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Introduction

When the ankle joint is kept at the end of its range of motion, 
as for during static stretching, alterations in cortico-spinal 
excitability and spinal reflexes can be observed. Commonly, 
motor evoked potentials (MEPs) elicited by TMS and Hoffmann 
reflex (H-reflex) of soleus muscle are inhibited1-3. Inhibitions 
of MEPs and H-reflex are generally attributed to reduced 

transmitter release1,4-6, however, the dissimilar level of stretch 
required for the inhibitions onsets2 and the different extents 
of the inhibitions themselves7-12 support the implication of 
separate inhibitory mechanisms13. After stretching, these 
acute alterations are quickly reversed14 and both MEPs and 
H-reflex are usually reported to be promptly restored as 
soon as the joint is repositioned to its neutral angle2,7,15-17. 
Differently, the inhibition of stretch and T-reflex, attributed 
to reduced muscle spindle sensitivity34, persists up to several 
minutes following stretching9,12,13. In a recent work though, we 
showed the also the H-reflex remains altered (facilitated) for 
a few seconds (~30 seconds) following stretching and MEPs 
seem to tend in the same direction13. It could be hypothesised 
that these results might be amplified by increasing the applied 
stimulus (intensity and/or duration of the stretch). Since the 
intensity of the stretch in the mentioned study13 was already 
the maximal tolerable by the participants, only the duration 
variable could be further investigated. This hypothesis was 
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partially examined by Opplert and colleagues17 which tested 
the effects of 1, 2, 3, 4 and 10 x 30 seconds stretching on 
mechanical properties and H-reflex in the plantar flexor 
muscles. The authors reported no stretching duration effects. 
However, it has to be pointed out that data were collected 
within a period of time exceeding the “sensitive window” 
of about 30 seconds13, therefore the methodology applied 
by Opplert et al.14 to quantify spinal excitability would have 
unlikely highlighted an effect. Nevertheless, the study by 
Opplert and colleagues17 suggested that stretching applied 
for longer duration does not increase the size of the sensitive 
time window within which an alteration in H-reflex excitability 
can be seen. However, it remains unexplored whether the 
magnitude of the effect within 30 seconds after stretching is 
susceptible to stretching duration. Moreover neither cortico-
spinal excitability nor T-reflexes were studied leaving the 
picture of stretching induced neurophysiological changes 
incomplete.

The aim of the present work is therefore to investigate 
the effect of 5 x 60 seconds stretching on both cortico-
spinal excitability (MEPs by TMS) and spinal reflex excitability 
(H-reflex and T-reflex). We expect to observe a strong 
inhibition of the T-reflex and a facilitation of both MEPs and 
H-reflex. Because the T-reflex recovers slowly to its baseline 
values9,13, in order to look at the recovery trend, we performed 
further T-reflex measurements at 5 and 10 minutes after 
stretching. 

Eperimental procedures 

Ethical approval

The study was conformed to the standards set by the 
Declaration of Helsinki and approved by the research ethics 
board of the University of Graz. Written informed consent 
was obtained from all volunteers before the onset of the 
experimental procedures.

Participants

Seventeen university students (age 22.8±2.3 years, 
8 male and 9 female, body mass 68.7±15.3 kg, stature 
174.0±11.8 cm) with no history of neurological disorders 
volunteered for the experiment. Participants were required 
to abstain from any strenuous physical activity on the testing 
day as well as to refrain from taking caffeine-containing 
substances and smoking within 2 h before the testing session. 

Study design 

The participants visited the laboratory on two separate 
occasions with a minimum of 24 hours between the two 
appointments, each lasting about 3 hours. In randomized 
order, during one testing session they received the treatment 
and in the other they acted as their own control. The 
experiment consisted in the measurement of H-reflex, T-reflex 
and MEPs induced by transcranial magnetic stimulation 
(TMS) before (pre) and immediately after a control period 

(control_00) or immediately after stretch (stretch_00). For 
the T-reflex further assessments were performed 5 and 
10 minutes following control (control_05/10 respectively) 
and 5 and 10 minutes following stretching (stretch_05/10 
respectively), therefore the T-reflex measurements lasted 
about 12 minutes more than measurements of H-reflex and 
MEPs responses. We decided not to measure H-reflex and 
MEPs responses after 5 and 10 minutes from stretching 
because we knew from existing literature (for MEPs2,10,11; for 
review on H-reflex19) that the effect of stretching on these 
responses lasts only few seconds. 

Stretch consisted of 5 times 60 seconds stretching of the 
plantar flexors to the maximal individual ankle dorsiflexion 
(group range 18.6-39.7°) with no rest in between stretching 
bouts, except for the time needed to return to 10 deg plantar 
flexion position and back again to the maximal dorsiflexion 
position. The value of maximal dorsiflexion, once determined 
at baseline, was kept constant throughout the experiment. 
The control period consisted in maintaining the leg in the 
testing position for 300 seconds without any stretching being 
applied. Either intervention (control or stretch) was repeated 
before each of the three different sequences of stimulations 
(H-reflex, T-reflex or TMS in random order) and 20 minutes 
rest were allowed between the end of one sequence of 
stimulation and the next (Figure 1). 

Experimental procedures 

Subjects were sitting on an isokinetic dynamometer 
(CON-TREX MJ, CMV AG, Duebendorf, Switzerland) with 
the standard setup for ankle joint movement individually 
adjusted. Participants had their right knee fully extended 
and the foot resting on the dynamometer footplate, the 
ankle joint aligned with the dynamometer rotation shaft and 
the ankle angle set at 10° plantar flexion deviating from a 
neutral position at 90°. Volunteers sat with the trunk at 110° 
and the head supported by a cushion (dentafix®, pro medico 
HandelsGmbH, Graz, Austria) that once positioned could be 
deflated allowing the formation of a stable form molded on the 
volunteers’ head and neck shapes. By using a remote control, 
the volunteers were instructed to adjust the dorsiflexion 
isokinetic rotation operated by the dynamometer around the 
foot plate until the point of perceived maximal dorsiflexion. 
Participants were asked to keep their knee extended and to 
relax during the procedures.

Once the maximal individual dorsiflexion was defined, 
subjects left the dynamometer and were prepared for 
surface electromyographic recording (EMG). Subsequently, 
position and stimulation intensity for the H-reflex and TMS 
were determined and two complete H-M recruitment curves 
were collected. Following this initial procedure the volunteers 
were allowed 20 minutes rest, 10 minutes standing and 10 
minutes sitting comfortably. After this time the volunteers 
returned in the testing position described above and were 
instructed to relax completely and either keep their eyes 
closed or gaze at a 4 meter distance point for the beginning 
of the measurement. This consisted in a trigger-driven 
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sequence of 12 stimulations to evoke one of the three 
neurophysiological responses (T-reflex, H-reflex or MEP) 
(pre-intervention measurement), followed by either the 
control or stretching procedure (intervention) and concluded 
with the repetition of the sequence of 12 stimulations 
(post-intervention measurement). Twenty minutes after 
the termination of the post-intervention measurement 
of one the responses, the trigger sequence was started 
again for the measurement of another response; the order 
was randomized. The trigger sequence was produced by 
a computer program. Subsequently, the volunteers were 
asked to stand up for 10 minutes and then sat down again 
for another 10 minutes before repeating all the procedure 
for evoking a different reflex/response. The experiment was 
carried on in the same way a third time to test the remaining 
response. The experimental procedure sequence is described 
in Figure 1. 

Surface electromyography

EMG from carefully prepared skin (shaved, abraded and 
cleaned with alcohol) was collected from the soleus (SOL) 
and tibialis anterior (TA). Electrodes (Blue Sensor N, Ambu 
A/S, Ballerup, Denmark) for recording H-reflex from the 
SOL muscle were placed in monopolar configuration (as 
suggested by Hadoush et al.18); electrodes on TA were 
placed in standard bipolar configuration at an interelectrode 
distance of 20 mm. Ground electrode was placed over the 
tibial bone medial surface. In order to avoid phase shift no low 
pass filter was applied. Limitation of the bandwidth with 60 
kHz was determined by the isolation amplifier.

Stimulations

All stimulations were performed with the ankle joint at 10° 
plantar flexion (PF) with an inter stimuli interval of a random 
value between 7 and 9 seconds.

H and M waves measured in SOL were elicited by constant 
current electrical stimulation (KeyPoint® 2-channel) 

delivered to the tibial nerve by rectangular pulses of 1.0 ms 
duration. The anode (5x9cm, STIMEX adhesive gel electrode) 
was placed on the patellar tendon and the cathode was placed 
in the popliteal fossa overlying the nerve at a position that 
provided the greatest H wave amplitude at the smallest 
stimulus intensity possible. The cathode electrode (Blue 
Sensor N, Ambu A/S, Ballerup, Denmark) was glued on the 
skin in order to prevent any movement during the experimental 
procedures. The stimulation intensity was selected during 
the two recruitment ramps and adjusted to obtain a value at 
which the H wave was still in its ascending phase and an M 
wave was visible. This intensity, which was usually close to 
the H

max
, was then used for all the measurements (control and 

stretching). During the experiment, the current delivered by 
the stimulator was slightly adjusted when needed to ensure 
constant amplitude of the M wave19.

Tendon T-reflex was elicited by a motor (Type GDRX 
075, Magnet-Schultz, Germany) driven hammer hitting the 
Achilles tendon about 3-4 cm above its insertion on the 
calcaneus delivering a contact peak force of 35N+/-10N. An 
electrical output from the motor provided information about 
its rotation allowing hammer displacement and acceleration 
to be monitored.

Motor evoked potentials in response to single pulse TMS 
were recorded from SOL (as target muscle) and from TA (as 
reference muscle) of the right leg. TMS was performed with 
Magstim 200, (Magstim Company Ltd., UK) using a double 
cone coil (110 mm coil diameter). The coil was placed 1-2 
cm left of the longitudinal fissure on the M1 area and slightly 
shifted to the left side in order to obtain the largest response 
from the contralateral right SOL. Resting motor threshold 
was determined as the minimum stimulator intensity able 
to evoke MEPs of at least 50 µV amplitude in more than 
50% out of ten consecutive trials20. To ensure a constant 
coil positioning throughout the experiments, subjects were 
wearing EEG caps on which the optimal coil position was 
marked with a soft pen. MEPs were elicited with stimulation 
intensity equal to 120% of the resting motor threshold.

Figure 1. Experimental flow chart. In this flow chart is represented an example for a control session. From left to right: For every 
experimental session the “Pre intervention” was preceded by 20 minutes rest (10 standing, 10 sitting). In this example the sequence 
started with TMS measurements performed before and after the intervention. Twenty minutes (10 standing, 10 sitting) from the end of 
TMS measurements another of the two remaining reflexes was measured, in this case H-reflex. Twenty minutes from the end of H-reflex 
measurements T-reflex was studied. T-reflex was also examined 5 and 10 minutes after the intervention, this is not represented in the 
flow chart for simplifying the visualization.
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During all the stimulations background EMG activity was 
monitored online to ensure that both agonist and antagonist 
muscles were relaxed. The absence of background EMG 
activity was doubled checked off line in a time window of 200 
ms before the stimulation.

Data analysis 

Electromyography, torque, displacement, trigger and motor 
output signals were synchronized (DEWESoft™ 7.0 recording 
system, DEWETRON GmbH, Austria), digitized with a sampling 
frequency of 10 KHz, stored on a PC and analysed using 
custom-made algorithms developed in Matlab (R2014b). 

The 12 H waves recorded in each series were checked for 
consistency and those related to an M wave showing peak to 
peak amplitude exceeding the target stimulation intensity by 
±2 standard deviations were discarded10,11. Because of this 
criterion 1 subject had to be excluded. Reflex excitability 
was quantified as average H/M ratio of the remaining waves 
within each series. Further analysis of MEPs and H-reflex was 
performed within a time frame of 40 seconds immediately 
following stretching; due to the inter stimuli interval adopted, 
this analysis included only 5 stimulation per participant.

T-reflex waves and MEPs with peak to peak amplitude 
exceeding ±2 standard deviations within their own recording 
series were discarded11,21; all the remaining waves were 
retained and peak to peak values were used for statistical 
analysis.

Statistical analysis

Results were checked for normal distribution by Shapiro-
Wilk test. For TMS and H-reflex paired sample T-test or 
Wilcoxon test was used to compare the variation pre-control 
vs pre-stretch and within conditions (pre-post control 
and pre-post stretch). For T-reflex data were not normally 
distributed and the Friedman Test was used for assessing the 
effect of stretching at 4 time points (pre, post_00/05/10) in 
two conditions (control/stretch) and Wilcoxon signed ranks 
tests with Bonferroni-Holm adjustment was used for pairwise 
comparisons within condition. Statistically significant level 
was set at 0.05; all statistical analysis was completed using 
PASW Statistic 18.0.0.

Results

H-reflex

Group H/M ratio absolute values did not change from 
pre to post within control condition (22.5±23.9 and 
22.8±25.3 respectively) but increased from 24.8±25.1 
to 26.6±24.5 from pre to post within stretch condition 
(P=.02, Z=-2.327). Figure 2 shows recording from a 
representative subject: H/M ratio increased by 2.8% within 
control and by 13.8% within stretching condition. Group 
analysis expressed as average of individual percentage 
of variation pre-post intervention between conditions 
confirmed this result (P=.036, t=-2.307) resulting in 

an average increase in H/M ratio of 16.2±21.5% after 
stretching versus no changes (0.9±10.5%) after control 
(Figure 3). The analysis performed within the first 40 
seconds after stretching showed an increase in H/M 
ratio of 12.1±25.0% after stretching versus no changes 
4.6±12.8% after control (P=.09, Z=-1.079), however 
this analysis was performed only on those participants 
for which all the first 5 stimulations were retained after 
inspection for stimulation consistency. As a consequence 
only 11 volunteers were considered in this analysis.

T-reflex

Three subjects did not show a T-reflex response and 
were therefore discarded from the analysis. Figure 4 
shows the percentage of variation of T-reflex amplitude 
from pre to post control (A) and from pre to post 
stretching (B) at the three time points investigated. Reflex 
amplitude was influenced by stretching (χ2

3
 =23.852, 

P=.001). Pairwise comparisons highlighted no differences 
between the two pre measurements (pre-control vs pre-
stretch) as well as no differences between pre control 
and the three measurements post control. In contrast, 
immediately after stretching the T-reflex was on average 
57.6% smaller (±32.2% range 7.7-100%) (P=.003, Z=-
2.934) and the inhibition observed 5 minutes following 
stretching (16.2±19.9%) was still significant (P=.013, Z=-
2.490). After 10 minutes the values returned to baseline 
(P=.534, Z-.622).

MEPs

All participants tolerated well the TMS assessments without 
reporting any side effects during or after the procedure. For 
SOL at control the resting motor threshold for the stretching 
condition was 40.00±6.94% of the stimulator output and for 
the stretch condition 39.76±6.78%. No difference between 
the resting motor thresholds for the two conditions was found 
(P=.720) and no change in the post TMS assessments. The 
mean MEP amplitude at pre stretching was 0.51±0.27 mV 
and for the control condition 0.40±0.19 mV. No significant 
differences (P=.102; t=-1.760) between the variation pre-
post intervention of two conditions was observed. Similarly 
to H-reflex, the analysis was performed on a reduced number 
of participants (N=12) within the first 40 seconds following 
stretching. Also within this time frame no differences were 
found (P=.814; Z=-.235).

Discussion

The main finding of this study is that five minute static 
stretching of the plantar flexor muscles induces a long lasting 
inhibition of T-reflex, facilitates the H-reflex within 2 minutes 
and has no effect on motor cortex excitability. 

Testing the acute influence of an intervention on the 
H-reflex excitability is particularly complicated when the 
effects have a quick reversibility, as it seems the case of 
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stretching. Indeed most of the studies report that stretching 
influences H-reflex during its application, as though when the 
joint is at the end of its range of motion, but as soon as the 
joint is back to its neutral position no effect is normally seen 
(for review see22). Differently, we13 and others8,23 have shown 
that the H-reflex is facilitated immediately after stretching, 
but this effect seemed to last only few seconds. Based on 
previous reports17, we were not expecting that the period of 
time during which the H-reflex facilitation can be seen would 
have been extended by the longer stretching application (5 
min) adopted in the present study, nevertheless we were 
still expecting to detect a stronger facilitation compared to 
shorter stretching application. Interestingly, the extent of the 
reflex facilitation (+16.2%) was very similar to the one we 
observed after one minute stretching (+18.3%)13, suggesting 
that stretching duration has no effect on this parameter.

H-reflex amplitude is affected by both pre and post-synaptic 
influences24. In order to try to explain the effect of stretching 
on variations in H-reflex size, we need to find elements that 
can both affect the H-reflex loop pathway and be affected 
by stretching. Afferents from Golgi tendon organs could 
represent a candidate, indeed afferents from muscle spindles 
and from Golgi organs are activated together so that the H 
reflex is the net result of Ia excitation minus Ib inhibition (for 
review25). Under high tension, Golgi tendon organs’ response 
falls slowly for one minute for then stopping26. It could be 
therefore hypothesised that after five minute stretching 
group Ib afferents remained inactive or decreased their 
activity for a period of time. However, this reduction in post-
synaptic inhibition should have had a similar effect on MEPs, 
and this was not the case in the present study. Similarly 
to Ib afferents, also Renshaw cells feedback inhibition to 

Figure 2. Raw EMG recording of H-reflex from a representative subject. Each track represents four superimposed waves recorded pre 
and post control (“a” and “b” respectively) and pre and post stretching (“c” and “d” respectively).

Figure 3. H-reflex variation. Group average ± SD (big grey 
connected squares) and individual values (small white squares) 
for variation pre-post control (left) and pre-post stretch (right). 
Dotted line refers to the results of the volunteer used as 
example for Figure 1. *=P<.05.



35http://www.ismni.org

F. Budini et al.: Spinal and corticospinal responses to five minutes stretching

their homonymous muscles and are affected by stretching, 
being inhibited by afferents from muscle spindle secondary 
endings27. The hypothesis that stretching would increase 
H-reflex size through a reduction of recurrent inhibition is 
supported by the work by Hultborn and Pierrot-Deseilligny28 
that showed that during sustained contractions, as recurrent 
inhibition discharge was progressively decreasing, the size 
of the H-reflex increased. The implication of Renshaw cells 
would also explain the different results between H-reflex and 
MEPs, in fact the firing rate of the Renshaw cell is in relation 
to the firing rates of the motoneurons29, hence small tonic 
motoneurons will receive a weaker recurrent inhibition 
compared to fast large phasic motoneurons. Since muscle 
activation through TMS follows an orderly recruitment30,31, 
having used a low stimulation intensity (40.00±6.94%) 
we likely activated predominantly small motoneurons. 
Therefore, if recurrent inhibition was inhibited for a period of 
time after stretching, then this reduced inhibition would be 
more marked on H-reflex than on MEPs. One other possibility 
is that the facilitation (or the reduction in inhibition) occurred 
at a level of the neural network that is activated by peripheral 
nerve stimulation but not by TMS. In this case a decrease 
of presynaptic inhibition on the Ia afferents would result in 
an increase in H-reflex but not in MEPs size. Gregory et al.8 
suggested that the increase in H-reflex they observed after 
stretching was a consequence of a reduced level of muscle 
spindle resting discharge (measured on cats) that might have 
led to a reduction in the inhibition of motoneurons. However 
this hypothesis would not explain why H-reflex facilitation can 
be observed only within few seconds after stretching whilst 
T-reflex remains inhibited for several minutes.

Afferent input from dynamic stretching of muscle spindles 
is also able to modify the output of motor cortical neurons32, 

and prolonged input from the spindle receptor group was 
shown to induce after-effects in motor cortex excitability33,34. 
Also during static stretching of a relaxed muscle, afferent 
activity from spindles increases, which in the following may 
drive after-effects in motor cortex excitability. However, the 
results on MEP amplitudes show that corticospinal excitability 
in the soleus muscle remained unchanged following 5 minutes 
stretching. Thus, with respect to the changes found at the 
spinal level, motor cortical influences on spinal motoneurons 
are rather unlikely. Lastly some compensatory increase 
of cortical influence might have occurred. For proving this, 
paired pulse TMS protocols are required in order to test 
whether intra-cortico-spinal excitability increases after a 
period of prolonged stretching. 

In agreement with existing literature, T-reflex was strongly 
inhibited7,11-13,35. This result very likely does not reflect a 
change in the neurological pathway6 and it is commonly 
attributed to reduced sensitivity of the muscle spindles36. It 
is worth mentioning that the amount of inhibition observed 
immediately after five minutes stretching in the present study 
(57.6%) was less than the one observed in our previous study 
(63.1%) where only one minute stretching was applied13. 
However, being this result reasonably similar, it might simply 
be that T-reflex can only be inhibited up to a certain amount 
regardless the duration of the applied stretch. If instead 
the amount of inhibition has a tendency to reduce as the 
stretching time increases, then it could be hypothesised that 
muscle spindles lose their tension quickly during stretching, 
but as the stimulus continues without increasing intensity (as 
for constant angle stretching procedures) they manage to 
regain some of the slack. Finally, differently to our previous 
study where stretching procedure was applied for one 
minute13, T-reflex inhibition was observed also five minutes 

Figure 4. T-reflex variation. Percentage of variation pre-post control (A) and pre-post stretching (B) for each time point after intervention 
for individual subjects (small markers) and the group mean ± SD (large markers). **=P<.01; *=P<.05.
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following stretching. An immediate suggestion would be that 
stretching applied for a longer duration has a longer lasting 
effect. Accordingly, Avela and colleagues9 showed that 
stretch reflex size measured on soleus muscle 15 minutes 
following 1 hour of repeated passive stretching of the triceps 
surae was on average almost still 60% smaller than that 
recorded at baseline.

Limitations

In the present work we did not measure the H-reflex and 
MEPs 5 and 10 minutes following stretching. Not having 
observed a variation in MEPs immediately after stretching, 
we exclude that an effect on this parameter could have been 
delayed by 5 minutes. However, in relation to the H-reflex, 
we cannot exclude that the observed inhibition could have 
protracted further.

Another limitation is in relation to not having measured 
the M

max
 throughout and at the end of the experiment. 

Consequently H-reflex and MEPs before and after stretching 
could have not been normalised by the M

max
 before and 

after stretching respectively. However, previous works 
demonstrated no changes in M

max
 either during or following 

static stretching2,7,37,38, repeated prolonged passive 
stretching9,10 or static stretching training11. 

Conclusions

In conclusion, 5 minute static stretching induces an 
increment in H-reflex and does not influence MEPs. T-reflex 
inhibition showed a much longer duration.
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