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Assessment of corticospinal excitability after traumatic
spinal cord injury using MEP recruitment curves:
a preliminary TMS study

R Nardone1,2,3, Y Höller1,3, A Thomschewski1,3, AC Bathke4,5, AR Ellis5, SM Golaszewski1,
F Brigo2,6 and E Trinka1,3

Study design: Transcranial magnetic stimulation study.
Objectives: To further investigate the corticospinal excitability changes after spinal cord injury (SCI), as assessed by means of
transcranial magnetic stimulation (TMS).
Setting: Merano (Italy) and Salzburg (Austria).
Methods: We studied resting motor threshold (RMT), motor evoked potential (MEP) amplitude and recruitment curve in five subjects
with good recovery after traumatic incomplete cervical SCI.
Results: RMT did not differ significantly between patients and controls, whereas the slope of MEP recruitment curve was significantly
increased in the patients.
Conclusion: This abnormal finding may represent an adaptive response after SCI. The impaired ability of the motor cortex to generate
proper voluntary movement may be compensated by increasing spinal excitability. The easily performed measurement of MEP
recruitment curve may provide a useful additional tool to improve the assessment and monitoring of motor cortical function in subjects
with SCI. Increasing our knowledge of the corticospinal excitability changes in the functional recovery after SCI may also support the
development of effective therapeutic strategies.
Spinal Cord (2015) 53, 534–538; doi:10.1038/sc.2015.12; published online 10 February 2015

INTRODUCTION

After spinal cord injury (SCI), plastic changes of neural circuits occur
at various level of the central nervous system.1 A number of studies
have been performed to neurophysiologically characterize the func-
tional reorganization after SCI. The impact of SCI on the brain is a
complex balance between supraspinal organization and spinal
recovery.2

Transcranial magnetic stimulation (TMS) represents a useful
noninvasive approach for studying cortical physiology and descending
motor pathways.3

Previous studies evaluating motor cortex excitability after SCI
showed that the activity of intracortical inhibitory circuits may be
reduced after incomplete SCI.4–8 Cortical inhibition has been studied
using the application of sub-threshold TMS,4,6,7 a technique that
temporarily inhibits the ongoing electromyogram (EMG), likely
through the activation of intracortical inhibitory neurons with
connections onto fast-conducing corticospinal axons that drive the
motoneurones during voluntary contractions.9 Within several weeks of
SCI, the onset of EMG suppression is ~ 25ms longer than the latency
of the motor evoked potential (MEP), whereas the latency difference is
only ~ 13ms in healthy controls.4,6 However, it is conceivable that a

greater involvement of slow-conducting corticospinal tract axons to
voluntarily activated EMG may also explain the greater delay in EMG
suppression.4,10

Two single-subject reports have shown that the short-interval
intracortical inhibition (SICI)11 is reduced after incomplete SCI.5,8

However, SICI was examined only with one single conditioning and
test stimulus intensity. Studying SICI over a range of intensities has
become increasingly important for the recruitment of neurons by the
test stimulus pulse that are differentially susceptible to SICI
modulation,12–14 and the contribution from short-interval intracortical
facilitation activated by the conditioning stimulus cannot be ruled
out.15,16 It should also be considered that the stimulus intensities
chosen to assess SICI are frequently based on the motor threshold,
thus damage to descending motor fibers in SCI will invariably raise
these TMS intensities resulting in overactivation of the intact motor
cortex.
Roy et al.10 also found a reduced SICI in patients with chronic SCI;

however, when the absolute stimulation intensities were matched
between patients and healthy controls in terms of maximum
stimulator output, both U-shaped SICI recruitment curves were
produced by similar conditioning stimulation intensities.
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On the other hand, studies using the cortical silent period yielded
contradictory results;5,17,18 moreover, spinal mechanisms contribute to
the early phase of the cortical silent period.19

Therefore, cortical excitability after SCI needs to be further
investigated, possibly using other TMS protocols or techniques.
Motor cortical excitability can also be estimated utilizing the

amplitude of MEP following TMS.20 With increasing stimulus
intensity, the amplitude of the MEP increases until it reaches a plateau
level in healthy subjects.20,21 This increase in MEP amplitude with
increasing TMS intensity is referred to as MEP recruitment curve but
is also known as input/output or stimulus/response curves, as these
MEP curves represent the input/output function of the motor
cortex.21,22 The sigmoid-shaped stimulus/response curve is con-
structed by plotting the relationship between amplitude and stimulus
intensity.23 The MEP recruitment curves from paretic hand muscles in
subjects with incomplete cervical SCI may provide useful information
under this pathologic condition where cortical and spinal cord
excitability change markedly.
We aimed at investigating whether incomplete cervical SCI affects

the corticospinal excitability by assessing the MEP recruitment curve
in patients with traumatic SCI and healthy controls.

MATERIALS AND METHODS

Subjects
Five subjects (mean age 44 years, range 28–54, four men and one woman, all
right-handed) with chronic incomplete cervical SCI and bilateral limb
involvement, classified as grades C (one patient) or D (four patients) according

to the American Spinal Cord Injury Association Impairment Scale,24 were
enrolled in the study. Twelve healthy volunteers (mean age 42.8, range 24–58
years, eight men and four women, all right-handed) participated as age-

matched controls. Clinical and demographic features of the patients are shown
in Table 1.
All patients were taking antispastic medication (baclofen) and were free of

any other medication known to influence the motor cortex excitability.
Patients and control subjects provided informed consent before participation

in the study, which was performed according to the declaration of Helsinki and

approved by the Ethics Committee. Inclusion criteria were as follows: (a)
recordable MEP with an amplitude of at least 0.1mV in relaxed first dorsal
interosseous after TMS; and (b) ability to give informed consent and

comprehend instructions. Exclusion criteria were as follows: (a) severe intrinsic
hand muscle weakness (Medical Research Council Scale score o3/5); (b)
concomitant neurological conditions, including any history of epilepsy and

polyneuropathies; (c) cognitive impairment or any substantial decrease in
alertness; (d) excessive pain in any joint of the paretic extremity; (e) contra-
indications to TMS such as metal implants in the head; (f) advanced liver,

kidney, cardiac or pulmonary disease; and (g) history of significant alcohol or
drug abuse.

Experimental procedures
MEPs were recorded using pairs of Ag–AgCl surface electrodes taped on the
belly and tendon of the FDI muscles of the right side of normal controls and on
the less affected side of patients. EMG signals were filtered (bandpass 5–20
KHz), amplified, displayed (Dantec Keypoint, Medtronic, Skovlunde, Den-
mark) and stored for off-line analysis.
All subjects were asked to remain completely relaxed during TMS. They wore

ear-plugs during the experiments, were seated in an armchair and supported by
the arm of the chair.
TMS was performed with a high-power Magstim 200 Stimulator (Magstim

Co., Whitland, Dyfed) using a figure-of-eight coil (external loop diameter
70mm) adjusted over the motor cortex at the optimum scalp position to elicit
motor responses in the contralateral FDI muscle.
The resting motor threshold (RMT) was defined as the lowest stimulator

output intensity capable of inducing MEPs of at least 50 μV peak-to-peak
amplitude in the target muscle(s) in at least half of the 10 trials.25 Both visual
feedback from a PC monitor and audio feedback were used to ensure that the
recorded muscle was relaxed.
We also calculated the MEP/M-wave amplitude ratio by dividing the MEP

amplitude by the maximal M-wave amplitude (Mmax) obtained after electrical
stimulation of the ulnar nerve at the wrist.26

MEP recruitment was studied at rest. The stimulus intensities studied were
90, 100, 110, 120, 130, 140, 150 and 160% of the RMT. Eight pulses were
delivered for each stimulus intensity, with stimulus intensities administered
randomly. We excluded the first MEP for each trial from the analysis, as it
could have been ‘contaminated’ by some untoward activity (that is, reflex,
startle, tension/anxiety).
The peak-to-peak amplitudes of the MEPs recorded for each stimulus

intensity were averaged and expressed as % Mmax.
To determine whether the MEP changes during TMS stimulation also had a

spinal component, we also examined H-reflexes from FDI muscle, before and
after the TMS experiments.

Statistical analysis
Statistics were carried out using the software environment R (R Core Team
(2013)), including the package npmv, which is available at http://CRAN.R-
project.org/package=npmv and is based on the nonparametric multivariate
inference methodology described by Bathke et al.27 The method is revolutionary
because it allows to perform multiple analysis of variance-like nonparametric
tests in situations, where the classical, parametric multiple analysis of variance is
not applicable (for example, small sample size, no normal distribution).
We included MEP amplitudes (% Mmax) for each stimulus intensity from

100 to 160% of the RMT in our analysis. As the covariance matrix of the
ranked recruitment-curve measurements was singular, a nonparametric analysis
of variance-type test was calculated. We included group (patients vs controls) as
a between-subject factor and as within-factors (repeated measures; response
variables), the MEP amplitudes for each stimulus intensity from 100 to 160% of
RMT. The repeated measures design in this test treats each measure
independently from its position in the sequence, thus accounting for the
randomized delivery of the stimuli. Together with the test, we also provide
relative effects. The relative effects can be understood as tendencies expressed as
estimated probabilities.
The same nonparametric analysis of variance-type test, which was applied to

all stimulus intensities at once, was also applied repeatedly as a univariate post
hoc test to compare MEP amplitudes between patients and controls at single
stimulus intensities from 100 to 160% of the RMT. The resulting P-values were
then corrected for multiple comparisons according to Holm. These post hoc
tests allowed us to determine at which intensities the values of the two groups
differed significantly. To compare the MEP/Mmax amplitude ratio and RMT
between groups, we applied the nonparametric analysis of variance-type test
with group as between-subject factor and MEP/Mmax amplitude ratio and
RMT as response variables, thus testing for group effects in these two measures.
To test whether Hmax/Mmax ratio differed pre-to-post TMS within groups
and between groups, we calculated a nonparametric 2× 2 test with the
R-package nparLD (Noguchi et al. 2012; http://cran.r-project.org/web/
packages/nparlLD).

Table 1 Clinical and demographic characteristics of the patients with

spinal cord injury

Patients A (y) G Etiology Time since

SCI

Level/

ASIA

UL motor

score

LL motor

score

1 54 M Disc prolaps 17 C6/D 41 38 49 48

2 42 F Fracture 13 C7/D 42 42 44 46

3 48 M Fracture 5 C5/D 40 40 44 44

4 45 M Fracture 11 C6/C 25 24 20 19

5 28 M Fracture 8 C7/D 46 42 32 29

Abbreviations: A, age; ASIA, American Spinal Cord Injury Association Impairment Scale; G,
gender, LL, lower limb; SCI, spinal cord injury; UL, upper limb.
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We report the test statistic (F-values), degrees of freedom and the P-values
for global test results and for each significant post hoc test.

RESULTS

The analysis of the recruitment curve at different intensities yielded an
analysis of variance-type test value of F(3.8,44.6)= 14.82 with Po0.001,
showing a significant main effect of group.
The relative effects given in Table 2 show that at each intensity of

110, 130, 140, 150 or 160%, the probability that a randomly chosen
patient exhibited larger response values compared with a randomly
chosen participant from the full trial was 94–98%. Post hoc tests
revealed that groups differed significantly at intensities 110% (F

(1,11.7)= 37.12; Po0.001), 130% (F(1,11.7)= 21.13; P= 0.003), 140%
(F(1,11.7)= 32.75; Po0.001), 150% (F(1,11.7)= 32.15; Po0.001) and
160% (F(1,11.7)= 35.71; Po0.001). The MEP recruitment curves of the
two groups are shown in Figure 1. Comparing MEP/Mmax amplitude
ratio and RMT between groups yielded no significant difference
between groups (F(1.95,22.9)= 0.35; P= 0.71; permutation test with

1000 permutations P-value= 0.74). The 2x2 test revealed that Hmax/
Mmax ratio differed significantly between groups (F(1)= 4.91;
P= 0.03) but not pre-to-post TMS (F(1)= 2.17; P= 0.14), and there
was no significant interaction between group and pre-to-post TMS
(F(1)= 1.19; P= 0.28). Both values were significantly higher in patients
compared with healthy controls.
The means and s.d. of the other electrophysiological parameters

(RMT, Hmax/Mmax ratio before and after TMS) are shown in
Table 3.

DISCUSSION

The main finding of this study was that the growth of MEP amplitude,
as a function of stimulus intensity—the recruitment curve, was
significantly increased in SCI patients, whereas the cortical RMT of
the FDI remained unchanged.
Different physiological processes and neuronal populations are

likely to represent the physiological substrate of the stimulus/response
curve. At low TMS intensity, the corticospinal volley often consists of a
single I1-wave, whereas at higher stimulus intensities, the corticospinal
volley resulting in the MEP becomes more complex because of the
additional recruitment of later indirect waves (I2–I4 waves).28 These
late I-waves are thought to depend on trans-synaptic activation of
corticospinal axons through excitatory interneurons, which are con-
trolled by several neurotransmitters/neuromodulators.29 Notably, the
GABA-agonist lorazepam intake suppresses the amplitude of the later
I-waves and the size of the MEP produced by high-intensity TMS,
whereas the early I-wave and RMT remain unaffected.30

The amplitude of the MEP reflects the integrity of the corticospinal
tract and the excitability of motor cortex and spinal level, as well as the
conduction along the peripheral motor pathway to the muscles.3,31 As
TMS activates cells with monosynaptic and polysynaptic connections
with spinal motoneurons, MEP amplitude is sensitive to the excit-
ability state of segmental neural circuits.32–35 By contrast, RMT
provides information about a central core of neurons in the muscle
representation in the motor cortex and is likely to reflect both
neuronal membrane excitability, as well as non-N-methyl-D-aspartate
receptor-mediated glutamatergic neurotransmission.29

Therefore, the electrophysiological pattern (altered MEP recruit-
ment curve and normal RMT) that we found in SCI patients seems to
be due to an enhanced spinal excitability rather than to an increased
cortical excitability.
On the other hand, stimulus–response curve is thought to detect

changes in cortical motor maps and to provide data equivalent to that
provided by cortical maps. Although the present study did not include
a formal MEP cortical mapping procedure, it has been demonstrated
that increases in the cortical map area, for example, following ischemic
anesthesia, are accompanied by concomitant increases in the slope of
the corticospinal stimulus/response curve.36

The results of our study may thus also suggest that the cortical map
for the FDI expands in patients with incomplete cervical SCI. This
finding is consistent with the evidence from animal and human
studies, demonstrating neuroplastic changes in sensorimotor cortex
following changes of somatic afferents of motor output.37

Unmasking of preexisting synaptic connections, owing to disinhibi-
tion at cortical or subcortical levels, can be considered the mechanism
underlying acute modulation of motor outputs. Although at the level
of SCI lesion, a regenerative sprouting of interneurons may occur,
above the lesion descending corticospinal axons extend new collaterals,
and in the motor cortex new neurons are recruited along with the
redistribution of projection neurons. The activation of functionally
intact corticospinal neurons may depolarize a larger fraction of the

Table 2 Relative effects of the two groups at the different thresholds

Percent of stimulation

Group 100 110 120 130 140 150 160

Controls 0.36 0.02 0.18 0.06 0.03 0.03 0.02

Patients 0.63 0.98 0.82 0.94 0.97 0.97 0.98
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Figure 1 MEP recruitment curve shows statistically significant increased
values at 110, 130, 140, 150 and 160% of resting motor threshold (RMT)
in the patients with spinal cord injury.

Table 3 Descriptive statistics

Patients Controls Significance

Mean s.d. Mean s.d.

RMT 49.2 9.42 45.92 6.88 −

Hmax/Mmax ratio before TMS 0.59 0.10 0.38 0.14 *

Hmax/Mmax ratio after TMS 0.59 0.10 0.57 0.13 *

Abbreviations: Hmax, maximal H-reflex amplitude; Mmax, maximal M-wave amplitude; RMT,
resting motor threshold, expressed as % of maximal stimulator output; SD, standard deviation.
*Significant difference.
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spinal motoneuronal pool, thus shortening the rise time of the MEP
recruitment curves.
Interestingly, our results are similar to those observed in conditions

characterized by a more extreme sensorimotor deafferentation, such as
ischemic nerve block,38 amputations39 and limb immobilization.40

A recent study reported significantly increased active motor thresh-
old in patients with incomplete cervical SCI.18 This result was
explained by the low density of motoneurons that innervate the hand
muscles and seems to be in contrast with our findings. However, active
motor threshold differs from RMT in that excitability of motoneurons
in the spinal cord is enhanced by voluntary contraction of the target
muscle, thus providing a measure of corticospinal excitability with
greater dependence on the spinal segmental level excitability.28

There are several limitations of this preliminary study that must be
recognized. The number of subjects tested is small. Our results apply
to a small subgroup of patients with good motor recovery after
incomplete cervical cord lesions. The situation might differ in patients
with more severe lesions and/or functional deficits. Further studies in a
large cohort of subjects with a more heterogeneous degree of lesion
level and severity, as well as different time since injury, are warranted.
Future investigations could provide further insights into these
reorganizational changes, assess their relation with clinical changes
and determine whether the observed abnormalities may serve as
objective outcome measure in the design of clinical trials.
Another potential limitation is that the patients were taking

baclofen, which has not been discontinued to avoid clinical worsening.
Baclofen is known to act at the spinal, brainstem and cortical
level.41–43 Nevertheless, all the selected patients were taking a similar
dose of baclofen, ranging from 25 to 30mg/day. Thus, the cortical and
spinal excitability are likely to be influenced in a similar manner in all
subjects by the chronic intake of the antispastic drug.
To best of our knowledge, only one study has investigated the

effects of baclofen on MEP recruitment curve after baclofen
administration.44 In contrast to our results, baclofen was found to
cause a reduction in the MEPs size. It should, however, be considered
that findings obtained after a single administration may apply only to
acute effects of the drug in healthy subject. Effects may be different if
the drug is administered chronically, or if it is taken by patients with
chronic SCI and successive brain reorganization, as in our study.
Anyway, our preliminary findings suggest that the reorganization of

the corticospinal system might increase motor output and improve
voluntary movement of the paretic hand. These mechanisms may be
relevant for reorganizational processes and functional recovery after
SCI. The data of our study thus provide insights into brain function
changes due to neuroplasticity after SCI at the cortical and spinal level.
Better understanding of cortical plasticity mechanisms in functional
recovery may support the development of effective repair strategies in
subjects with SCI.
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