between PA-LM and AP-LM were used as measures of
the early and late I-wave recruitment, respectively (Hamada
et al. 2013).

Statistical analysis

Normality was assessed using the Shapiro—-Wilk’s test and
homoscedasticity of variance using the Levene’s test of
equality and Mauchly’s test of sphericity. Non-normal data
were log transformed.

Prior to tDCS, baseline RMT and AMT were analysed
with a two-way repeated-measures ANOVA with factors
SESSION (anodal, cathodal, and sham) and CURRENT
DIRECTION (PA and AP). Baseline MEP amplitude, THT,
SICI, and LICI were analysed with a three-way repeated-
measures ANOVA with factors SESSION, CURRENT
DIRECTION, and TIME (B1 and B2). Reliability of thresh-
old hunting TMS was assessed using intraclass correlation
coefficients. Intraday reliability (two-way random model,
absolute agreement type, and single [2,1] and averaged [2,k]
measures) was determined using B1 and B2 data obtained
in session 1. Interday reliability (two-way random model,
absolute agreement type, and single [3,1] and averaged
[3,k] measures) was determined using the average of B1
and B2 data obtained in each session. Reliability estimates
were judged as either fair (0.40-0.58), good (0.59-0.74), or
excellent (>0.75) (Cicchetti and Sparrow 1981). Although
the intraclass correlation coefficient is an index of how well
individuals can be distinguished from one another with
repeated testing, it provides no information on the absolute
differences between repeated measurements. Therefore,
we also calculated the smallest detectable change (SDC),
derived from the measurement error, which indicates a true
change beyond measurement noise (Schuck and Zwingmann
2003). The SDC for an individual participant was calculated
for intraday and interday measures using the following for-
mula (Schuck and Zwingmann 2003):

SDC(Individual) = SEMeas X y/m X 1.96,

where the standard error of the measurement (SEMeas) was
calculated by taking the square root of the within-subject
variance partitioned by a one-way ANOVA with SUBJECT
as a factor (Bartlett and Frost 2008), ‘m’ is the number of
measurements made per participant, and 1.96 represents a

95% confidence interval. The SDC for the group was then
calculated for intraday and interday measures using the fol-
lowing formula (Terwee et al. 2007):

SDC(Individual)
/n

After tDCS, normalised MEP amplitude, THT, SICI, and
LICI were analysed with a three-way repeated-measures
ANOVA with factors SESSION, CURRENT DIRECTION
and TIME (PO, P20, P40, and P60). Pearson’s correlation
analyses were used to investigate the relationship between
normalised SICI and LICI and MEP amplitude for PA and
AP stimulation at each post-time point.

AMT and MEP latency were analysed with a one-way
repeated-measures ANOVA with the factor CURRENT
DIRECTION (PA, AP, and LM). A paired ¢ test was per-
formed to compare PA-LM and AP-LM latency differences.
Pearson’s correlation analyses were used to investigate the
relationship between PA-LM and AP-LM latency difference
and grand normalised MEP amplitude for PA and AP stimu-
lation in the anodal and cathodal tDCS sessions.

The significance level was set at P <0.05. Post hoc analy-
ses and Pearson correlation analyses were corrected for mul-
tiple comparisons (Rom 1990). Group data are presented as
mean + SEM in the text.

SDC(Group) =

Results

Participants completed all three experimental sessions, with
no adverse events.

Baseline

Baseline neurophysiological measures for each session are
reported in Table 1 and ANOVA results in Table 2. RMT,
AMT, and THT were higher for AP stimulation compared to
PA. There were no differences in baseline MEP amplitude or
LICI. However, SICI was greater with AP-induced current
compared to PA.

Intraclass correlation coefficients and SDC values for
RMT, AMT, THT, SICI, and LICI assessed using adaptive
threshold hunting are displayed in Table 3. There was good-
to-excellent intraday and interday reliability for all measures
using both PA and AP stimulation.

Post-tDCS
Results of the ANOVAs are displayed in Table 4. After
cathodal tDCS, normalised MEP amplitude was greater with

AP stimulation than PA stimulation (P =0.010; Fig. 3c).
One-sample ¢ tests indicated that after cathodal tDCS, MEP
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Table 1 Baseline

. . Session
neurophysiological measures
Anodal Cathodal Sham

Posterior—anterior
RMT (% MSO) 40.8+1.4 414+12 414+14
AMT (% MSO) 32.1+1.4 321+1.2 30.9+0.9
MEP amplitude (log;,v) —0.003+0.058 0.122 +0.050 0.024 +0.088
THT (% MSO) 449+13 449+13 457715
SICI (C/NC) 1.09+0.02 1.08+0.02 1.08+0.02
LICI (C/NC) 1.15+0.02 1.15+0.02 1.15+0.02

Anterior—posterior
RMT (% MSO) 56.9+19 56.4+19 57118
AMT (% MSO) 45.1+14 44.1+1.3 454+1.7
MEP amplitude (log;¢.v) 0.007+0.077 0.005+0.075 —0.060+0.077
THT (% MSO) 62.1+2.1 61.4+1.4 64.0+2.2
SICI (C/NC) 1.29+0.02 1.28+£0.02 1.27+0.02
LICI (C/NC) 1.19+0.02 1.17+0.03 1.18+0.02

Values are mean +SEM

RMT rest motor threshold, AMT active motor threshold, MEP motor evoked potential, THT threshold hunt-
ing target, SICI short-interval intracortical inhibition, LICI long-interval intracortical inhibition

amplitude was facilitated with AP (P=0.047) but not PA-
induced current (P =0.74). After anodal tDCS, there was a
trend towards an increase in MEP amplitude elicited with
PA and AP stimulation (both P> 0.06).

Normalised THTp, was greater at P20 after cathodal
tDCS compared with sham (P =0.032; Fig. 4a). Further-
more, normalised THT,p was greater at P20 and P40 after
anodal tDCS compared with sham (P=0.046 and P=0.013;
Fig. 4b).

Normalised SICI,p was lower at PO after anodal tDCS
compared with sham (P =0.04; Fig. 4d). However, there
were no differences for normalised SICI, or LICI (Fig. 4c,
e, ).

Anodal tDCS led to a negative correlation between
MEP amplitude with PA-induced current and SICI,, at PO
(r =—0.68, P=0.016) and P20 (r = — 0.65, P=0.027;
Table 5). Participants with the largest decrease in SICI,p
tended to show largest MEP amplitude increases after anodal
tDCS. In contrast cathodal tDCS led to a positive corre-
lation between MEP amplitude with PA-induced current
and SICI,p and LICI,; at PO (SICI,p: r=0.73, P=0.006;
LICI p: r=0.62, P=0.042). Participants with the largest
increase in SICI,p or LICI,p exhibited the largest increase
in MEP amplitude after cathodal tDCS. There were no other
associations between SICI or LICI and MEP amplitude mod-
ulation after tDCS (all P> 0.07).

MEP latency

There was a main effect of CURRENT DIRECTION for
AMT (F, 39 = 46.32, P<0.001). Post hoc comparisons
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revealed that AMTp, (32.1+1.3% MSO) was lower
than AMT,,, (36.5+1.5% MSO, P=0.014) and AMT,,
(43.8+£1.4% MSO, P<0.001), and that AMT, ,, was lower
than AMT,p (P <0.001). There was a main effect of CUR-
RENT DIRECTION for MEP latency (F, 3, = 353.80,
P <0.001). Post hoc comparisons revealed that PA MEP
latency (22.62 +0.46 ms) was longer than LM MEP
latency (21.36 +0.43 ms, P <0.001), and AP MEP latency
(25.20+0.44 ms) was longer than PA (P<0.001) and LM
(P <0.001). For MEP latency differences indicative of
I-wave recruitment, AP-LM (3.83 +0.13 ms) was greater
than PA-LM (1.254+0.15 ms, P<0.001). There were no
associations between AP-LM or PA-LM latency differ-
ence and grand normalised MEP amplitude with PA or AP
stimulation in the anodal and cathodal tDCS sessions (all
P>0.11).

Discussion

In support of our hypothesis, tDCS after-effects on corti-
comotor excitability and intracortical inhibition differed
between PA- and AP-induced current. Cathodal tDCS
increased corticomotor excitability assessed with AP but
not PA stimulation. However, anodal tDCS had no effect
on corticomotor excitability with either current direction.
GABA ,-mediated inhibition was reduced immediately
after anodal tDCS and the modulation of GABA,- and
GABA;-mediated inhibition was associated with the modu-
lation of corticomotor excitability after anodal and cathodal
tDCS. These findings indicate that utilising both PA and AP



Experimental Brain Research (2018) 236:1651-1663

1657

Table 2 Results of baseline ANOVAS

Factor F P
RMT
Session 0.21 0.81
Current direction 201.82 <0.001
Session X current direction 0.52 0.60
AMT
Session 0.90 0.42
Current direction 145.38 <0.001
Session X current direction 2.08 0.14
MEP amplitude
Session 1.21 0.31
Current direction 1.78 0.20
Time <0.01 0.97
Session X current direction 0.93 0.41
Session X time 0.84 0.44
Current direction X time 1.98 0.18
Session x current direction X time 0.53 0.59
THT
Session 2.89 0.07
Current direction 159.61 <0.001
Time 3.61 0.08
Session X current direction 1.85 0.17
Session X time 0.21 0.81
Current direction X time 1.32 0.27
Session X current direction X time 3.42 0.08
SICI
Session 0.98 0.39
Current direction 68.78 <0.001
Time 0.01 0.91
Session X current direction 0.47 0.63
Session X time 0.26 0.77
Current direction X time 0.50 0.49
Session X current direction X time 0.12 0.89
LICI
Session 0.54 0.59
Current direction 2.31 0.15
Time 0.27 0.61
Session X current direction 0.63 0.54
Session X time 0.15 0.86
Current direction X time 1.72 0.21
Session X current direction X time 1.82 0.18

RMT rest motor threshold, AMT active motor threshold, MEP motor
evoked potential, THT threshold hunting target, SICI short-interval
intracortical inhibition, LICI long-interval intracortical inhibition, C
conditioned THT, NC nonconditioned THT

stimulation activates separate M1 interneuronal populations,
which may be advantageous when assessing tDCS effects
on corticomotor excitability and inhibition. Furthermore,
modulation within GABA-mediated inhibitory circuits may
contribute to the variable inter-individual effects of tDCS.

Modulation of corticomotor excitability after tDCS

There was a large degree of inter-individual variability
after tDCS which is consistent with recent reports (Fujiy-
ama et al. 2014; Lopez-Alonso et al. 2015; McCambridge
et al. 2015; Tremblay et al. 2016; Wiethoff et al. 2014).
The mechanism(s) underlying tDCS modulation of MEP
amplitude is unclear. In vitro studies have shown that tDCS
establishes a polarisation gradient along pyramidal neurons
(Kronberg et al. 2017; Radman et al. 2009; Rahman et al.
2013). For example, anodal tDCS depolarises the soma and
initial axonal segment in distal compartments, whereas api-
cal dendrites within superficial compartments are hyperpo-
larised (Kronberg et al. 2017; Rahman et al. 2013). It is con-
ceivable that anodal tDCS may increase the efficacy of early
I-wave inputs which synapse close to the soma, but decrease
those of late I-wave inputs within superficial compartments
(Di Lazzaro and Ziemann 2013). Preferential recruitment
of early I-waves has been associated with increased MEP
amplitude using PA stimulation after anodal tDCS, whereas
preferential recruitment of late I-waves has not (McCam-
bridge et al. 2015; Wiethoff et al. 2014). Interestingly, pref-
erential I-wave recruitment was not associated with MEP
modulation after cathodal tDCS (Wiethoff et al. 2014). The
implications of I-wave recruitment on MEP amplitude mod-
ulation after tDCS remains to be fully elucidated.

To our knowledge, this is the first study that has used
both PA- and AP-induced current to examine MEP modula-
tion after anodal and cathodal tDCS. Surprisingly, cathodal
tDCS facilitated MEPs obtained with AP but not PA stimula-
tion. This increased MEP amplitude may reflect enhanced
synaptic activity from late I-wave inputs to the superficial
dendritic compartments of pyramidal neurons that are not
detectable with PA-induced current, due to its preferential
activation of the early I-wave inputs to distal pyramidal com-
partments (Di Lazzaro and Ziemann 2013). Batsikadze et al.
(2013) also found a paradoxical increase in MEP amplitude
after cathodal tDCS. However, they used PA-induced cur-
rent and facilitation was only evident with a 2 mA (but not
1 mA) intensity, which they suggested may have been due
to increased depolarisation within superficial dendritic com-
partments. These effects are likely also evident after 1 mA
cathodal tDCS, but only revealed using AP-induced cur-
rent through preferential recruitment of late I-wave inputs
to these superficial compartments. Comparing tDCS after-
effects with PA- and AP-induced currents should be consid-
ered in future studies.

The nonconditioned THT was increased after both anodal
and cathodal tDCS. The THT corresponds to approximately
110% RMT (Cirillo and Byblow 2016) and tDCS does not
normally modulate MEP amplitude at such low stimulation
intensities (Nitsche et al. 2005). However, the use of thresh-
old rather than MEP amplitude eliminates the confounding
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Table 3 Reliability of adaptive
threshold hunting measures

Intraclass correlation coefficient

Smallest detectable change

Intraday Interday Intraday Interday
Single  Averaged  Single  Averaged Individual ~ Group  Individual  Group
PA
RMT - - 0.896 0.963 - - 59 1.5
AMT - - 0.820 0.932 - - 6.9 1.7
THT 0.938 0.968 0.851 0.945 3.9 1.0 7.0 1.7
SICI 0.836 0911 0.815 0.930 0.09 0.02 0.11 0.03
LICI 0.841 0914 0.827 0.935 0.09 0.02 0.11 0.03
AP
RMT - - 0.819 0.931 - - 10.6 2.7
AMT - - 0.797 0.922 - - 8.9 22
THT 0.981 0.990 0.871 0.953 33 0.8 10.5 2.6
SICI 0.879 0.936 0.730 0.890 0.09 0.02 0.15 0.04
LICI 0.832 0.908 0.776 0.912 0.09 0.02 0.15 0.04

Intraclass correlation coefficient is a dimensionless measure. Smallest detectable change values are
expressed as % maximum stimulator output for RMT, AMT, and THT and the ratio of the conditioned and
nonconditioned THT for SICI and LICI

PA posterior—anterior, RMT rest motor threshold, AMT active motor threshold, THT threshold hunting tar-
get, SICI short-interval intracortical inhibition, LICI long-interval intracortical inhibition, AP anterior—pos-

terior

influence of MEP amplitude variability which is often
highest at stimulation intensities near threshold (Darling
et al. 2006; Kiers et al. 1993). The use of adaptive thresh-
old hunting may also have implications after neurological
injury such as stroke, where ipsilesional corticomotor output
may be reduced (Stinear et al. 2015), and typical stimulation
parameters (i.e., | mV MEP) are unattainable. Future stud-
ies should consider assessing changes in the THT alongside
MEP amplitude-based measures.

Modulation of intracortical inhibition after tDCS

There were no effects of tDCS on SICI, assessed with adap-
tive threshold hunting. The previous studies with the con-
ventional TMS have found that anodal tDCS may decrease
SICIp, and cathodal tDCS may increase SIClIp, respectively
(Batsikadze et al. 2013; Kidgell et al. 2013; Nitsche et al.
2005; Zhang et al. 2014), although these polarity-dependent
effects are not always consistent (Lopez-Alonso et al. 2014,
2015; Sasaki et al. 2016). Although a comparison between
techniques would be interesting, this was not feasible for the
present study due to time constraints. Threshold hunting with
PA-induced current may be suboptimal for assessing SICI
due to the limited late I-wave recruitment with this induced
current direction. MEPs derived from paired-pulse TMS with
AP-induced current in the brain may provide a more robust
measure of SICI than those derived from PA-induced current
(Cirillo and Byblow 2016; Sale et al. 2015; Zoghi et al. 2003).
Indeed, we observed a reduction in SICI,, immediately after

@ Springer

anodal tDCS, which may reflect decreased activity within
GABA , receptor-mediated inhibitory networks within super-
ficial layers of M1 (Di Lazzaro and Ziemann 2013). Alter-
natively, reduced activity within all synapses in superficial
dendritic compartments after anodal tDCS may decrease the
size and number of late I-waves, accounting for a reduction in
SICI,p (Rahman et al. 2013). However, the latter possibility
seems unlikely because epidural recordings have shown that
anodal tDCS increases the amplitude of both early and late
I-waves (Di Lazzaro et al. 2013). In summary, tDCS effects
on SICI may only be evident when threshold hunting with AP
and not PA-induced current due to the preferential activation
of late [-waves.

With adaptive threshold hunting, we found that that
LICI;, and LICI,p were not modulated by tDCS, which cor-
roborates findings from the conventional paired-pulse TMS
studies (Antal et al. 2010; Tremblay et al. 2013). Interest-
ingly, Tremblay et al. (2013) observed a reduction in corti-
cal silent period duration after anodal tDCS. However, LICI
and cortical silent period duration reflect distinct GABAg
receptor-mediated processes (McDonnell et al. 2006). The
effect of tDCS may be isolated to GABA processes which
underlie the cortical silent period only.

Association between inhibition and corticomotor
excitability after tDCS

There was an association between the modulation of SICI
and corticomotor excitability following tDCS. After anodal



Experimental Brain Research (2018) 236:1651-1663 1659
Table 4 Results of post-tDCS ANOVAs A
Factor F P 2.0 - PA
mn —O— Anodal
MEP amplitude & —@— Cathodal
Session 021 0.81 B 15 —O~ Sham
Current direction 0.67 0.43 no_ ’
Time L12 0.35 o
Session X current direction 3.97 0.030 -g 1.0 — T
Session X time 0.69 0.66 %_
Current direction X time 2.79 0.05 £
Session X current direction X time 1.57 0.17 : 05
THT UEJ
Session 3.52 0.042 0.0 T y ‘ T
Current direction 0.43 0.52 PO P20 P40 P60
Time 2.70 0.06 Time
Session X current direction 0.96 0.40
Session X time 0.74 0.55 B
Current direction X time 1.28 0.29 AP
Session X current direction X time 3.34 0.005 ™ 2.0
SICI o
Session 0.93 0.38 2
Current direction 0.68 0.42 S
Time 0.83 0.49 °
Session X current direction 1.34 0.28 g
Session X time 0.75 0.61 3
Current direction X time 0.37 0.78 <E( 0.5 -
Session X current direction X time 3.49 0.004 o
LICI g
Session 1.69 0.20 0.0 ; ‘ ‘ ;
Current direction 414 0.06 PO P20 P40 P60
Time 3.09 0.08 Time
Session X current direction 2.83 0.08
Session X time 0.97 0.45 c
Current direction X time 1.30 0.29 Grand Mean
Session X current direction X time 0.96 0.46 — 20 — Anodal
2 mmm Cathodal
tDCS transcranial direct current stimulation, MEP motor evoked % == Sham
potc?nti'al3 THT threshold hunting 'target, S{CI s.hO?t-.ir'lterval intracorti- 8 1.5 - *
cal inhibition, LICI long-interval intracortical inhibition [ I
RS I I _
2
tDCS, participants with reduced SICI,, had an increase in =
MEP amplitude with PA-induced current. In contrast, after 5 0.5 |
cathodal tDCS, both those with reduced SICI,, and those o
with reduced LICI,, exhibited a decrease in MEP ampli- %J
tude with PA-induced current. These associations were 0.0 PA AP

only observed early (0 and 20 min) but not long (40 and
60 min) after tDCS. It is likely that the early disinhibition
after tDCS may be necessary for corticomotor excitability
modulation. This notion is supported by a pharmacologi-
cal study, showing that administration of a GABA , agonist
prior to anodal tDCS delays the increased MEP amplitude
after-effect (Nitsche et al. 2004). Our findings also indicate
that GABAj receptor-mediated LICI is associated with MEP

Current Direction

Fig.3 Motor evoked potential (MEP) amplitude at each post-time
point (PO-P60) after anodal, cathodal, and sham transcranial direct
current stimulation assessed with posterior—anterior (PA; a) and ante-
rior—posterior (AP; b)-induced current. Grand mean MEP amplitude
(c) was greater with AP compared with PA after cathodal. Data are
presented as mean+SEM. N=16. *P <0.05
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A B
PA AP
1.10 1 1.10 —O— Anodal
—@— Cathodal
* —O— Sham
< 1.05 * < 1.05
S S
o o
= =
8 100 — _ 8 100
o - o -
- -
T T
~ 095 ~ 095
0.90 0.90
PO P20 P40 P60 PO P20 P40 P60
Time Time
C D
1.10 1.10
< 1.05 < 1.05
S S
o o
= =
8 1.00 8 1.00
e - o -
o o
» 0.95 ] » 095
0.90 0.90
PO P20 P40 P60 PO P20 P40 P60
Time Time
E F
1.10 1.10
< 1.05 < 1.05
S S
o o
=1 =]
[72] [72]
O 1.00 o 1.00
e e
o o
- 095 - 0.95
0.90 0.90
PO P20 P40 P60 PO P20 P40 P60
Time Time

Fig.4 Threshold hunting target (THT; a, b), short-interval intracor- cathodal compared with sham and normalised THT with AP-induced

tical inhibition (SICI; ¢, d), and long-interval intracortical inhibition current was greater at P20 and P40 after anodal compared with sham.
(LICI; e, f) at each post-time point (PO-P60) after anodal, cathodal, Normalised SICI with AP-induced current was reduced at PO after
and sham transcranial direct current stimulation assessed with pos- anodal compared with sham. Data are presented as mean=+ SEM.

terior—anterior (PA) and anterior—posterior (AP)-induced current. N=16. *P<0.05
Normalised THT with PA-induced current was greater at P20 after
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Table 5 Correlation coefficients

Time
PO P20 P40 P60
Anodal

MEP;,
SICIpp 0.48 —-0.02 0.43 0.23
LICIpp 0.40 0.41 0.56 0.25
SICI,p —0.68%* —0.65% 0.21 0.17
LICI p —0.11 0.02 0.36 0.26

MEP,,
SICIpp 0.20 —-043 0.06 -0.57
LICIp, 0.23 —-0.01 0.03 0.22
SICI,p —-0.40 0.10 -0.25 -0.20
LICI,p 0.10 0.15 -0.12 —0.08

Cathodal

MEPp,
SICIp, —0.16 -0.39 —0.58 0.18
LICIp, 0.44 0.06 0.01 0.35
SICI,p 0.73* 0.07 -0.13 0.33
LICI,p 0.62* 0.31 0.24 -0.02

MEP,,
SICIp, —0.48 -0.29 -0.03 -0.23
LICIp, 0.05 0.17 0.20 0.51
SICI,p 0.28 0.43 0.53 0.01
LICI,p 0.18 0.21 0.28 0.18

MEP motor evoked potential, SICI short-interval intracortical inhibi-
tion, LICI long-interval intracortical inhibition, PA posterior—anterior,
AP anterior—posterior

*P < 0.05

amplitude modulation after cathodal tDCS. However, phar-
macological interventions targeting GABAy receptors and
their influence on tDCS effects remain unknown. Altered
GABA , and GABAj receptor-mediated inhibition may con-
tribute to tDCS after-effects on corticomotor excitability.
Modulation of intracortical inhibition may contribute
to the inter-individual variability of tDCS effects on MEP
amplitude, alongside factors such as basal corticomotor
excitability (Tremblay et al. 2016; Wiethoff et al. 2014),
I-wave recruitment (McCambridge et al. 2015; Wiethoff
et al. 2014), and sensorimotor functional connectivity
(Hordacre et al. 2017). For example, Hordacre et al. (2017)
observed that participants with high resting-state functional
connectivity between M1 and ipsilateral parietal or premo-
tor regions exhibited an expected increase in corticomotor
excitability after anodal tDCS, but those with low functional
connectivity did not. Functional connectivity between sen-
sory and motor cortical regions is related to GABA-medi-
ated inhibitory tone (Antonenko et al. 2017; Stagg et al.
2014), both of which are susceptible to modulation by tDCS
(Antonenko et al. 2017; Bachtiar et al. 2015). It is becoming

increasingly evident that multiple neurophysiological factors
may contribute to the inter-individual variability of tDCS
after-effects.

Limitations

The present study has some limitations. First, a small sample
size may lead to false positives from an inflated effect size.
Second, the physiological effects of tDCS can be relatively
widespread and, therefore, not limited to M1 (Kuo et al.
2013). Third, I-wave recruitment was only assessed in the
final session and may account for the absence of associa-
tion with tDCS-induced effects (McCambridge et al. 2015;
Wiethoff et al. 2014), although this is not a great concern,
because MEP latency has good intersession reliability (Ham-
ada et al. 2013). Finally, we did not screen female partici-
pants for their menstrual cycle which can influence cortical
excitability (Smith et al. 1999), nor did we screen all partici-
pants for prior exercise history which can influence respon-
siveness to neuroplasticity paradigms (Cirillo et al. 2009).

Conclusion

In summary, tDCS effects on corticomotor excitability and
intracortical inhibition may depend on the direction of the
TMS-induced current. Furthermore, modulation of GABA
and GABAg receptor-mediated inhibition may contribute to
the inter-individual variability of tDCS after-effects. Future
neurorehabilitation studies could consider adopting thresh-
old hunting techniques to examine tDCS after-effects with
clinical groups that express high variability.
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