
Induction of Motor Associative Plasticity in the Posterior Parietal Cortex–Primary
Motor Network

Chi-Chao Chao1,3, Anke Ninija Karabanov1,4,5, Rainer Paine1, Ana Carolina de Campos1, Sahana N. Kukke1, Tianxia Wu2,
Han Wang1,6 and Mark Hallett1

1Human Motor Control Section, Medical Neurology Branch, National Institute of Neurological Disorder and Stroke, 2Centre for
Information Technology, National Institutes of Health, Bethesda, MD 20892, USA, 3Department of Neurology, National Taiwan
University Hospital, Taipei 100, Taiwan, 4Danish Research Center for Magnetic Resonance, Hvidovre Hospital, Hvidovre DK-2650,
Denmark, 5Department of Exercise and Sport Sciences, Copenhagen University, Copenhagen DK-2200, Denmark and
6Department of Neurology, Peking Union Medical College Hospital, Beijing, China

Address correspondence to Mark Hallett, Human Motor Control Section, Medical Neurology Branch, NINDS/NIH, Bldg 10, Rm 7D37, Bethesda,
MD 20892-1428, USA. Email: hallettm@ninds.nih.gov

There is anatomical and functional connectivity between the primary
motor cortex (M1) and posterior parietal cortex (PPC) that plays a
role in sensorimotor integration. In this study, we applied corticocor-
tical paired-associative stimuli to ipsilateral PPC and M1 (parietal
ccPAS) in healthy right-handed subjects to test if this procedure
could modulate M1 excitability and PPC–M1 connectivity. One
hundred and eighty paired transcranial magnetic stimuli to the PPC
and M1 at an interstimulus interval (ISI) of 8 ms were delivered at
0.2 Hz. We found that parietal ccPAS in the left hemisphere in-
creased the excitability of conditioned left M1 assessed by motor
evoked potentials (MEPs) and the input–output curve. Motor behav-
ior assessed by the Purdue pegboard task was unchanged compared
with controls. At baseline, conditioning stimuli over the left PPC po-
tentiated MEPs from left M1 when ISI was 8 ms. This interaction sig-
nificantly attenuated at 60 min after left parietal ccPAS. Additional
experiments showed that parietal ccPAS induced plasticity was
timing-dependent, was absent if ISI was 100 ms, and could also be
seen in the right hemisphere. Our results suggest that parietal ccPAS
can modulate M1 excitability and PPC–M1 connectivity and is a new
approach to modify motor excitability and sensorimotor interaction.

Keywords: associative plasticity, corticocortical paired-associative
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Introduction

Associative plasticity is supposed to be a physiological mechan-
ism of memory and learning (Hebb 1949; Antonov et al. 2003;
Cassenaer and Laurent 2012). It could occur when an input to a
postsynaptic neuron coincides with another input to the same
neuron or postsynaptic depolarization with a specific temporal
order. Paired-associative stimulation (PAS), as originally de-
scribed, combines a peripheral somatosensory input with tran-
scranial magnetic stimulation (TMS) over primary motor cortex
(M1) at specific time intervals and can induce associative plas-
ticity via mechanisms of spike-timing-dependent plasticity
(Stefan et al. 2000, 2002; Wolters et al. 2003). Recently, several
studies showed that similar associative plasticity can be
induced by corticocortical PAS (ccPAS) in which the afferent
stimulation of M1 generated by TMS at an interconnected area,
such as contralateral M1, ventral premotor, or supplementary
motor areas, is time-locked to TMS over the M1 (Koganemaru
et al. 2009; Rizzo et al. 2009; Arai et al. 2011; Buch et al. 2011).
The induced plasticity is specific to the interstimulus interval

(ISI). Thus, ccPAS provides a method to modify the excitability
and functional connectivity of M1.

The posterior parietal cortex (PPC) receives sensory input
from sensory cortical regions and has strong reciprocal connec-
tions with frontal motor areas (Hyvarinen 1982; Babb et al.
1984; Prevosto et al. 2011). The PPC acts as the interface
between sensory and motor cortical areas and is important for
sensorimotor integration (Medendorp et al. 2005; Buneo and
Andersen 2006; Bernier and Grafton 2010). The neurophysio-
logical interaction between PPC and ipsilateral M1 was demon-
strated by a paired-pulse TMS protocol. A conditioning TMS
stimulus over PPC shortly prior to a test stimulus (TS) over the
hand area of M1 can facilitate the motor evoked potentials
(MEPs) when the interval between the PPC and M1 stimuli is
4–8 ms (Koch et al. 2007; Karabanov et al. 2013); this indicates
the alteration of M1 excitability by PPC activation and thus,
implies functional PPC–M1 connectivity.

In this study, we introduce a novel parietal ccPAS protocol
aimed to test the effects of repeated associative stimulation of
PPC and M1 on M1 excitability, PPC–M1 connectivity, and a
simple motor task (Purdue Pegboard task). The order and in-
terval of the paired stimulations are important for effectively
producing associative plasticity (Bi and Poo 1998; Wolters
et al. 2003; Tzounopoulos et al. 2004), so we chose to stimulate
left PPC 8 ms before left M1 since this interval showed the
most consistent facilitation during previous studies from our
group (Karabanov et al. 2013). We tested left M1 excitability,
left PPC–M1 connectivity, and pegboard performance prior to
and at several time points after parietal ccPAS. We hypoth-
esized that parietal ccPAS at an ISI of 8 ms would enhance M1
excitability and modify the interaction strength between the
PPC and M1. In an additional experiment, we tested the timing
specificity of the observed parietal ccPAS effects by stimulating
the left PPC 100 ms prior to left M1. Since hemispheric asym-
metry in parietal–motor connectivity and parietal function has
been reported by several TMS and imaging studies (Iacoboni
2006; Koch et al. 2011), we also tested whether similar effects
could be produced by right parietal ccPAS.

Materials and Methods

Subjects
Thirty-five healthy volunteers (15 females), aged 20–46 years
(29.7 ± 8.0 years), took part in the experiment. All subjects were right-
handed, based on the Edinburgh Handedness Inventory (Oldfield
1971); none of the participants had a history of neurological or
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medical illness or was taking medication. All participants were naive to
the design and hypotheses of the study. Three subjects were excluded
from the study, because the spatial overlap of the parietal and motor
TMS coils did not allow accurate positioning. Some subjects partici-
pated in more than one substudy, which were at least 3 weeks apart
(average, 69.3 ± 33.3 days). The study was approved by the Insti-
tutional Review Board (IRB) of the National Institute of Neurological
Disorders and Stroke (NINDS). Written informed consent was obtained
from all subjects before the experiments. The experimental procedures
were performed in accordance with the Declaration of Helsinki.

Recording Procedure
Electromyographic (EMG) activity was recorded from the first dorsal
interosseous (FDI) muscle in a belly-tendon montage using a pair of
Ag–AgCl surface electrodes. Impedance was kept <20 kΩ. The signal
was amplified using an EMG system (Nicolet Viking) and band-pass fil-
tered (20–2000 Hz). The signal was digitized at a frequency of 5 kHz
using the Labview software (National Instruments, Austin, TX, USA)
and stored on a computer for off-line analysis.

Participants were seated comfortably in an armchair with the chin
placed in a chin rest. A pillow supported the participants’ hands and
arms and acoustic feedback from the EMG was used to ensure a
relaxed state throughout the experiment. Magnetic stimulation was de-
livered to the M1 using a custom-made figure-of-eight coil (40 mm
double coils with the handle pointing upward) connected to a Magstim
200 magnetic stimulator (Magstim Company Ltd, Whitland, Dyfed,
UK). The coil was placed tangentially on the scalp such that the antero-
posterior axis of the coil was perpendicular to the central sulcus, in an
approximately 45° angle from the head’s anteroposterior axis. The
optimal scalp position of left M1 was defined as the point (left
M1HAND) where stimulation evoked the largest MEPs recorded from
the right FDI muscle. This position was marked for reference and the
coil position was continually checked throughout the experiment. For
each subject, MEPs were recorded and their amplitude was defined as
the maximal peak-to-peak amplitude in each single trial. The rest
motor threshold (rMT) was defined as the lowest stimulator intensity
required to elicit MEPs of at least 50 μV in the relaxed FDI in at least 5
of 10 consecutive pulses (Rossini et al. 1994).

Parietal ccPAS: PPC–M1 Corticocortical Paired-Associative
Stimulation
The parietal ccPAS intervention consisted of 180 paired TMS pulses over
the left hemisphere. Each stimulus pair consisted of a TMS pulse given
to the left PPC followed by a TMS pulse given to the left M1HAND. The
PPC stimulus always preceded M1HAND stimulus by 8 ms. The 180
stimulus pairs were delivered every 5 s (0.2 Hz) over a period of 15 min
and were given through 2 Magstim 200 magnetic stimulators connected
to 2 custom-made 40-mm double coils. The coil position for the PPC
was defined as the P3 position of the international 10–20 electrode
(EEG) system. This point was chosen because its corresponding cortical
location in different subjects could reliably be within the PPC near pos-
terior intraparietal sulcus (Herwig et al. 2003; Okamoto et al. 2004). In
our previous study mapping different intrahemispheric parietal–motor
networks, we used a neuronavigation system, but there were consider-
able intersubject differences in parietal–motor connectivity and the
most effective stimulation points within the parietal sulcus could not be
determined by the anatomy (Karabanov et al. 2013). Here, we did not
see any advantage in using that method in this study. The coil was
placed tangentially to the skull and along the anterioposterior direction
of head to induce a posterioanteriorly directed current in the underlying
cortical tissue. The orientation was chosen according to Koch et al.
(2007) and Karabanov et al. (2012). The intensity of TMS at the PPC was
set at 90% of rMT and that at M1HAND was adjusted to evoke a MEP am-
plitude of approximately 1 mV in the contralateral relaxed FDI.

Experiment 1: Effects of Parietal ccPAS on M1 Excitability
andMotor Behavior
Twelve subjects were enrolled (5 women; 27 ± 7.4 years). This exper-
iment was designed to investigate the effects of left parietal ccPAS on

the excitability of the conditioned M1HAND. The induced changes of
the conditioned M1HAND were assessed at 4 time points: Before (base-
line) and at 15, 60, and 120 min (P15, P60, and P120) after ccPAS.
A further time point at 24 h after ccPAS (P24H) was added after enroll-
ment of the first 4 subjects, because a possible effect of ccPAS was still
noted at P120. Each assessment consisted of the following measure-
ments: (1) Behavioral measure of parietal–motor function; (2) the
determination of the rMT; (3) short measure of cortical excitability by
MEP amplitude; and (4) more detailed measure of cortical excitability
by the input–output curve of the corticospinal tract (I/O curve; Fig. 1).

The behavioral task was a modified version of the Purdue pegboard
task, a widely used measure of fine finger control that was shown to be
reliable and valid (Tiffin and Asher 1948). The Purdue pegboard con-
sists of 2 rows of small holes surmounted by 4 cups containing small
metal pins. Subjects were asked to pick up pins from the cups and
place them into the holes on the board in order as quickly as possible.
The number of correctly placed pins was recorded at the end of a 30-s
trial. At the beginning of the experiment, subjects were instructed
about the task and performed one practice trial. At each time point,
participants performed 5 pegboard trials, which were averaged for stat-
istical analysis.

For MEP recordings, the TMS stimulator was adjusted to an intensity
that evoked an MEP amplitude of approximately 1 mV when applied to
M1HAND before the ccPAS intervention. Ten consecutive MEPs were re-
corded at that intensity. This baseline stimulus intensity was also used
to elicit MEPs at the time points following the cc-PAS intervention. To
generate the I/O curve, intensities of the TMS stimuli were individually
adapted according to the predefined rMT at each time point. Ten MEPs
were recorded with each of the following TMS intensities in a pseudor-
andom order: 80%, 90%, 100%, 110%, 120%, 130%, 150%, 160%, and
170% of rMT. For each subject, the mean amplitude of 10 MEPs at each
intensity was calculated for statistical analyses.

Experiment 2: Effects of Parietal ccPAS on PPC–M1 Connectivity
Twelve subjects were enrolled (5 women; 35.2 ± 8.7 years; 5 had par-
ticipated in experiment 1). This experiment aimed to test the changes
of PPC–M1 interaction after parietal cc-PAS. Since we assumed that the
plastic changes induced by parietal ccPAS would occur only for a short
time, the interaction was assessed before (baseline), and at 15 and 60
min (P15 and P60) after the end of ccPAS.

The left PPC–left M1 interaction was studied using dual-site paired-
pulse TMS. The conditioning stimulus (CS) was applied to P3 first; the TS
was applied to left M1HAND second with varying ISIs of 4, 6, and 8 ms. In
all recordings, the CS was applied at 90% rMT and the TS was applied at

Figure 1. Design of the parietal ccPAS study. The parietal ccPAS contained 180 pairs
of TMS stimuli delivered at 0.2 Hz. In each pair of stimuli, the TMS stimulus at PPC
was always 8 ms before the TMS stimulus at the ipsilateral M1. The coils we used for
ccPAS are custom-made coils with the handle perpendicular to the plane of the coil. In
this figure, the white square with a cross inside represents the handle. Pegboard task,
rMT, MEP, and I/O curve were evaluated before (baseline), and 15, 60, 120 min and 24
h (P15, P60, P120, and P24H) after the parietal ccPAS.
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an intensity set to evoke a MEP amplitude of 1 mV over the FDI at rest
(Koch et al. 2007). Eighteen stimuli were applied for each of the 4 con-
ditions (TS alone and CS + TS at 3 different ISIs). MEP amplitude was de-
termined by averaging all the amplitudes under each condition.

Experiment 3: Interval Specificity of Parietal ccPAS
Eight subjects were enrolled (6 women; 28 ± 7.6 years; 7 had partici-
pated in experiment 1). This experiment was added to test whether the
aftereffects of left parietal ccPAS were different for a specific ISI. An ISI
of 100 ms was chosen in this experiment. With such a long interval
between pulses, the conditioning volley should arrive at M1HAND too
early to coincide with the second TMS pulse given directly to M1HAND

and is unlikely to lead to associative plasticity.
We assessed the excitability of the conditioned left M1HAND before

(baseline) and at 15, 60, and 120 min (P15, P60, and P120) after the
end of cc-PAS. Excitability of the conditioned M1HAND was assessed by
rMT, MEPs, and the I/O curve of the corticospinal tract in the relaxed
right FDI.

Experiment 4: Learning Effects with the Pegboard
Twelve subjects were enrolled (5 women; 28.1 ± 7.3 years; none par-
ticipated in experiment 1). In this experiment, we repeated the Purdue
pegboard task in a different group of subjects to test whether the be-
havior differences before and after parietal ccPAS in experiment 1
were due to the effects of ccPAS or just simply a learning effect from re-
peated task performance. The contents of the Purdue pegboard test
and the instructions for the subjects were all the same as in experiment
1. Each subject repetitively performed the Purdue pegboard task at 5
times points similar to the timing in experiment 1: the beginning, 75,
120, 180 min, and 24 h later (corresponding to baseline, P15, P60,
P120, and P24H, respectively). No TMS stimulation was performed in
this experiment.

Experiment 5: Parietal ccPAS in the Right Hemisphere
Seven subjects were enrolled (2 women; 34.6 ± 7.9 years; none had
participated in experiment 1). In this experiment, we tested whether
the right parietal ccPAS with an 8-ms interval would induce similar
effects on the right M1HAND excitability. The coil position for the PPC
was defined relative to the P4 position of the international 10–20 EEG
system. We measured rMT, MEPs, and the I/O curve of the corticosp-
inal tract from the left FDI to assess the cortical excitability of the con-
ditioned right M1HAND before (baseline) and at 15, 60, and 120 min
(P15, P60, and P120) after right parietal ccPAS. To test the site-specific
effects of parietal ccPAS and to exclude any possible systemic con-
founding factors that might increase M1 excitability during the study,
we also delivered TMS to left M1HAND and recorded the MEPs in the
relaxed right FDI at the above time points.

Statistical Analysis
This study involved 5 quantitative outcome measures: Purdue pegboard
test, rMT, MEPs, I/O curve, and PPC–M1 interaction by paired-pulse

TMS. Since each measure was taken multiple times from every individ-
ual subject, repeated-measures analyses of variance (ANOVAs) were
applied to assess main effects or interactions. Normality assumption
was evaluated by the Shapiro–Wilk test. If the assumption was not met,
natural logarithm transformation was applied.

For the MEPs and rMT, the effect of Time (within-subject variable)
was assessed by one-factor repeated-measures ANOVA. For the I/O
curve, first a natural logarithm transformation was applied, and then
the effects of Time (within-subject variable), TMS intensity (within-
subject variable), and their interaction were assessed by 2-factor
repeated-measures ANOVA. For the Purdue pegboard task, the effects
of Time (within-subject variable), Intervention (between-subject vari-
able), and the interaction between Time and Intervention were as-
sessed by 2-factor repeated-measures ANOVA with subjects treated as
the random effect. For paired-pulse TMS, first, the effect of ISI (TS
alone, 4, 6, and 8 ms; within-subject variable) was assessed using the
data at each time point (baseline, P15, and P60) by one-factor
repeated-measure ANOVA. Then, a 2-factor repeated-measures ANOVA
using ISI (within-subject variable) and Time (within-subject variable)
was performed to test the changes of PPC–M1 interaction before and
after parietal ccPAS. Dunnett-Hsu was used for multiple comparisons
with the control group. Numerical variables are expressed as the
mean ± SD. A P-value of < 0.05 was considered significant. All statistical
analyses were performed using SAS version 9.2.

Results

Experiment 1: Effects of Left Parietal ccPAS on Left M1
Excitability (n = 12)
The mean rMTs for the left M1HAND at baseline and time points
after left parietal ccPAS are presented in Table 1. There were
no significant effects of ccPAS on the rMT (F = 1.63, P = 0.181).
In MEPs evoked by a fixed TMS intensity, the mean intensity
was 52.5 ± 9.2% of the maximum stimulator output. Figure 2
shows the average MEP amplitude from all subjects over time.
Repeated-measures ANOVA showed a significant effect of
Time on MEP amplitude (F = 4.38, P = 0.004), and post hoc
analysis revealed a relative increase in MEP amplitude at 60
min after the end of ccPAS (P60) compared with the baseline
(P = 0.031). There was no difference in MEP amplitude
between baseline and 1 day after ccPAS (P24H) (P = 0.37). For
the I/O curve, Figure 3A shows the mean MEP amplitudes cal-
culated from all subjects with TMS intensities of 80–170% rMT
at all points in time. Two-factor repeated-measures ANOVA re-
vealed a significant effect of Time (F = 13.60, P < 0.001) and
the Time × Intensity interaction (F = 1.8, P = 0.01). Post hoc
testing for the Time × Intensity interaction showed significant
increases of the MEP amplitude compared with the baseline at
intensities of 120%, 140%, 150%, 160%, and 170% rMT at P60,

Table 1
Parameters of corticospinal excitability and motor behavior before and after left-to-right cc-PAS

Measurement Baseline P15 P60 P120 P24H

rMT, left ccPAS (ISI = 8 ms) (% of maximum stimulator output) 43.6 ± 5.8 44.0 ± 6.1 43.3 ± 6.2 43.7 ± 6.0 44.5 ± 4.6
MEP, left ccPAS (ISI = 8 ms) (mV) 0.94 ± 0.31 1.04 ± 0.48 1.29 ± 0.50 1.12 ± 0.55 0.80 ± 0.39
Pegboard task, left ccPAS (pin number) 15.4 ± 1.4 15.9 ± 1.8 16.1 ± 1.7 16.1 ± 1.5 17.4 ± 1.3
Pegboard task, controls (pin number) 16.4 ± 2.0 16.4 ± 1.9 16.7 ± 1.8 17.1 ± 1.5 17.4 ± 1.5
rMT, left ccPAS (ISI = 100 ms) (% of maximum stimulator output) 41.3 ± 4.0 41.5 ± 4.0 41.8 ± 43.4 41 ± 3.7 –

MEP, left ccPAS (ISI = 100 ms) (mV) 1.13 ± 0.36 1.01 ± 0.31 1.10 ± 0.61 1.13 ± 0.621 –

rMT, right ccPAS (ISI = 8 ms) (% of maximum stimulator output) 45.7 ± 4.6 45.4 ± 6.1 46.1 ± 4.5 46 ± 4.7 –

MEP of conditioned right M1, right ccPAS (ISI = 8 ms) (mV) 1.11 ± 0.23 1.20 ± 0.56 1.96 ± 1.03 1.50 ± 0.70 –

MEP of unconditioned left M1, right ccPAS (ISI = 8 ms) (mV) 1.07 ± 0.38 0.74 ± 0.53 0.91 ± 0.47 1.03 ± 0.60 –

Note: Each value corresponds to the mean ± SD.
ISI: interstimulus interval;
rMT: rest motor threshold;
MEP: motor evoked potential.
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and at intensities of 130%, 140%, 150%, 160%, and 170% rMT at
P120. When comparing the I/O curve between baseline and
P24H (Fig. 3B), there was no effect of Time (P = 0.849) or
Time × Intensity interaction (P = 0.755).

Experiments 1 and 4: Effects of Left Parietal ccPAS on
Motor Behavior (n = 24)
For the Purdue pegboard test, the mean number of pins from
subjects (n = 12) with left parietal ccPAS and from control sub-
jects without ccPAS intervention at different time points are
summarized in Table 1. A 2-factor repeated-measures ANOVA
was applied with Time (baseline, P15, P60, P120, and P24H),
ccPAS intervention (with or without ccPAS), and the inter-
action between Time and ccPAS intervention as the fixed
effects. There was a significant effect of Time on performance
(F = 14.91, P < 0.001) but not the ccPAS intervention (F = 1.30,
P = 0.266) or Time × ccPAS interaction (F = 1.09, P = 0.368),
suggesting no significant effects of parietal ccPAS on the motor
behavior assessed by the Purdue pegboard.

Experiment 2: Effects of Parietal ccPAS on PPC–M1
Connectivity (n = 12)
In the left PPC–M1 paired-pulse experiment, the mean intensi-
ties for the left M1HAND and PPC were 53.3 ± 8.0% and
40.7 ± 5.8%, respectively, of the maximum stimulator output at
baseline, 52.6 ± 7.3% and 40.5 ± 5.5% of at P15, and
52.4 ± 7.4% and 41 ± 5.7% of at P60. Repeated-measures
ANOVA showed no significant difference in the stimulus inten-
sity of M1HAND and PPC at baseline and after PPC–M1 ccPAS.
There was also no significant difference in the amplitude of
MEPs evoked by TS alone among the baseline, P15, and P60
(F = 2.53, P = 0.103).

Before analyzing PPC–M1 connectivity, the PPC–M1 paired-
pulse data were normalized to the amplitude of the TS alone.
Figure 4 shows the normalized MEPs of each ISI at different
time points. To investigate the PPC–M1 interaction, repeated-
measures ANOVA to test the effects of ISI (TS alone, 4, 6, and 8
ms) was performed for baseline, P15, and P60, respectively.
The results revealed a significant effect of ISI (F = 3.01;
P = 0.044) at baseline, but there was no effect of ISI at P15
(F = 1.35, P = 0.276) and P60 (F = 0.66, P = 0.584). The post hoc
analysis showed that a significant potentiation of MEPs was ob-
tained at baseline when the CS was given 8 ms prior to the TS
(P = 0.01). To explore the changes in the PPC–M1 interaction
induced by parietal ccPAS, 2-factor repeated-measures ANOVA
with Time (baseline, P15, and P60) and ISI (TS alone, 4, 6, and
8 ms) showed a significant effect of Time (F = 4.34; P = 0.016),

Figure 3. Effects of left parietal ccPAS on the I/O curve of left M1HAND. (A) The MEPs
were recorded from the right FDI with the intensities of TMS at 80%, 90%, 100%,
110%, 120%, 130%, 150%, 160%, and 170% of rMT. The plots represent the mean
MEP amplitude averaged from all 12 subjects at different time points. The MEP
amplitudes as a function of the TMS intensity at P60 and P120 were significantly
different from those at baseline. The post hoc analysis showed an increased MEP
amplitude compared with baseline at intensities of 120%, 140%, 150%, 160%, and
170% rMT at P60 and at intensities of 130%, 140%, 150%, 160%, and 170% rMT at
P120. (B) There was no difference in the I/O curve between the baseline and 24 h after
ccPAS. *P< 0.05; #P< 0.05.

Figure 4. Effects of parietal ccPAS on the PPC–M1 interaction. The mean MEP
amplitudes for all 3 ISI (4, 6, and 8 ms) are expressed as percentage of the
unconditioned MEP amplitude (TS alone) at each time point. Repeated-measures
ANOVA showed an effect of ISI only at baseline, and a significant potentiation of MEPs
was noted at ISI of 8 ms. This facilitating the effect of PPC on the ipsilateral M1 faded
gradually after PPC–M1 ccPAS. *P< 0.05. TS: test stimulus alone.

Figure 2. Effects of left parietal ccPAS on MEPs of left M1HAND. MEPs by left M1
TMS were recorded from right FDI muscle and were averaged from all subjects. There
was a significant effect of Time in the corresponding repeated-measures ANOVA; the
post hoc analysis showed a significant increase in MEP amplitude at P60 relative to the
baseline, indicating left parietal ccPAS enhanced the cortical excitability of left M1.
*P<0.05.
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but not the ISI (F = 1.68, P = 0.191) or Time × ISI interaction
(F = 1.13, P = 0.349). The post hoc analysis revealed the nor-
malized MEPs produced from left PPC–M1 paired-pulse TMS at
P60 were significantly different from those at baseline
(P = 0.011). We further focused on the effects of parietal ccPAS
on the potentiation induced with ISIs of 8 ms. Another
repeated-measures ANOVAwith Time (baseline, P15, and P60)
and ISI (TS alone or 8 ms) was performed. The results revealed
a significant effect of Time × ISI interaction (F = 3.94;
P = 0.027). Further analysis showed a significant effect of parie-
tal ccPAS on the PPC–M1 interaction with ISI of 8 ms at P60
compared with baseline (P = 0.019).

Experiment 3: Interval Specificity of Parietal
ccPAS (n = 8)
Left parietal ccPAS was performed at a different ISI to test
whether the conditioning effects depended on the interval
between the 2 TMS stimuli of left PPC and M1. TMS of the left
PPC was delivered 100 ms prior to stimulation of the left M1.
The mean rMTs and MEP amplitudes for left M1HAND at base-
line and time points after ccPAS are presented in Table 1.
Repeated-measures ANOVA showed no differences in rMT or
MEP amplitude at baseline, P15, P60, and P120 (F = 0.745,
P = 0.538 for rMT; F = 0.17, P = 0.915 for MEP amplitude). For
the I/O curve, in contrast to an ISI of 8 ms, 2-factor repeated-
measures ANOVA revealed no effects of Time (F = 1.32,
P = 0.27) and Time × Intensity interaction (F = 0.68, P = 0.887).
These findings suggest no obvious changes in motor excit-
ability before and after parietal ccPAS at an ISI of 100 ms.

Experiment 5: Parietal ccPAS in the Right
Hemisphere (n = 7)
Right parietal ccPAS with an ISI of 8 ms was performed to test
if the same conditioning effects could be induced in the right
hemisphere. There were no changes in the rMT of right M1
before and after right parietal ccPAS (Table 1) (F = 0.35,
P = 0.79). Figure 5A compares MEP amplitude evoked from the
conditioned right M1HAND and the unconditioned left M1HAND.
The mean amplitude of MEPs showed an increment in the con-
ditioned right M1, but a decrement in the unconditioned left
M1 after right parietal ccPAS. Repeated-measures ANOVA
showed a trend of effects of Time on the MEP amplitude
evoked from the conditioned right M1 (F = 2.87, P = 0.065), but
no effects of Time on the MEP amplitude from the uncondi-
tioned left M1 (F = 1.00, P = 0.414). Two-factor repeated-
measures ANOVA analysis of the I/O curve revealed a signifi-
cant effect of Time (F = 16.87, P < 0.001). Post hoc analysis
showed that MEP amplitudes as a function of the TMS intensity
were significantly different at 60 and 120 min after right parie-
tal ccPAS compared with the baseline (both P < 0.001)
(Fig. 5B).

Discussion

The present study demonstrated that associative transcranial
stimulation of the parietal and motor cortex can induce
changes in motor excitability and parietal–motor connectivity.
One hundred and eighty PAS delivered at 0.2 Hz were suffi-
cient to produce such plasticity. This associative plasticity is
timing-dependent and is observed in both hemispheres. This
agrees with a series of recent studies, demonstrating that

cortical associative plasticity can be induced by time-locked
stimuli over 2 connected cortical areas, such as M1 and sup-
plementary motor area, M1 and ventral premotor cortex, and
bihemispheric M1 (Rizzo et al. 2009; Arai et al. 2011; Buch
et al. 2011). Results of the present study showed that associat-
ive plasticity can also be induced through the PPC–M1
network.

In the present study, the coil for the PPC was positioned
relative to P3 or P4 of the 10–20 EEG system. According to pre-
vious investigations, the underlying cortex projected by these
locations was within the PPC close to the posterior part of in-
traparietal sulcus (Homan et al. 1987; Herwig et al. 2003;
Okamoto et al. 2004). The posterior intraparietal sulcus plays
an important role in multisensory integration (Galati et al.
2001; Gentile et al. 2011), online motor control of manual
actions, and the cognitive aspect of motor action (Rizzolatti
et al. 1997; Graziano and Gross 1998; Haaland et al. 2000; An-
dersen and Buneo 2002; Gold and Shadlen 2007). Anatomical
studies in primates and cats showed strong corticocortical in-
terconnections between PPC and motor areas in the frontal
cortex (Matelli and Luppino 2001; Makris et al. 2005). The
functional interaction between PPC and ipsilateral M1 was first
demonstrated by Koch et al. (2007) using the dual-site paired-
pulse TMS paradigm. Subsequent studies revealed that this
functional interaction could be modified during planning of
reaching movements and was impaired in pathological con-
ditions such as Parkinson’s disease (Koch et al. 2008; Palomar
et al. 2013). In the present study, we introduce ccPAS over the

Figure 5. Effects of parietal ccPAS in the right hemisphere. (A) Parietal ccPAS was
performed in the right hemisphere and the MEPs evoked from the right or left M1HAND
were recorded from the contralateral FDI muscle. Repeated-measures ANOVA showed
that Time had a trend of facilitatory effects on the MEPs from the conditioned right M1
(P=0.065), but not the unconditioned left M1 (P=0.414). (B) Effects of right
parietal ccPAS on the I/O curve of the right M1HAND. The MEP amplitudes as a function
of the TMS intensity at P60 and P120 were significantly higher than those at baseline.
*P< 0.05.
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PPC–M1 network based on their anatomic-functional interplay.
Our results showed that associative stimulations of the PPC–
M1 network can induce transient and reversible plasticity in
the motor cortex and the PPC–M1 connectivity.

In our study, facilitation of motor excitability is consistently
seen for MEPs at a fixed intensity and for the whole I/O curve.
Facilitation evolved gradually, reached maximum 1 h after
ccPAS, lasted at least for 2 h, and then returned to baseline on
the next day. These aftereffects resembled the associative long-
term potentiations that are induced by coincident presynaptic
activity and postsynaptic depolarization in a variety of models,
such as cortical slice preparation and intact anesthetized exper-
imental animals (Baranyi and Feher 1981; Magee and Johnston
1997; Jacob et al. 2007). The same principle has was applied in
humans to induce plasticity at the M1 or primary somatosen-
sory cortex by pairing a peripheral nerve stimulation with TMS
of contralateral motor or somatosensory cortex (Stefan et al.
2000; Wolters et al. 2005) and by pairing 2 cortical stimuli
(Rizzo et al. 2009; Buch et al. 2011). In our ccPAS, the con-
ditioning TMS pulse at PPC probably stimulates the corticocor-
tical connection between the PPC and M1 and activates the
presynaptic afferents of M1. The TMS at M1 probably activates
intracortical fibers traveling horizontally and eventually leads to
activation of postsynaptic pyramidal output cells (Tong et al.
1996; Hamada et al. 2007). At an ISI of 8 ms, we believe that the
corticocortical volley elicited by the parietal TMS would arrive
at the M1 slightly before or at the same time as the TMS given to
M1, resulting in convergent activation at M1. In contrast, when
ISI was 100 ms, the parietal and M1 inputs would not be coinci-
dent and there would be no plastic changes at M1HAND. Our
results indicate that the temporal relationship between the PPC
and M1 TMS is crucial for developing the aftereffects. A recently
published study also showed changes of motor cortex excit-
ability after a similar ccPAS protocol between ipsilateral PPC
and M1 (Koch et al. 2013). In that study, motor excitability in-
creased after ccPAS when ISI was 5 ms and the M1 coil was
held to induce an anterior–posterior directed current at the
underlying M1 cortex. In contrast to the anterior–posterior
directed current which preferentially induces I3 waves, in our
parietal ccPAS protocol, the M1 coil was held to induce pos-
terior–anterior directed current which preferentially activates I1
waves. The I1 wave precedes the I3 wave by ∼3 ms. Therefore,
the convergent activations at M1 from presynaptic input and
postsynaptic activation by the parietal ccPAS protocol with ISI
of 5 ms and anterior–posterior directed current at M1 might be
temporally similar to our parietal ccPAS protocol with ISI of 8
ms and posterior–anterior directed current at M1.

In the present study, we cannot exclude a contribution from
polysynaptic circuits on the effects of the parietal ccPAS. In the
parietal ccPAS paradigm, stimulating PPC might induce remote
effects over the contralateral parietal cortex via transcallosal
connections. These remote effects from the opposite parietal
cortex might contribute to the ipsilateral effects on M1 (Koch
et al. 2009). There are also major corticocortical projections
from PPC to premotor cortex (Battaglia-Mayer et al. 2003;
Rushworth et al. 2006), and this polysynaptic pathway linking
PPC–premotor–M1 might also involve in the effects of parietal
ccPAS. Further work is needed to explore whether the effects
of PPC stimulation are mediated by direct pathways to M1 or
indirect pathways via an interconnected cortical region.

Our results showed that the excitability of M1HAND ex-
pressed by MEPs or I/O curve were grossly increased after

ccPAS. The facilitation only became significant at 60 and 120
min, but not at 15 min after ccPAS, a timing pattern often seen
for associative plasticity. The classical PAS reached its maximal
efficiency 15–30 min after intervention (Stefan et al. 2000). The
left-to-right M1 cc-PAS increased corticospinal excitability at 30
and 60 min, but not immediately after cc-PAS (Rizzo et al.
2009). In animal studies, potentiation or depression of synapse
strength develops gradually for tens of minutes after repetitive
correlated spiking of pre- and postsynaptic neurons (Bi and
Poo 1998; Fino et al. 2005). The cellular mechanism for the de-
velopment of increased M1 excitability in our parietal ccPAS
protocol is not established. NMDA receptor-mediated modu-
lation of cortical excitability was a necessary step in the plas-
ticity induced by classic PAS (Stefan et al. 2002). Other cellular
changes involving post-translational modification of ion chan-
nels, transmitter receptor, or cellular trafficking might also con-
tribute (Dan and Poo 2004; Sunyer et al. 2008). Further studies
are needed to explore such issues.

Associative plasticity is usually thought to be bidirectional,
and both long-term potentiation and long-term depression can
be induced in slice preparations and also with classical PAS
(Bell et al. 1997; Stefan et al. 2000). In classical PAS, an ISI of
10 and 25 ms between the peripheral and the cortical stimulus
results in lasting suppression and facilitation of M1 excitability,
respectively. In our study, we can only report facilitation. In
pilot studies, we tried parietal ccPAS at different ISIs (e.g. −4
and −6 ms), but could not find consistent depression effects.
Due to the small number of participants in the groups, these
results were not included here. In a recent study by Koch et al.
(2013) using a similar ccPAS protocol between PPC and M1,
they showed both long-term potentiation and depression at M1
by changing the ISI and the direction of induced current at M1.
Bidirectional plasticity has not been often reported for ccPAS,
and only the study by Arai et al. (2011) looking at SMA–M1
plasticity could show depression effect, whereas other studies
only report facilitating effects (Koganemaru et al. 2009; Rizzo
et al. 2009; Buch et al. 2011). Whether ccPAS protocols can
also reliably induce inhibition of the motor cortex has to be in-
vestigated by further studies.

We investigated how local connectivity between PPC and
M1 was affected by parietal ccPAS. At baseline, the condition-
ing stimuli over the left PPC potentiated MEPs evoked from
ipsilateral M1 when the ISI was 8 ms. These results are compa-
tible with a previous study from our group in which the differ-
ent intrahemispheric parietal–motor networks were mapped
using the neuronavigation system and paired-pulse TMS. The
CS at the central and posterior intraparietal sulcus resulted in a
facilitatory effect on ipsilateral M1; this facilitation was highest
when the CS was given 8 ms prior to the testing stimulus at
ipsilateral M1 (Karabanov et al. 2013). Similar findings in the
present study suggested that the coil placement of PPC is a suit-
able estimate of posterior intraparietal sulcus. Our result was
different from the study by Koch et al. (2007), which showed
MEP facilitation at an ISI of 4 ms. However, there was variabil-
ity in the ISI of PPC–M1 interaction ranging from 2 to 6 ms in
previous studies (Remple et al. 2007; Koch et al. 2011; Karaba-
nov et al. 2012), and there tended to be facilitation of MEPs at
an ISI of 8 ms, although the trend was not statistically signifi-
cant. The cause of this variability is still unknown. One poss-
ible explanation might be the polysynaptic activation of
conditioning TMS at the PPC, for example, the PPC projections
to ipsilateral M1 via the prefrontal areas (Petrides and Pandya
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1984; Remple et al. 2007). Because of this variability, in future
studies, to optimize parietal ccPAS, it might be reasonable to
optimize the parietal stimulus empirically for best location and
ISI. As more experiments are done, if the variability can be ex-
plained and reduced, we might also gain further insights into
the more precise nature of the plastic effects.

The facilitating effects of the PPC–M1 interaction was not
significantly altered at 15 min, but was down-regulated 1 h
after ccPAS when the potentiation of MEPs by parietal ccPAS
was significant. Due to the lasting facilitation of the MEPs, it
might be that this increase in corticospinal excitability contrib-
utes to the reduced PPC–M1 interaction. However, we adjusted
stimulus intensity after ccPAS and there was no difference in
MEP amplitude of TS alone before and after ccPAS. These
results suggest that parietal ccPAS modulated the strength of
the PPC–M1 interaction. We had anticipated that the order of
stimuli in the present parietal PAS protocol would enhance the
synapse in the PPC–M1 connectivity based on the mechanism
of spike-timing-dependent plasticity. However, parietal ccPAS
resulted in decreased PPC facilitatory input to M1. Similar
attenuation of corticocortical interaction was also shown in a
recent study examining the effects of bihemispheric M1 ccPAS
at an ISI of 8 ms. The interhemispheric inhibition attenuated
after bihemispheric M1 ccPAS, suggesting the enhancement of
transcallosal facilitatory rather than inhibitory pathways (Rizzo
et al. 2009). The existence of an inhibitory interaction between
PPC and M1 was demonstrated in human studies involving
response inhibition (Watanabe et al. 2002; Hu and Li 2012),
and the current parietal ccPAS might lead to an increase in the
inhibitory influence on the ipsilateral M1. The attenuation of
the PPC–M1 interaction in the present study was also compati-
ble with a previous study from our group that revealed modu-
lation of the PPC–M1 interaction following sensorimotor
training. In that study, after 10 min of sensorimotor training in-
volving tapping the index finger in synchrony to a rhythmic
visual or auditory sequence, the PPC–M1 facilitation attenuated
immediately. These results suggest that integrating sensory
information into a coherent motor plan during sensorimotor
training modified the PPC–M1 interaction (Karabanov et al.
2012). In parietal ccPAS, the associative stimulation of the PPC
and M1 incorporated the input from PPC with activation of the
motor cortex. This might simulate the cortical pathway during
sensorimotor training and, thus, could induce attenuation of
the PPC–M1 interaction.

Increased M1 excitability either by direct M1 stimulation (Kim
et al. 2004; Teo et al. 2011) or by ccPAS of bihemispheric M1
(Koganemaru et al. 2009; Rizzo et al. 2009) was associated with
increased motor performance. Since the parietal–motor connec-
tion is especially important for sensory-motor integration, in our
study, we measured performance on the Purdue pegboard task
that heavily relies on hand–eye coordination to assess the effects
of parietal ccPAS. However, the difference in performance was
not statistically significant between groups. While we could not
demonstrate a change in motor performance, other types of
motor behaviors involving sensorimotor integration might be as-
sessed in future studies. For example, tapping the index finger
in synchrony to a rhythmic sequence was shown to modulate
the parietal–motor interaction (Karabanov et al. 2012).

The PPC–frontal motor network is important for sensorimo-
tor integration (Andersen and Cui 2009), including praxis
movements (Bohlhalter et al. 2009; Wheaton et al. 2009). Ab-
normalities of sensorimotor integration were described in a

variety of neurological and psychiatric disorders (Abbruzzese
and Berardelli 2003; Sailer et al. 2003; Kent et al. 2012). Recent
studies showed impaired parietal–motor interaction in Parkin-
son’s disease, dystonia, stroke with hemineglect, Alzheimer’s
disease, and schizophrenia (Oliveri et al. 2000; Quartarone
et al. 2008; Bonni et al. 2013; Palomar et al. 2013). Improving
sensorimotor disorganization by proprioceptive training in
patients with musician’s dystonia led to objective behavioral
improvement (Rosenkranz et al. 2009). Modulation of parieto-
frontal connectivity of the intact hemisphere by repetitive TMS
in stroke patients with hemineglect improved the neglect
symptoms (Koch et al. 2012). In the present study, we showed
that parietal ccPAS could induce transient associative plasticity
at M1 and modulate the PPC–M1 interaction. Therefore, parie-
tal ccPAS might be clinically applicable for the treatment or re-
habilitation of neurological and psychiatric disorders
associated with abnormal parietal–motor interactions.
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