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Paired associative stimulation (PAS) is a non-invasive stimulation method developed to induce bidirectional changes in the excitability of the cortical projections to the target muscles. However, very few
studies have shown an association between changes in motor evoked potentials (MEP) after PAS and
behavioral changes in healthy subjects. In the present study we hypothesized that the functional relevance of PAS can be seen during fatiguing exercise, since there is always a central contribution to the
development of fatigue. Transcranial magnetic stimulation was applied over the motor cortex to measure changes in the MEPs of the soleus muscle before and after PAS. Furthermore, fatigue resistance was
tested during 15 s sustained maximal isometric contractions before and after PAS. On average, fatigue
resistance did not change after PAS, however the change in excitability correlated signiﬁcantly with the
change in fatigue resistance. Discussion: Functionality of PAS intervention was not demonstrated in this
study. However, the observed relationship between excitability and fatigue resistance suggests that PAS
might have affected central fatigue during short maximal contractions.

1. Introduction
Paired associative stimulation (PAS) is a non-invasive method
developed to induce bidirectional changes in the excitability of the
cortical projections to the target muscles. PAS combines electrical
stimulation of a peripheral somatosensory nerve with transcranial magnetic stimulation (TMS) over the contralateral motor
cortex. Depending on the interstimulus interval (ISI), PAS can
produce either long-term potentiation (LTP) – or long-term depression (LTD) – like plasticity in the target synapse (Kumpulainen
et al., 2012; Stefan et al., 2000; Wolters et al., 2003), showing
properties such as rapid onset, associativity, duration, speciﬁcity, and NMDA-receptor dependence (Ziemann et al., 2008).
Thus, spike-timing dependent plasticity is considered the most
likely mechanism behind PAS (Stefan et al., 2000; Wolters et al.,
2003). PAS and motor training have been shown to share common neural mechanisms, which suggests that PAS can be used
as a test for functionally relevant neuronal circuits within the
motor cortex (Jung and Ziemann, 2009; Stefan et al., 2006;
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Ziemann et al., 2004). However, very few studies have shown
functionality of PAS-induced excitability changes in healthy subjects (Frantseva et al., 2008; Jung and Ziemann, 2009; Rajji et al.,
2011).
Functional relevance of PAS can probably be seen during fatiguing exercises since it is well known that both central and peripheral
factors contribute to the development of fatigue (Gandevia, 2001).
Fatigue can be deﬁned as any exercise-induced reduction in the
ability of a muscle to generate maximal force or power (Gandevia,
2001). Central fatigue refers to processes proximal to the neuromuscular junction and peripheral fatigue to processes at or
distal to it (Gandevia, 2001). The relative contribution of the
central and peripheral components depends on the intensity
and duration of the fatiguing exercise. Short maximal sustained
contractions have been shown to have a substantial central contribution to the development of fatigue (Gandevia et al., 1996;
Hunter et al., 2006, 2008; Lentz and Nielsen, 2002; Szubski
et al., 2007; Taylor et al., 1996, 1999). Central fatigue has been
deﬁned as a progressive reduction in the voluntary activation of
a muscle during exercise and it can originate at both spinal and
supraspinal levels (Gandevia, 2001). Previous studies suggest that
central fatigue at least partially originates from inadequate cortical
drive to the motor neurons (Gandevia, 2001; Hunter et al., 2006,
2008).
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maximal isometric plantar ﬂexions with a 3 min rest interval
between trials. The highest force value was considered as the
maximal voluntary contraction (MVC). The experimental protocol
is shown in Fig. 2; the upper panel represents the main protocol
and the lower panel the additional procedures for sub-groups.
The main protocol included transcranial magnetic stimulation
(TMS) to measure changes in the motor evoked potentials (MEPs)
of SOL before (pre) and twice after the PAS intervention; immediately after (post0) and 15 min after (post15) PAS. The fatigue
resistance tests were performed before (pre) and after all TMS
measurements (post15). To test for changes at the spinal level,
SOL Hoffman reﬂexes (H-reﬂexes) were elicited in a subgroup at
the pre, post0 and post15 measurements. Fatigue, MEP and PAS
procedures were conducted so that fatigue would not affect MEPs
or PAS intervention. To avoid possible fatigue effects there was at
least 40 min between the last fatiguing contraction and the PAS
intervention in the pre measurements. In the post measurements,
fatigue resistance was measured after all the MEPs were recorded
but within 25 min of the PAS protocol, because LTP/LTD effects
have been shown to last for a minimum of 30 min (Kumpulainen
et al., 2012; Mrachacz-Kersting et al., 2007; Stefan et al., 2000;
Wolters et al., 2003).
Fig. 1. Schematic of the measurement setup in the ankle dynamometer. (a) A stimulating coil was placed and secured over the left hemisphere and (b) subject’s neck
was comfortably supported by a head rest. (c) Body movement was restricted with
seat belts and a knee strap. (d) Right foot was installed to a force pedal and (e) the
force was displayed on a computer screen in front of the subject.

Because PAS can be used to systematically alter the responsiveness of neurons in the primary motor cortex, the current study was
designed to investigate the effect of two different PAS interventions
on fatigue resistance during 15 s sustained maximal isometric contractions. The PAS interventions targeted the soleus muscle (SOL)
as this is an important antigravity muscle during standing and a
major contributor to force production during the impact phase of
walking and running (Ishikawa et al., 2005). It was hypothesized
that after PASLTP fatigue resistance would increase whereas after
PASLTD fatigue resistance would decrease.
2. Materials and methods

2.3. Recordings
For electromyographic (EMG) measurements, a pseudomonopolar electrode placement protocol was used where
one surface electrode of a pair (Unilect, Ag/AgCl, Unomedical Ltd.,
Redditch, UK) was placed on the right SOL and the other over a
bony surface of the tibia. A ground electrode was placed over the
lateral malleolus (Hoffman et al., 2009). The pseudomonopolar
setup allowed MEPs of higher amplitude to be recorded, which
in turn also decreased the intensity of the stimulus needed to
evoke a detectable MEP. Prior to electrode placement, the skin was
shaved, abraded and cleaned with alcohol to reduce resistance
below 5 k. EMG signals were ampliﬁed (100×), band-pass ﬁltered
(10–1000 Hz) and sampled at 5 kHz (Neural Systems NL 900D and
NL 844, Digitimer Ltd., Hertfordshire, UK). EMG data and reaction
forces from the pedal were collected with a computer via 16-bit
AD converter (CED power 1401, Cambridge Electronics Design
Limited, UK) and stored for later analysis.

2.1. Ethical approval and subjects
2.4. Procedures
Thirty healthy subjects volunteered for the study and were
divided into two groups: PAS induced LTP-like plasticity group
(PASLTP ; 9 females and 6 males, 25 ± 4 years, 62 ± 10 kg,
168 ± 11 cm) and LTD-like plasticity group (PASLTD ; 9 females and 6
males, 25 ± 4 years, 63 ± 7 kg, 168 ± 7 cm). Subjects were blinded to
the PAS intervention they were undergoing and thus the PASLTP and
PASLTD were considered as each other’s control. None of the subjects had any history of neuromuscular or orthopedic diseases and
all subjects were naïve to the experiments. Before testing, subjects
were informed about the procedures and gave written consent.
The study was approved by the ethics board from the University of
Jyväskylä and was performed in conformity with the latest revision
of the declaration of Helsinki.
2.2. Experimental design
Participants were positioned on a custom built ankle
dynamometer (University of Jyväskylä, Finland) with the hip
at 110◦ , the knee in an extended position at 180◦ , the ankle at 90◦
and the right foot resting on a pedal (Fig. 1). A seat belt restricted
movement of the upper body and straps secured the right leg
and foot. Hands were resting in the lap during all measurements.
Prior to the measurements, the participants performed three

A rectangular current pulse with a duration of 1 ms was
delivered to the common tibial nerve using a constant-current
stimulator (DS7AH, Digitimer Ltd., Hertfordshire, UK) for the PAS
protocol in addition to evoking H-reﬂexes and maximal M-waves
(Mmax ). A circular cathode with a pickup area of 77 mm2 (Unilect
short-term ECG Electrodes, Ag/AgCl, Unomedical Ltd., UK) was
placed over the tibial nerve on the popliteal fossa and an oval
shaped (5.08 cm/10.16 cm) anode (V-trodes neurostimulation electrodes, Mattler Electronics Corp., USA) was placed above the patella.
Motor threshold (MT) was deﬁned as the minimal intensity that
induced a visually identiﬁable muscle twitch in SOL. To quantify reliable Mmax , supramaximal stimulus intensity was used,
being 150% of the current needed to elicit maximal stimulus
response.
For the fatigue test subjects were instructed to produce their
maximal isometric plantar ﬂexion force and maintain it for 15 s
(Fig. 3), during which the force declined toward the end. Verbal
encouragement was given throughout the trial. At the end of the
fatiguing contraction, neural deﬁcit was estimated using the interpolation twitch technique (ITT); a supramaximal (Mmax intensity)
double pulse with 10 ms interval was delivered to the tibial nerve
to quantify possible increment in force (superimposed twitch).
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Fig. 2. The experimental protocol. Timeline’s upper panel represents the main protocol and lower panel additional procedures for sub-groups only. TMS, transcranial magnetic
stimulation; MVC, maximal voluntary contraction; ISI, inter-stimulus interval; PAS, paired associated stimulation.

Immediately following the sustained MVC, the same supramaximal double pulse was delivered to the relaxed muscle to quantify
resting twitch. Neural deﬁcit indicates insufﬁcient central drive to
the motor neurons and is attributable to central fatigue. Test–retest
repeatability was determined by repeating the fatigue resistance
test prior to intervention in ten subjects. There was a mandatory
break of 10 min between the test and the retest to reduce the possibility of any fatigue effect. It has been shown in previous studies that
10 s sustained maximal force is recovered within 5 min (Benwell
et al., 2006).
TMS was delivered using a mono-pulse Magstim 2002 stimulator with a 9 cm double batwing coil (Magstim, Whitland, UK). The
optimal stimulus site for SOL was usually located 1 cm lateral and
1 cm posterior to the vertex. A custom-made coil holder and rubber
straps were used to ﬁx the coil ﬁrmly to the head. The position of
the coil was marked on a closely ﬁtted cap worn by the subjects.
The cap also protected the hair and head from cold spray (PRF101,
Taerosol, Kangasala, Finland), which was used to prevent the coil
from overheating. Resting motor threshold (RMT) was deﬁned as
the lowest stimulus intensity required to elicit a MEP with a peakto-peak amplitude of 50 V in three out of ﬁve consecutive trials.
Stimulus intensity was then set to 120% of RMT and this intensity
was used throughout the experiment. TMS was delivered ten times
to passive muscle and ﬁve times to active muscle at 20% of MVC
and 50% of MVC. It has been previously demonstrated that MEP
responses increase progressively from rest to a contraction strength
of 80% of MVC in the SOL (Oya et al., 2008). As the force–time curve
was displayed on the screen in front of the subjects, they were able
to reach their target level with an accuracy of ±2% during the active
conditions.

Fig. 3. Example ﬁgure of the fatigue resistance test. Force traces are from one representative subject. Two united thin lines demonstrate the test-retest repeatability
prior to intervention (fatigue test 1 = black line, fatigue retest = gray line). The thicker
black line represents the post-intervention test. Force (F) is normalized to maximal
voluntary force.

H-reﬂexes were measured in sub-groups of six subjects from
both PASLTP and PASLTD groups during rest. Mmax was elicited
before all H-reﬂex measurements. Then 10 submaximal stimuli
were applied with a current intensity that evoked peak-to-peak
M-wave responses of 20 ± 5% of Mmax to quantify the H-reﬂex.
PAS consisted of a single electrical stimulation delivered to the
tibialis nerve at 150% of MT and a single TMS pulse at 120% of RMT.
ISIs to induce LTP- and LTD-like plasticity were selected based on
previous experiments. A constant ISI of 50 ms was used for the
PASLTP group (Kumpulainen et al., 2012; Mrachacz-Kersting et al.,
2007; Poon et al., 2008) and constant ISI of 20 ms was used for the
PASLTD group (Jayaram and Stinear, 2008; Poon et al., 2008; Stinear
and Hornby, 2005). A total of 200 pairs of stimuli were applied at
a rate of 0.2 Hz. To optimize the PAS effect, subjects were asked to
produce 5% of MVC plantar ﬂexion with their right leg during the
PAS protocol (Mrachacz-Kersting et al., 2007).

2.5. Data analysis and statistics
Commercially available software (Spike2, CED, Cambridge, England) was used for all ofﬂine analyses. Fatigue resistance was
calculated by dividing the average force during the 15 s isometric
contraction by the individual MVC. Thus fatigue resistance of 100%
corresponds to the theoretical situation where the initial MVC force
is maintained for the entire 15 s. Amplitudes of the superimposed
twitch and resting twitch were measured and the ratio between
them was calculated to estimate neural deﬁcit. To determine the
efﬁcacy of PAS, peak-to-peak MEP amplitudes were measured from
SOL and averaged. Spinal efﬁcacy was determined by taking Hreﬂex and Mmax peak-to-peak amplitudes and calculating the ratio
of these two measures (H/Mmax ). Cortical silent period (SP) was
analyzed when MEPs were delivered during contractions at 50% of
MVC as recommended by Säisänen et al. (2008) and also during
contractions at 20% of MVC. SP refers to a silencing of any ongoing EMG activity after the MEP as a result of TMS being delivered
during a voluntary contraction. The duration of the SP was determined by visual inspection as the time from MEP offset to the
time of reoccurrence of voluntary EMG activity. Each individual
trial was analyzed separately and then averaged across trials and
subjects.
Normality of variables was tested with Shapiro–Wilk’s Wtests. Accordingly, SOL MEPs, neural deﬁcit and H/Mmax were
compared using Wilcoxon’s signed-rank test separately for both
groups. Differences between groups for PAS effect (post MEPs as
percentage of baseline values) were tested with Mann–Whitney
U-tests. MVC and fatigue force were compared with two-tailed
paired t test. Fatigue resistance was compared with a two-way
repeated measures ANOVA with within factor time of two levels
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(pre PAS/post PAS) and between-subjects factor group of two levels (PASLTP /PASLTD ). SPs were analyzed with a two-way repeated
measures ANOVA with within factor time of three levels (pre
PAS/post0 PAS/post15) and between-subjects factor group of two
levels (PASLTP /PASLTD ). Spearman’s coefﬁcient was used to correlate the changes in PAS-induced excitability (at post15; MEPs as
percentage of baseline values) and changes in fatigue resistance.
The inter-class correlation coefﬁcient (ICC) was calculated for
fatigue resistance test-retest repeatability. In a secondary analysis the above-mentioned tests for neural correlates and fatigue
resistance were also performed only for the PAS responders (post
MEP/pre MEP ratio >1.00 in the PASLTP group and <1.00 in the
PASLTD group). The secondary analysis was done due to the high
inter-individual variability of the PAS effects, which have been previously reported (Ridding and Ziemann, 2010). The signiﬁcance
level was set at P < 0.05. All data are given as mean ± standard deviation (SD).
3. Results
3.1. Change in excitability
Fig. 4 shows original resting MEP recordings for one representative subject in the PASLTP and PASLTD groups before, immediately

Fig. 4. Resting MEP traces. Traces are from one representative subject in the PASLTP
and PASLTD groups before and after the interventions. Each trace is an average of 10
trials.

after and 15 min after PAS. The PAS effect (post MEPs/pre MEPs)
was signiﬁcantly different between groups at post0 and post15 at
rest (P < 0.05) but not in active conditions (P > 0.05). The normalized
post-intervention peak-to-peak MEP amplitudes are presented in
Fig. 5A and B. In the PASLTP group, MEP increased by 51 ± 108% at
post0 (P > 0.05) and signiﬁcantly by 73 ± 123% (P < 0.05) at post15
at rest. There were no signiﬁcant changes in the 20% of MVC condition but MEPs decreased signiﬁcantly at both post0 by 9 ± 12%
(P < 0.05) and post15 by 8 ± 14% (P < 0.05) in the 50% of MVC

Fig. 5. Effect of PAS on MEP responses. Mean post-intervention MEP amplitudes (normalized to baseline) (A) in the PASLTP group (15 subjects) and (B) in the PASLTD group
(15 subjects). The same results are presented also for responders only (C) in the PASLTP group (11 subjects) and (D) in the PASLTD group (12 subjects), *P < 0.05.
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condition. In the PASLTD group, passive MEP decreased signiﬁcantly at post0 by 27 ± 32% (P < 0.05) but not at post15, where
MEP decreased by 20 ± 38% (P > 0.05). MEP decreased signiﬁcantly
by 15 ± 25% (P < 0.05) at post0 and by 9 ± 18% (P < 0.05) in the
20% of MVC condition. There were no signiﬁcant changes in the
50% condition. The difference between the post0 and post15
was never statistically signiﬁcant. SPs at contraction level of 50%
of MVC were not affected by time (F(2,56) = 1.54, P > 0.05) group
(F(1,28) = 0.87, P > 0.05) nor their interaction (F(2,56) = 0.06, P > 0.05).
SP values for the PASLTP group were 75 ± 27 ms at pre, 78 ± 23 ms
at post0 and 79 ± 25 ms at post15, and for the PASLTD group
68 ± 19 ms, 72 ± 15 ms and 73 ± 14 ms, respectively. Correspondingly, there were no changes in SP duration at 20% of MVC;
time (F(2,56) = 1.83, P > 0.05) group (F(1,28) = 1, 66, P > 0.05) nor their
interaction (F(2,56) = 0.19, P > 0.05). The coefﬁcient of variation was
signiﬁcantly higher, 0.25 at 20% of MVC compared to 0.16 at
50% of MVC (P < 0.05). Neither Mmax amplitude nor H/Mmax ratio
changed signiﬁcantly throughout the protocol (P > 0.05). Mmax values for the PASLTP group were 19 ± 3 mV at pre, 18 ± 3 mV at post0
and 18 ± 3 mV at post15, and for the PASLTD group 19 ± 3 mV,
19 ± 3 mV and 19 ± 3 mV, respectively. H/Mmax ratios for the PASLTP
group were 0.60 ± 0.07 at pre, 0.58 ± 0.12 at post0 and 0.60 ± 0.09
at post15, and for the PASLTD group 0.49 ± 0.24, 0.47 ± 0.22 and
0.51 ± 0.24, respectively. The secondary analysis with only responders is shown in Fig. 5C and B; MEPs increased signiﬁcantly at both
post0 and post15 (P < 0.05) in the PASLTP group (11 subjects) and
decreased signiﬁcantly at both post0 and post15 (P < 0.05) in the
PASLTD group (12 subjects). Otherwise the signiﬁcances in MEP and
SP results did not differ from the whole group analysis.
3.2. Fatigue resistance
In both groups the 15 s fatigue test induced signiﬁcant force
reduction prior to PAS; in the PASLTP group MVC was 1380 ± 420 N
and average fatigue force was signiﬁcantly less, 1230 ± 340 N
(P < 0.001). In the PASLTD group, MVC force was 1190 ± 320 N
and average fatigue force was signiﬁcantly less, 1110 ± 280 N
(P < 0.01). Corresponding fatigue resistance values were 90 ± 8%
in the PASLTP group and 93 ± 7% in the PASLTD group. Contrary
to our hypothesis, fatigue resistance was not affected by time
(F(1,28) = 0.11, P > 0.05) group (F(1,28) = 0.59, P > 0.05) nor their
interaction (F(1,28) = 0.86, P > 0.05). After the PAS interventions,
fatigue resistance was 92 ± 1% in the PASLTP group and 92 ± 7% in
the PASLTD group. However, when the groups were combined, the
change in excitability (post15 MEPs as a percentage of baseline values) correlated signiﬁcantly with the change in fatigue resistance
(N = 30, R = 0.40, P < 0.05), which can be seen in Fig. 6. In the PASLTP
group, neural deﬁcit was 1.6 ± 2.4% prior to PAS and 0.9 ± 4.4%
following PAS. In the PASLTD group, neural deﬁcit was 6.5 ± 13.3%
prior to PAS and 5.9 ± 11.2% following PAS. Neural deﬁcit decreased
non-signiﬁcantly (P > 0.05) by 44 ± 79% in PASLTP and by 10 ± 30%
in PASLTD . Test–retest comparison (N = 10) revealed excellent
repeatability of the fatigue resistance test (P < 0.001). When only
responders (PASLTP group = 11 subjects and PASLTD group = 12 subjects) were included in the secondary analysis, two-way repeated
measures of ANOVA revealed a signiﬁcant interaction of time and
group (F(1,21) = 4.8, P < 0.05). Post hoc analysis using two-tailed
paired t-test showed a non-signiﬁcant improvement in fatigue
resistance by 3.1 ± 8.4% in the PASLTP group and a reduction of
3.0 ± 7.5% in the PASLTD group. Otherwise the signiﬁcances in force
results did not differ from the whole group analysis.
4. Discussion
The aim of this study was to investigate the functional relevance
of PAS by determining the effect of two different PAS intervention

Fig. 6. Relationship between excitability and fatigue resistance. Spearman’s coefﬁcient was used to correlate PAS-induced changes in excitability, presented on the
horizontal axis, with changes in fatigue resistance, presented on the vertical axis
(N = 30, R = 0.40, P < 0.05).

on fatigue resistance during 15 s sustained maximal isometric contraction. On average fatigue resistance did not change after PASLTP
or PASLTD , however the changes in MEP peak-to-peak amplitudes
after PAS correlated with the changes in fatigue resistance. Subjects
whose MEP size increased also demonstrated improved fatigue
resistance and vice versa.
4.1. Neural correlates – changes in cortico-spinal and spinal
excitabilities after PAS
The results of the present study indicate that associative modulation of excitability to the cortical projections of SOL was
achieved after PASLTP and PASLTD interventions with constant ISIs.
Accordingly, PASLTP induced enhancement of synaptic transmission whereas PASLTD induced weakening of synaptic transmission.
There was no signiﬁcant increase in MEP size at post0 after PASLTP ,
but a signiﬁcant increase at post15. A similar trend has been seen
in previous studies that have shown an increasing PASLTP effect
over time (Kumpulainen et al., 2012; Prior and Stinear, 2006;
Stefan et al., 2000). On the contrary, MEP size decreased significantly at post0 but not at post15 after PASLTD , which is in line
with a previous study by Di Lazzaro et al. (2011) where a significant effect was achieved immediately after but not 30 min after
PASLTD . MEPs were not increased in the active conditions following PASLTP ; on the contrary, MEPs were signiﬁcantly decreased in
the 50% of MVC condition after PASLTP . This is an interesting result
since, to our knowledge, PAS-induced effects have not been measured at such high contraction levels, and a signiﬁcant decrease
in MEP size after PASLTP has not been reported before. However,
there are studies showing no change in MEPs during slight contractions (Kumpulainen et al., 2012; Stefan et al., 2000, 2004). The
interpretation of the effect of PAS on active muscles is more complicated as can be seen in the study of Lu et al. (2009) where
a decrease of the movement-related cortical potentials (MRCP)
in electroencephalography recordings was reported after an LTPlike PAS-protocol. Accordingly, performing the same movement
pattern, simple thumb abduction, generated a decreased MRCP
negativity after the PAS intervention. MRCP reﬂects executive
aspects of the forthcoming motor action and decreased MRCP negativity indicates weaker volitional motor output. This may indicate
that the LTP-like effect decreases the level of effort needed to
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produce force, resulting in decreased or unchanged MEPs in active
muscle.
The most stable and informative SP is measured at a contraction
level of 50% of MVC (Säisänen et al., 2008). It has been shown that
the initial part of the SP is inﬂuenced by spinal circuitries, whereas
the latter part to a higher extent represents the state of cortical
inhibitory interneurons, which are mediated by GABAb receptors
(Ziemann, 2004). SP remained unchanged in the current study,
which is in line with the study by Di Lazzaro et al. (2011) that
reported unchanged SPs after PASLTP or PASLTD when MEPs were
elicited during contraction at 50% of MVC. H/Mmax ratios remained
unchanged after the interventions, suggesting a lack of changes at
the spinal level, which has also been shown in previous PAS studies
(Kumpulainen et al., 2012; Stefan et al., 2000; Wolters et al., 2003).
4.2. Functional implications – changes in fatigue resistance after
PAS
The 15 s sustained maximal isometric contraction induced signiﬁcant force loss on all occasions but fatigue resistance did not
change after interventions. This is in line with a previous study
by Milanović et al. (2011) which showed no changes in a fatigue
test involving sustained isometric contraction at 50% of MVC after
PASLTP. However, a signiﬁcant relationship was found between the
change in excitability of the cortical projections and change in
fatigue resistance in the present study, which was not reported
in the study by Milanović et al. (2011). One possible reason for
this difference could be that they used the duration of submaximal contraction as an indication of fatigue, which may involve a
greater peripheral component of fatigue compared to the present
protocol (Lentz and Nielsen, 2002). It has been demonstrated that
endurance time and changes in maximal capacity to generate
force provide information about different processes induced by the
exercise (Vøllestad, 1997). Thus, endurance time may not directly
correlate with motor cortex excitability. Benwell et al. (2006) found
a signiﬁcant reduction in the rate of force loss during a 10-s MVC
of hand muscles after increasing corticomotor excitability using a
spike timing-dependent repetitive TMS intervention. In the current
study the lack of changes in fatigue resistance at the group level
may be due to considerable inter-individual variability in the PASinduced plasticity changes within the groups. The chosen constant
ISIs might be one reason for relatively high inter-individual variability (SD = ±108% and 123%) observed in this study. Nevertheless,
the present values are comparable to the variability (SD = ±105%
and 52%) and number of responders (12 responders from 16 subjects) obtained in a previous study (Kumpulainen et al., 2012),
where the ISI was optimized to the individual somatosensoryevoked potential and was 50 ± 2 ms on average. Since an earlier
study by Mrachacz-Kersting et al. (2007) found signiﬁcant LTP
during a 10 ms time window with constant ISIs of 45–55 ms, the
constant ISI of 50 ms used here should be sufﬁcient to induce
LTP in most subjects. The optimal ISI to induce LTD in the leg
area has not been studied but an ISI of 20 ms is mostly used.
Stinear and Hornby (2005) reported the number of LTD responders and it was quite similar to ours; 12 responders from 14
subjects. Also previous studies have reported wide variability of
PAS-induced effects between subjects, which has been associated
with differences in brain anatomy, genes, and training background
(Ridding and Ziemann, 2010). Because of the dissimilarities in brain
anatomy, TMS can preferentially activate different neuronal circuits
in different subjects (Sakai et al., 1997) causing variability in the
PAS-induced effects. The genetic polymorphisms of neurotrophins
can inﬂuence the induction of plasticity (Ridding and Ziemann,
2010). However, there is only one brain-derived neurotrophic factor – polymorphism, which has been shown to limit PAS-induced
motor cortex plasticity (Cheeran et al., 2008). Furthermore, it has

been found that skill athletes have higher motor cortex plasticity compared to endurance trained athletes (Kumpulainen et al.,
2014). When only responders were included in the analysis, there
was signiﬁcant interaction of time and group in fatigue resistance.
Still, the change in fatigue resistance was not signiﬁcant within
the groups. This suggests that PAS affects fatigue resistance among
PAS responders and supports the result of signiﬁcant correlation.
ITT was conducted in order to reveal possible changes in neural
deﬁcit induced by PASLTP or PASLTD at the end of fatiguing contractions. No signiﬁcant differences were found, suggesting that there
were no differences in central fatigue after the interventions. However, since we found a signiﬁcant correlation between changes in
MEP and fatigue resistance, small changes in central fatigue may
have occurred within the variation of ITT. Low sensitivity of the
ITT method has been reported at maximal contraction intensities
(Taylor, 2009).
4.3. Candidate mechanisms behind PAS and fatigue
It has been proposed that PAS-induced LTP occurs within the
motor cortex (Di Lazzaro et al., 2009; Stefan et al., 2000), where the
somatosensory stimulus can arrive via the dorsal column-medial
leminiscal route or via a longer pathway involving the cerebellum
(Strigaro et al., 2014). Intracortical neural circuits through which
the effects of PAS and fatigue emerge have been investigated with
single and paired pulse TMS in several previous studies (Carson
and Kennedy, 2013; Gruet et al., 2013; Taylor and Gandevia, 2001).
Paired pulse TMS is a tool to examine facilitatory and inhibitory
circuits in the cerebral cortex. However, as different studies have
used different interventions and target muscles, the results are
difﬁcult to interpret. Prolongation of SP has been observed after various fatiguing exercises including sustained MVC of soleus muscle
(Iguchi and Shields, 2012; McKay et al., 1996). Since prolongation
of SP is less after cervicomedullary stimulation-induced MEP, additional inhibition at the cortical level has been suggested (Levenez
et al., 2008; Taylor et al., 1996). In addition, Hilty et al. (2011)
showed that central projections of group III–IV muscle afferents
may facilitate a fatigue-induced increase in SP. Therefore, it seems
that GABAb -mediated intracortical inhibitory circuits have a role
in the development of central fatigue. Since SP duration remained
unchanged after PAS interventions in this study, it seems that,
at least partly, fatigue and PAS affect different cortical interneurons. This corresponds to the current results showing no signiﬁcant
effect of PAS on fatigue resistance. However, among PAS responders
the PAS-induced LTP might have compensated for fatigue-induced
inhibition in the motor cortex and thus affected fatigue resistance.
In addition, PAS induced LTP/LTD-like plasticity has been shown to
be accompanied with other neuronal circuits in the cerebral cortex (Carson and Kennedy, 2013), which might have contributed
to the observed signiﬁcant correlation. For example, long afferent
inhibition (LAI), which is also GABAb -mediated, is decreased following PASLTP (Meunier et al., 2012; Russmann et al., 2009) and
might increase motor drive to the exercising muscle during fatiguing tasks. LAI reﬂects the activity of somatosensory inputs, and is
obtained when the interval between peripheral afferent stimulation and subsequent TMS is in the region of 200 ms.
5. Conclusions
In the present study, PAS induced associative plasticity changes
in the cortical projections to the resting SOL. On average, fatigue
resistance during a 15-s sustained maximal isometric contraction
did not change following PAS interventions. Thus, functionality of
PAS interventions was not evident with the current experimental design. However, among responders fatigue resistance showed
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signiﬁcant interaction of time and group and PAS-induced
excitability changes correlated signiﬁcantly with changes in fatigue
resistance. This suggests that PAS might have slightly affected
central fatigue during short maximal contractions. Therefore, PAS
might have implications for improving performance in rehabilitation settings.
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