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Damage to the corticospinal and reticulospinal tract has been associated with spasticity in humans with upper motor neuron lesions. We
hypothesized that these descending motor pathways distinctly contribute to the control of a spastic muscle in humans with incomplete
spinal cord injury (SCI). To test this hypothesis, we examined motor-evoked potentials (MEPs) elicited by transcranial magnetic stimu-
lation over the leg representation of the primary motor cortex, maximal voluntary contractions (MVCs), and the StartReact response
(shortening in reaction time evoked by a startling stimulus) in the quadriceps femoris muscle in male and females with and without
incomplete SCI. A total of 66.7% of the SCI participants showed symptoms of spasticity, whereas the other 33.3% showed no or low levels
of spasticity. We found that participants with spasticity had smaller MEPs and MVCs and larger StartReact compared with participants
with no or low spasticity and control subjects. These results were consistently present in spastic subjects but not in the other populations.
Clinical scores of spasticity were negatively correlated with MEP-max and MVC values and positively correlated with shortening in
reaction time. These findings provide evidence for lesser corticospinal and larger reticulospinal influences to spastic muscles in humans
with SCI and suggest that these imbalanced contributions are important for motor recovery.
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Introduction
Damage to descending motor pathways has been associated with
the development of spasticity after spinal cord injury (SCI)
(Frigon and Rossignol, 2006; Trompetto et al., 2014). For exam-
ple, self-reported questionnaires and clinical examinations indi-
cate that most people with incomplete SCI or residual descending
voluntary drive have a high prevalence of spasticity (Little et al.,

1989; Maynard et al., 1990; Sköld et al., 1999; Holtz et al., 2017).
Recent electrophysiological data showed the presence of motor-
evoked potentials (MEPs), likely involving the corticospinal
tract, in humans with a diagnosis of clinically motor complete
SCI who have spasticity but not in those individuals without
spasticity (Sangari et al., 2019), suggesting that spasticity involved
the presence of residual descending connections. Which de-
scending motor pathways influence spasticity in humans with
SCI, and to which extent, however, remains poorly understood.

After CNS damage, spasticity has been related to injury of the
corticospinal and reticulospinal pathways (Cannon et al., 1943;
Schreiner et al., 1949; Paulson et al., 1986; Nathan, 1994; Lee et
al., 2016). The corticospinal and reticulospinal tracts constitute
major descending motor pathways with convergent projec-
tions onto spinal motoneurons and interneurons in mammals
(Jankowska and Edgley, 2006; Lemon, 2008; Baker et al., 2015). In
primates, reticulospinal connections to motoneurons innervat-
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Significance Statement

Although spasticity is one of the most common symptoms manifested in humans with spinal cord injury (SCI) to date, its
mechanisms of action remain poorly understood. We provide evidence, for the first time, of imbalanced contributions of the
corticospinal and reticulospinal tract to control a spastic muscle in humans with chronic incomplete SCI. We found that partici-
pants with SCI with spasticity showed small corticospinal responses and maximal voluntary contractions and larger reticulospinal
gain compared with participants with no or low spasticity and control subjects. These results were consistently present in spastic
subjects but not in the other populations. We showed that imbalanced corticospinal and reticulospinal tract contributions are
more pronounced in participants with chronic incomplete SCI with lesser recovery.
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ing limb muscles are strengthened after a corticospinal lesion
(Zaaimi et al., 2012). In humans with stroke, spastic muscles are
weaker (Pasternak-Mladzka et al., 2007) and exhibit an exagger-
ated response to a startle stimulus (Jankelowitz and Colebatch,
2004; Li et al., 2014; Choudhury et al., 2019), a stimulus that is
thought to engage the reticulospinal tract (Brown et al., 1991;
Valls-Solé et al., 1995, 1999), compared with no or less spastic
muscles. Therefore, it has been proposed that the reticulospinal
pathway might contribute to compensate for the loss of cortico-
spinal axons after the injury (Pettersson et al., 2000; Schucht et
al., 2002; Ballermann and Fouad, 2006; Asboth et al., 2018).

Both corticospinal (Oudega and Perez, 2012) and reticulospi-
nal (Zaaimi et al., 2012, 2018) neurons undergo reorganization
after SCI. Animal model of SCI showed that lesions of the corti-
cospinal tract at the spinal cord level are accompanied by in-
creased afferent sprouting at the spinal cord leading to symptoms
of hyperreflexia (Murray and Goldberger, 1974). A number of
individuals with SCI have weaker muscles and small corticospinal
responses (Bunday et al., 2014), and those not taking a medica-
tion to reduce spasticity are unable to modulate corticospinal
responses to a similar extent as control subjects (Barry et al., 2013;
Bunday et al., 2014). In addition, participants with SCI showed an
exaggerated response to a startle stimulus in certain conditions
compared with control subjects (Jankelowitz and Colebatch,
2004; Kumru et al., 2008, 2009; Baker and Perez, 2017), suggest-
ing a strong contribution from the reticulospinal tract after the
injury. We hypothesized that individuals with incomplete SCI
with spasticity show weak corticospinal and strong reticulospinal
outputs compared with participants with no or low spasticity and
control subjects.

To test this hypothesis, we examined MEPs elicited by trans-
cranial magnetic stimulation (TMS) over the leg representation
of the primary motor cortex, maximal voluntary contractions
(MVCs), and the StartReact response (shortening in reaction
time evoked by a startling stimulus) in the quadriceps femoris
muscle in individuals with and without incomplete SCI.

Materials and Methods
Subjects. Thirty individuals with SCI (mean age 51.6 � 15.8 years, 6
female; Table 1) and 15 age-matched controls (mean age 45.5 � 13.6
years, 4 female, p � 0.1) participated in the study. All participants gave
informed consent to the experimental procedures, which were approved
by the local ethics committee at the University of Miami and performed
in accordance with the Declaration of Helsinki. Participants with SCI had
a chronic injury (�1 year) and were classified using the International
Standards for Neurological Classification of Spinal Cord Injury exami-
nation as having a C1-L3 SCI and by the American Spinal Cord Injury
Association Impairment Scale (AIS) as AIS C (n � 22) or AIS D (n � 8).
AIS C and D participants show preserved voluntary anal sphincter con-
traction or sacral sensory sparing with motor function sparing in more
than three levels below the motor level for that side of the body. AIS C is
assigned if half of the key muscles below the neurological level of injury
are graded as �3/5, and AIS D is assigned if half or more of the key
muscles below the neurological level of injury are graded as �3/5. Sixteen
SCI individuals were under anti-spastic medication (baclofen and/or
gabapentin and/or tizanidine; Table 1). We tested individuals with pres-
ervation of motor output in the quadriceps femoris muscle or “motor
incomplete SCI” to assess the role of residual descending motor pathways
in spasticity. All subjects were asked to perform voluntary knee exten-
sion, and all of them were able to exert voluntary electromyographic
(EMG) activity in the quadriceps femoris muscle. The degree of spasticity
in the quadriceps was examined in all SCI participants by using the
Modified Ashworth Scale (MAS).

MAS. This clinical scale measures resistance encountered during man-
ual passive muscle stretching using a 6 point ordinal scale (0 � no in-

crease in tone; 1/�1 � slight increase in tone with a catch and release or
minimal resistance at the end or less than half of the range of movement,
respectively; 2 � more marked increased tone through most of the range
of movement but affected part easily moved; 3 � considerable increase in
tone and passive movement difficult; and 4 � affected part rigid) (Bo-
hannon and Smith, 1987). During testing, subjects were lying in a
semisupine position with the trunk at an angle of 30° of flexion (Fig. 1A).
This neutral position helps to avoid increases in spasticity related to the
stretching of the rectus femoris or the decrease of spasticity related to less
stretched and more relaxed muscle (de Azevedo et al., 2015). The same
rater performed all MAS assessments. Because spasticity can be asym-
metric between left and right limbs (Chen et al., 2018), both legs were
tested and the leg with higher MAS score was used for all measurements
to allow better comparisons between spastic and no or low spastic indi-
viduals. Participants with a MAS score of 1 and �1 were grouped to-
gether as MAS 1. Recently, we observed no differences in outcomes
related to spasticity between individuals with MAS score of 0 and 1 ( post
hoc analysis not reported in the paper) (Sangari et al., 2019). The same
result was observed here. Thus, participants were separated into those
with spasticity (spastic SCI: 20 out of 30, 66.7%; MAS � 2, 3 and 4) and
those with no or low spasticity (non-spastic SCI: 10 out of 30, 33.3%;
MAS � 0 and 1) according to the MAS scores.

EMG recordings. EMG was recorded from the quadriceps femoris mus-
cle of the right side in control subjects and from the leg with the higher
MAS score in individuals with SCI through bipolar surface electrodes
(Ag-AgCl, 10 mm diameter, 1 cm apart) secured on the skin. The signals
were amplified, filtered (30 –2000 Hz), and sampled at 2 kHz for off-line
analysis (CED 1401 with Signal software, Cambridge Electronic Design).

Experimental paradigm. During all testing procedures, subjects were
seated comfortably in an armchair with both legs placed on a custom
platform with the hip (�120°) and knee (�160°) flexed and the ankle
restrained by straps in �110° of plantarflexion. During MVCs, subjects
were instructed to perform an isometric knee extension, which consisted

Table 1. Spinal cord injury participantsa

Participant
Age
(yr) Gender AIS Level Etiology

Time after
injury (yr)

MAS
score Medication(s)

1 61 M D C4 T 13.9 0 None
2 69 M D T4 NT 7.0 0 None
3 66 M C C5 T 17.0 0 None
4 58 F C C4 T 6.0 0 None
5 69 F C L3 T 2.5 0 None
6 28 F C C5 T 2.2 0 GBP
7 70 M C T11 T 3.4 1 BAC
8 68 M D C3 T 11.0 1 GBP, TIZ
9 53 M D L2 T 31.9 1 BAC

10 61 M D C4 NT 4.1 1 GBP
11 41 F C C1 NT 25.0 2 BAC, GBP
12 39 M C C5 T 12.1 2 None
13 70 M C C3 T 7.6 2 BAC
14 21 F C C4 T 1.9 2 None
15 34 M D C2 T 10.3 3 None
16 61 M C T5 NT 41.0 3 None
17 37 M C C5 T 2.2 3 BAC
18 42 M C T2 T 2.1 3 BAC
19 67 M C C7 T 3.0 3 None
20 41 M C C5 T 16.0 3 None
21 44 M C C4 T 10.3 3 None
22 71 M C T7 NT 9.0 3 None
23 19 F C T6 T 6.0 4 BAC
24 61 M D C5 T 16.0 4 None
25 59 M C C5 T 14.3 4 BAC
26 69 M D C4 T 46.0 4 BAC
27 34 M C T12 T 2.3 4 BAC
28 52 M C T5 T 1.8 4 BAC
29 43 M C C4 T 12.1 4 BAC
30 39 M C T10 T 1.6 4 BAC
aT, traumatic; NT, non-traumatic; BAC, baclofen; GBP, gabapentin; TIZ, tizanidine.
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of performing three consecutive maximal efforts lasting 3 s each and
separated by a rest period of 1 min. The maximal mean EMG activity
measure over a period of 1 s on the rectified response generated during
each MVC was analyzed, and the highest value of the three trials was used.

During acquisition of MEP recruitment curves, participants were able to
maintain �10% MVC into knee extension with the quadriceps muscle
(controls � 8.2 � 0.9% of MVC, non-spastic SCI � 8.4 � 0.9% of MVC,
non-spastic SCI � 8.9 � 0.9% of MVC; p � 0.2).

MEP recruitment curve. TMS was delivered over the leg representation
of the primary motor cortex from a BiStim 2 (Magstim) through a
double-cone coil with a monophasic current waveform. The coil was
positioned over the vertex and moved around this point to determine the
optimal position for eliciting an MEP in the quadriceps femoris muscle
during a tonic knee extension of �10% MVC. Participants wore a cap on
which the position of the coil was marked to ensure the stability of TMS
across the stimulation. The TMS intensity was ranged with 5% of the
maximal stimulator output (MSO) stepwise from the active motor
threshold (AMT) to the intensity producing the maximal MEP (MEP-
max). The AMT was defined as the minimal stimulus intensity needed to
elicit 5 out of 10 MEPs 100 �V above the EMG background. Ten stimuli
(0.2 Hz) were delivered at each intensity to plot the mean peak-to-peak
amplitude of the MEP from the non-rectified response against the TMS
intensity in each subject (MEP recruitment curve; Fig. 1B). The experi-
mental data were fitted with the following 3-parameter sigmoid function
(Devanne et al., 1997; Carroll et al., 2001):

MEP �
MEP-max

1 � e
I50�I

k

where MEP-max is the maximal size of MEP, I50 is the TMS intensity
producing half MEP-max, and k is the Boltzmann slope parameter (Fig.
1B). Sigmoid fit was performed in each subject, individually. The esti-
mated values of each parameter of the sigmoid (MEP-max, I50, and k)
were extracted in each participant, and we calculated the mean of each
parameter in each group (control, non-spastic SCI, spastic SCI). The
mean estimated MEP-max, the mean estimated I50, and the mean esti-
mated k were used to draw the mean estimated sigmoid curve in each
group. MEP-max onset latencies were defined when the rectified EMG
reached 2 	 SD calculated over a 100 ms period of the prestimulus
activity. Percutaneous electrical stimulation of the femoral nerve was
delivered (1 ms rectangular electrical stimulus, DS7AH, Digitimer)
through a cathode (10-mm-diameter Ag-AgCl electrode) placed in the
femoral triangle and an anode (Ag-AgCl plaque) placed over the poste-
rior aspect of the thigh. Stimulus intensities were increased up to measure
the maximal motor response (M-max) at rest (0.22 Hz). The M-max was
measured as peak-to-peak amplitude of the non-rectified response, and
it was used to normalize MEP values in each participant.

StartReact response. The StartReact response was tested using a previ-
ously described paradigm in humans with SCI (Baker and Perez, 2017).
Here, participants were asked to observe a light-emitting diode (LED)
located �1 m in front of the participants’ head. When the LED was
illuminated (20 ms), individuals were asked to perform isometric knee
extension as fast as possible. We measured the visual reaction time (VRT;
Fig. 1C) as the time from cue to onset of the EMG burst in the quadriceps
femoris after the LED presentation. In some trials, the LED was presented
with either a quiet acoustic stimulus (80 dB, 500 Hz, 50 ms) or a startling
acoustic stimulus (SAS, 120 dB, 500 Hz, 50 ms) delivered through two
audio speakers (T-15, Polk Audio) located right behind participant’s
head. The loud intensity evoked a clear startle in control subjects and in
some individuals with SCI on initial presentation. The time delay be-
tween the presentation of the quiet acoustic stimulus and the onset of the
EMG response was referred as the visual-auditory reaction time (VART;
Fig. 1C), whereas the time between the SAS and the EMG onset was
defined as the visual � startle reaction time (VSRT; Fig. 1C). A familiar-
ization trial consisting of three repetitions of each task responding to the
LED was completed at the beginning of each experiment to ensure that
participants were able to complete all task and to get them familiarized
with the startling cue (Fisher et al., 2013). In each task, 20 responses were
recorded in each condition (VRT, VART, and VSRT) in a randomized
order with an intertrial interval varying between 5 and 15 s to avoid
habituation and predictability of the stimulation timing. Data were mea-
sured trial by trial. The reaction time was defined at the time point where
the rectified EMG signal exceeded 2 	 SD calculated over a 100 ms period

Figure 1. Experimental setup. A, The MAS measures resistance encountered during manual
passive muscle stretching. During testing, subjects were lying in a semisupine position with the
trunk at an angle of 30° of flexion. This neutral position helps to avoid increases in spasticity
related to the stretching of the rectus femoris or the decrease of spasticity related to less
stretched and more relaxed muscle. B, TMS was applied over the leg representation of the
primary motor cortex to activate corticospinal neurons projecting directly or indirectly to quad-
riceps femoris motoneurons located around the third and fourth lumbar segment (L3–L4) to
elicit an MEPs. MEP recruitment curves can be obtained by plotting the amplitude of the MEP
against the TMS intensity and allow to define the MEP-max, I50, AMT, and the slope of the curve.
C, During the StartReact response in some trials, an LED was presented with either a quiet
acoustic stimulus or a startling acoustic stimulus (SAS). The StartReact response was measured
between the VRT (defined as the time from cue to onset of the EMG burst in the quadriceps femoris
aftertheLEDpresentation),theVART(definedasthetimedelaybetweenthepresentationofthequiet
acoustic stimulus and the onset of the EMG response), and the VSRT (defined as the time between the
SAS and the EMG onset).
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of the prestimulus activity. Reaction time exceeding 700 ms were ex-
cluded. The VART and VSRT are both mediated via the cochlear nuclei,
but only the high intensity sound of the VSRT activate the reticulospinal
pathway (Davis et al., 1982; Brown et al., 1991; Valls-Solé et al., 1999). To
estimate changes in the gain of reticulospinal output, we normalized the
data as follows (Baker and Perez, 2017):

Reticulospinal Gain �
VRT � VSRT

VRT � VART
�


TSR


TAR

where 
TSR (i.e. shortening of reaction time with a startle stimulus) is
the shortening effect of a SAS on the VRT and 
TAR (i.e. shortening of
reaction time with an auditory stimulus) measures the shortening of
reaction time provided by a non-startling auditory stimulus on the VRT,
which presumably does not activate reticulospinal pathways.

Data analysis. Normal distribution was tested by the Shapiro–Wilk’s
test and homogeneity of variances by the Levene’s test of equality and
Mauchly’s test of sphericity. When sphericity could not be assumed, the
Greenhouse–Geisser correction statistic was used. One-way ANOVA was
performed to examine the effect of GROUP (controls, non-spastic SCI,
spastic SCI) on MVCs, voluntary EMG level exerted during MEP recruit-
ment curves, M-max, MEP-max, slope, AMT, I50, and 
TSR/
TAR ra-
tio. Repeated-measures ANOVAs as a mixed model were also performed
to determine the effect of GROUP (controls, non-spastic SCI, spastic
SCI) and CONDITION (VRT, VART, VSRT) on the reaction time and
on the mean EMG activity measured over 100 ms before stimulus and
from EMG burst onset. CONDITION was used a repeated-measures
factor. Additional repeated ANOVA were performed on each group sep-
arately as needed. Holm–Sidak post hoc analysis was used to test for
significant comparisons. Pearson correlation coefficient analysis was
used as needed. If ratios were not normally distributed, a log transforma-
tion was applied. The statistical analysis was conducted using SigmaPlot
(Systat Software) and the significance was set at p � 0.05. Group data are
presented as mean � SD.

Results
MAS
We found that 66.7% of all individuals with incomplete SCI
tested showed spasticity (20 out of 30; MAS 2, 3 and 4), and
33.3% of them showed no or low spasticity (10 out of 30; MAS 0
and 1; Fig. 2A). The majority of SCI participants exhibited severe
spasticity (MAS � 3, n � 8; and MAS � 4, n � 8) compared with

a marked increase in muscle tone (MAS � 2, n � 4). However, a
lesser number of SCI participants exhibited no (MAS � 0, n � 6)
or low (MAS � 1, n � 4) spasticity.

MVC
Figure 3A illustrates rectified EMG activity during MVC in a
control subject (blue EMG trace) and participants with SCI with-
out (green EMG trace, MAS � 0) and with (red EMG trace,
MAS � 3) spasticity. The non-spastic individual exhibited simi-
lar MVC compared with the control subject, whereas the spastic
individual showed a reduced MVC compared with the other partic-
ipants. One-way ANOVA showed an effect of GROUP (F(2,42) �
24.2, p � 0.001, � 2 � 0.9; Fig. 3B) on MVC. Post hoc tests showed
that the MVC in the quadriceps femoris muscle was reduced in
spastic (0.07 � 0.04 mV) compared with controls (0.2 � 0.07
mV, p � 0.001) and non-spastic (0.2 � 0.1 mV, p � 0.001)
participants. No differences were found between controls and
non-spastic participants (p � 0.2). In spastic (p � 0.2) and non-
spastic (p � 0.7) SCI participants, MVC values remained similar
between people taking and not taking anti-spastic medication.

MEP recruitment curve
Figure 4A illustrates the mean MEP recruitment curves in con-
trols (blue line), non-spastic (green line), and spastic (red line)
SCI groups. The graph shows in the x axis the intensity of TMS,
and the y axis shows the MEP size in the quadriceps femoris
muscle normalized to the M-max. The spastic group showed a
reduced MEP-max and slope compared with the non-spastic
group and control subjects. One-way ANOVA showed an effect
of GROUP on the MEP-max (F(2,36) � 14.1, p � 0.001, � 2 � 0.7;
Fig. 4B) and the slope of the MEP recruitment curve (F(2,36) �

Figure 2. MAS score distribution. Individual MAS score distribution showed that 66.7% of all
individuals with incomplete SCI showed spasticity (spastic SCI, 20 out of 30; MAS 2, 3 and 4) and
33.3% of them showed no or low spasticity (non-spastic SCI, 10 out of 30; MAS 0 and1).

Figure 3. MVC. A, EMG recorded during the MVC test in a control subject and participants
with SCI without (MAS � 0) and with (MAS � 3) spasticity. The non-spastic individual exhib-
ited similar MVC compared with the control subject, whereas the spastic individual showed a
reduced MVC compared with the other participants. B, Box plot charts represent the group data.
The abscissa indicates the groups tested (blue bar represents controls; green bar represents
non-spastic SCI; red bar represents spastic SCI), and the ordinate indicates the MVC (in millivolt).
Top and bottom line of the box corresponds to the 95% CI, and the line in the box corresponds to
the median. The two bars extend from the maximum and minimum value. ***p � 0.001.
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13.3, p � 0.001, � 2 � 0.7; Fig. 4B). Post hoc tests showed that the
MEP-max was reduced in spastic (5.0 � 6.2% of M-max) com-
pared with controls (35.3 � 18.2% of M-max, p � 0.001) and
non-spastic (28.5 � 28.1% of M-max, p � 0.007) participants,
whereas no differences were found between controls and non-
spastic participants (p � 0.4). Post hoc tests also showed that the
slope of the MEP recruitment curve was reduced in spastic (0.1 �
0.2) compared with controls (1.1 � 0.6, p � 0.001) and non-
spastic (0.8 � 0.9, p � 0.02) participants. No difference was
found between controls and non-spastic participants (p � 0.2).
We found that the M-max was reduced in SCI (6.9 � 3.3 mV)
compared with the control group (8.9 � 2.3 mV, p � 0.04, dcohen

� 0.7). However, no differences were observed between spastic
(7.1 � 3.3 mV) and non-spastic participants (6.6 � 3.4, p � 0.7,
dcohen � 0.1). In the spastic and non-spastic groups, no differ-
ences were found on the MEP-max (spastic, p � 0.8; non-spastic,
p � 0.3), the slope of the MEP recruitment curve (spastic, p � 0.7;
non-spastic, p � 0.4), and the M-max (spastic, p � 0.9; non-
spastic, p � 0.7) between SCI participants taking or not taking
anti-spastic medication.

Since MEPs were normalized to the M-max, we compared
these responses across groups without normalization. As it was
observed in normalized MEP values, raw MEP-max values
(F(2,36) � 23.1, p � 0.001, � 2 � 1.0) were reduced in spastic

(0.3 � 0.3 mV) compared with controls (3.1 � 1.4 mV, p �
0.001) and non-spastic (1.7 � 1.6 mV, p � 0.01) participants but
also between controls and non-spastic participants (p � 0.02),
suggesting that the normalization procedures did not influence
our results. Because spastic individuals where weaker than non-
spastic participants, in an additional control experiment, we
asked non-spastic individuals (n � 6) to match EMG level ex-
erted by spastic participants during acquisition of MEP recruit-
ment curves (spastic � 0.006 � 0.002 mV; non-spastic � 0.006 �
0.001 mV; p � 0.9). Here, we found that the MEP-max and the
slope of the recruitment curve were larger in the non-spastic
(MEP-max � 27.3 � 13.9% of M-max, p � 0.01, � 2 � 1.3;
slope � 0.8 � 0.4, p � 0.02, dcohen � 1.2) compared with the
spastic (MEP-max � 5.0 � 6.2% of M-max; slope � 0.1 � 0.2)
SCI group, confirming our previous results and agreeing with
evidence supporting the view that the level of voluntary contrac-
tion does not affect MEP-max value (Devanne et al., 1997).

One-way ANOVA also showed an effect of GROUP on the
latency of the MEP-max (F(2,36) � 17.1, p � 0.001, � 2 � 1.0) and
the AMT (F(2,36) � 3.7, p � 0.03, � 2 � 0.4). The MEP latency was
delayed in spastic (27.9 � 5.4 ms) compared with controls
(19.9 � 2.6 ms, p � 0.001) and non-spastic (20.3 � 3.2 ms, p �
0.001) participants, consistent with the view that corticospinal
drive is more impaired in spastic individuals. No differences were
found between controls and non-spastic participants (p � 0.8).
The AMT was increased in spastic (49.9 � 11.9% of MSO) com-
pared with controls (39.5 � 9.4% of MSO, p � 0.03) but not with
non-spastic (42.4 � 12.3% of MSO, p � 0.6) participants. No
differences were found between controls and non-spastic partic-
ipants (p � 0.3). No differences were found on latency of the
MEP-max (spastic, p � 0.2; non-spastic, p � 0.6) and the AMT
(spastic, p � 0.8; non-spastic, p � 0.1) in both groups in SCI
participants taking or not taking anti-spastic medication.

StartReact response
Repeated-measures ANOVA showed an effect of GROUP (F(2,42) �
5.5, p � 0.007, � 2

p � 0.2) and CONDITION (F2,84 � 442.1, p �
0.001, � 2

p � 0.9) and in their interaction (F4,84 � 5.9, p � 0.001,
� 2

p � 0.2) on reaction time. Post hoc testing showed that VRTs
were prolonged in spastic (288.2 � 57.5 ms) compared with con-
trols (232.2 � 35.9, p � 0.002) and non-spastic (243.0 � 39.1,
p � 0.02) participants. No differences were found between con-
trols and non-spastic participants (p � 0.6). We also found that
VARTs were prolonged in spastic (236.5 � 58.9 ms) compared
with controls (183.4 � 36.9, p � 0.003) and non-spastic (189.5 �
36.7, p � 0.02) participants. No differences were found between
controls and non-spastic participants (p � 0.7). We did not find
a significant difference on the VSRT between spastic (176.9 �
42.3 ms), controls (149.2 � 33.7 ms, p � 0.2) and non-spastic
(154.3 � 34.3 ms, p � 0.4) participants, and between controls
and non-spastic participants (p � 0.8).

Repeated-measures ANOVA showed no effect of GROUP
(F(2,42) � 0.2, p � 0.8, � 2

p � 0.01), CONDITION (F2,84 � 0.1, p �
0.9, � 2

p � 0.003), nor in their interaction (F4,84 � 0.7, p � 0.6,
� 2

p � 0.03) on mean rectified EMG activity in the quadriceps
femoris muscle measured 100 ms before stimulus presentation.
However,wefoundaneffectofGROUP(F(2,42)�13.5,p�0.001,�2

p�
0.4), CONDITION (F2, 84 � 56.4, p � 0.001, � 2

p � 0.6) and in
their interaction (F4,84 � 8.1, p � 0.001, � 2

p � 0.3) on the mean
rectified EMG activity in the quadriceps femoris muscle
measured over 100 ms after the EMG burst onset. Here in all
groups the mean EMG activity was larger during VSRT (con-
trols � 0.1 � 0.06 mV; spastic SCI � 0.03 � 0.03 mV; non-spastic

Figure 4. MEP recruitment curves. A, The mean MEP recruitment curves in controls (blue
line), non-spastic (green line), and spastic (red line) SCI groups. The x axis indicates the intensity
of TMS, and the y axis indicates the MEP size in the quadriceps femoris muscle normalized to the
M-max. The 95% CIs of each parameter of the sigmoid function were used to draw the confi-
dence bands (dashed line) around each respective recruitment curve. The spastic group showed
a reduced MEP-max and slope compared with the non-spastic group and control subjects. B,
Box plot charts represent the group data. The abscissa indicates the groups tested (blue bar
represents controls; green bar represents non-spastic SCI; red bar represents spastic SCI), and
the ordinate indicates the MEP-max (as a percentage of the M-max, left) and the slope (right).
Top and bottom line of the box corresponds to the 95% CI, and the line in the box corresponds to
the median. The two bars extend from the maximum and minimum value. *p � 0.05, **p �
0.01, ***p � 0.001.
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SCI � 0.08 � 0.05 mV) compare with VRT (controls � 0.06 �
0.03 mV, p � 0.001; spastic SCI � 0.022 � 0.02 mV, p � 0.001;
non-spastic SCI � 0.05 � 0.03 mV, p � 0.001). Also, mean EMG
activity was larger during VSRT compared with VART in controls
(0.08 � 0.04 mv, p � 0.001), non-spastic SCI (0.06 � 0.03, p �
0.002) and spastic SCI (0.025 � 0.02, p � 0.001). Mean EMG
activity was larger during VART compare to VRT in controls
(p � 0.001), spastic (p � 0.001) and non-spastic SCI (p � 0.006).

To ensure that any changes in reaction times were related to
changes in reticulospinal gain, we compared the 
TSR/
TAR
ratios across groups. Figure 5A illustrates the mean EMG activity
related to VRT (black), VART (gray), and VSRT (red) in a control
subject and participants with SCI without (MAS � 0) and with
(MAS � 3) spasticity. Reaction time was prolonged in the spastic
individual in all conditions compared with the non-spastic and
control participant. Notably, in the spastic participant, reaction
time further decreased during VSRT (i.e., 
TSR) but not during

VART (i.e., 
TAR) compared with VRT, in comparison of the
other participants. One-way ANOVA showed an effect of
GROUP (F(2,42) � 4.1, p � 0.02, � 2 � 0.5; Fig. 5B) on 
TSR/

TAR ratios. Post hoc tests showed that the reticulospinal gain
was increased in spastic (2.3 � 0.9) compared with controls
(1.8 � 0.4, p � 0.03) and non-spastic (1.7 � 0.2, p � 0.02)
participants. No differences were found between controls and
non-spastic participants (p � 0.6). Notably, the reticulospinal
gain in the spastic (p � 0.5) and non-spastic (p � 0.2) group
remained similar between participants taking or not taking anti-
spastic medication.

Figure 6 shows individual data from all non-spastic (green
circles) and spastic (red circles) SCI participants. The graphs
show MEP-max and reticulospinal gain (Fig. 6A) and MVCs and
reticulospinal gain (Fig. 6B) values expressed as a percentage of
the mean value found in control subjects. In non-spastic par-
ticipants, MEP-max (Fig. 6A, left), MVC (Fig. 6B, left), and
reticulospinal gain values were higher, lower, or similar com-
pared with controls. However, all spastic SCI participants
showed smaller MEP-max (Fig. 6A, right) and MVC (Fig. 6B,
right) and larger reticulospinal gain compared with the con-
trol group. These differences were more pronounced in
weaker spastic SCI participants.

Correlations
We found that MAS scores were negatively correlated with MEP-
max (r � �0.48, p � 0.01) and MVC (r � �0.52, p � 0.003)
values and positively correlated with the reticulospinal gain (r �
0.36, p � 0.03) in SCI participants. Notably, MVCs values were
negatively correlated with the reticulospinal gain (r � �0.61, p �
0.01; Fig. 7A) in spastic participants. Individuals with smaller
voluntary output in the quadriceps femoris muscle were those
who showed larger reticulospinal gain, suggesting that imbal-
anced corticospinal and reticulospinal tract contributions are
more pronounced in weaker spastic participants with chronic
incomplete SCI, whereas in non-spastic participants (r � �0.49,
p � 0.1; Fig. 7B) and control participants (r � 0.25, p � 0.4; Fig.
7C) MVCs values were not correlated with the reticulospinal
gain. No correlation was also found between physiological out-
comes and the time after injury (M-max, r � 0.40, p � 0.1;
MEP-max, r � 0.23, p � 0.3; slope, r � 0.07, p � 0.7; AMT, r �
�0.08, p � 0.7; MVC, r � 0.30, p � 0.1; reticulospinal gain, r �
�0.25, p � 0.2) and medication intake (M-max, r � 0.02, p � 0.9;
MEP-max, r � 0.27, p � 0.2; slope, r � 0.32, p � 0.1; AMT, r �
�0.2, p � 0.4; MVC, r � �0.04, p � 0.8; reticulospinal gain, r �
0.13, p � 0.5).

Discussion
Our results provide evidence for imbalanced contributions of the
corticospinal and reticulospinal tract to the control of a spastic
muscle in humans with incomplete chronic SCI. Specifically, we
found that SCI participants with spasticity had smaller MEPs and
MVCs and larger StartReact response compared with those with
no or low spasticity and control subjects. These results were con-
sistently present in participants with spasticity but not in the
other populations, suggesting a lesser corticospinal and larger
reticulospinal influence to spastic muscles. Clinical scores of
spasticity correlated negatively with MEP-max and MVC values
and positively with shortening in reaction time. We hypothesize
that imbalanced corticospinal and reticulospinal tract contribu-
tions are more pronounced in participants with chronic incom-
plete SCI with lesser recovery.

Figure 5. StartReact. A, The mean EMG activity related to VRT (black), VART (gray), and VSRT
(red) in a control subject and participants with SCI without (MAS � 0) and with (MAS � 3)
spasticity. Reaction time was prolonged in the spastic individual in all conditions compared with
the non-spastic and control participant. Notably, in the spastic participant, reaction time further
decreased during VSRT, but not during VART compared with VRT, in comparison of the other
participants. B, Box plot charts represent the group data. The abscissa indicates the groups
tested (blue bar represents controls; green bar represents non-spastic SCI; red bar represents
spastic SCI), and the ordinate indicates the reticulospinal gain. Top and bottom line of the box
corresponds to the 95% CI, and the line in the box corresponds to the median. The two bars
extend from the maximum and minimum value. *p � 0.05.
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Corticospinal and reticulospinal contribution to spasticity
after SCI
Two of our findings support the view that spastic muscles have
reduced corticospinal drive following incomplete chronic SCI.
First, we found that the size of MEPs was decreased in spastic
compared with non-spastic and control participants. MEPs elic-
ited by TMS over the primary motor cortex provide an index of
corticospinal excitability (Lemon et al., 1995; Petersen et al.,
2003). Because MEP recruitment curves were tested during
matched levels of voluntary activity, it is less likely that changes in

the excitability of spinal motoneurons (Burke and Pierrot-
Deseilligny, 2010) affected our results. Animal models of SCI
showed that corticospinal neurons change their pattern of synap-
tic connectivity after the lesion (Kim et al., 2002; Ghosh et al.,
2010). Multiple studies in humans with incomplete SCI revealed
that corticospinal responses have different characteristics com-
pared with those in uninjured controls, including decreased am-
plitude, longer latency, and higher threshold (Ellaway et al., 2007;
Perez, 2012; Jo et al., 2018). Yet, little is known about the effect of
spasticity on corticospinal output following SCI. Self-reported
questionnaires and clinical examinations indicate that after SCI,
which typically damages the corticospinal tract, most individuals
develop symptoms of spasticity (Little et al., 1989; Maynard et al.,
1990; Sköld et al., 1999; Holtz et al., 2017). A few studies also
reported that individuals with incomplete SCI that do not take a

Figure 6. MEP-max, MVCs, and reticulospinal gain. Individual data from non-spastic (green)
and spastic (red) SCI participants. The abscissa indicates the MEP-max and reticulospinal gain
(RSp gain; A) and the MVCs and RSp gain (B), and the ordinate indicates values expressed as a
percentage of the mean value from controls. The line connects physiological outcomes recorded
in the same participant. In non-spastic SCI participants, MEP-max, MVC, and the reticulospinal
gain values were higher, lower, or similar to the control group. However, all spastic SCI partic-
ipants showed smaller MEP-max and MVC and larger reticulospinal gain compared with the
control group.

Figure 7. Correlations. Individual data from spastic (A, red) and non-spastic (B, green) SCI
participants and control subjects (C, blue). The abscissa indicates the MVC (in millivolt), and the
ordinate indicates the reticulospinal gain. MVC values were negatively correlated with the
reticulospinal gain in spastic participants, but not in non-spastic and control participants.
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medication to reduce spasticity are unable to modulate cortico-
spinal responses, as is found in individuals that do take anti-
spastic medication (Barry et al., 2013; Bunday et al., 2014), which
is consistent with the view that corticospinal responses are af-
fected when spasticity is present. This also agrees with recent
results in humans with motor complete SCI showing that MEPs
elicited by TMS were only present in spastic but not in non-
spastic participants (Sangari et al., 2019). Second, we found that
the magnitude of maximal voluntary output was decreased in
spastic compared with non-spastic and control subjects. This is in
agreement with results demonstrating that spastic muscles are
weaker in stroke patients (Pasternak-Mladzka et al., 2007). A
large number of participants with SCI take baclofen (Little et al.,
1989; Maynard et al., 1990), a GABAB receptor agonist com-
monly used to decrease spasticity (Aydin et al., 2005; Roy and
Edgerton, 2012). Conflicting results have been reported about
the effect of baclofen on voluntary muscle output in humans with
SCI, from having limited effects (Burke, 1975; Latash et al., 1990;
Domingo et al., 2012) to decreasing contractile properties of mo-
tor units (Thomas et al., 2010). The similar results in physiolog-
ical outcomes found in spastic and non-spastic participants
taking or not taking anti-spastic medication, suggest that it is less
likely that this factor affected our results.

We also found that spastic muscles showed increased reticu-
lospinal gain following SCI. Inferences about the contribution of
the reticulospinal tract in humans can be made by using the Star-
tReact paradigm, which measures the shortening of a voluntary
reaction time when a visual cue is paired with a startle sound
(Valls-Solé et al., 1995). The shortening in reaction time likely
involves subcortical structures, such as the reticular formation
(Davis and Gendelman, 1977; Davis et al., 1982; Valls-Solé et al.,
1999; Carlsen et al., 2003, 2004, 2009; Nonnekes et al., 2014). This
test is sensitive to detect changes across tasks in humans with SCI
(Baker and Perez, 2017). Notably, in our study, spastic SCI par-
ticipants showed reduced corticospinal drive and enhanced re-
ticulospinal gain. This agrees with findings in stroke patients
showing that individuals with lower motor function and/or se-
vere hemiparesis have increased reticulospinal output (Owen et
al., 2017; McPherson et al., 2018; Choudhury et al., 2019). An
important question is whether the lesser corticospinal and larger
reticulospinal influences to a spastic muscle after SCI are related.
In primates, reticulospinal connections to motoneurons inner-
vating limb muscles are strengthened after a corticospinal lesion
(Zaaimi et al., 2012). A possible interpretation of these results is
that the reticulospinal pathway might compensate for the loss of
corticospinal axons after injury (Pettersson et al., 2000; Zaaimi et
al., 2012). This might be true after SCI considering the evidence
suggesting that the reticulospinal tract has a greater capacity for
regeneration than the corticospinal tract (Vavrek et al., 2007;
Zörner et al., 2014). However, in this study (Zaaimi et al., 2012),
monkeys did not develop spasticity, suggesting that this reorga-
nization might not contribute to spasticity. Symptoms of spastic-
ity might be related to damage (Tower, 1940; Murray and
Goldberger, 1974; Paulson et al., 1986; Nathan, 1994; Sherman et
al., 2000) and/or abnormalities (Owen et al., 2017) in the reticu-
lospinal pathway. A cat model of spasticity induced by damage to
the cerebral and cerebellar suppressor system showed that a sec-
ond lesion, which interrupted reticulospinal projections, abol-
ished spasticity (Schreiner et al., 1949). In addition, abnormal
recruitment of cortico-reticulospinal networks is associated with
flexion synergy expression in stroke patients (McPherson et al.,
2018). Reorganization in brainstem pathways after SCI has been
reported in animals (Pons et al., 1991) and in humans (Jankelow-

itz and Colebatch, 2004; Kumru et al., 2008, 2009). The cortico-
spinal tract is more dorsally located than the reticulospinal tract
in the lateral funiculus of the human spinal cord; however, most
injuries will damage both pathways. Both injured and uninjured
corticospinal (Fouad et al., 2001; Bareyre et al., 2004) and reticu-
lospinal (Filli et al., 2014; May et al., 2017) axons can form con-
nections with nearby target neurons of other undamaged tracts.
Thus, we favor the hypothesis that parallel damage to both tracts
contributes to the observed symptoms. Studies suggest that dam-
age to premotor areas leads to progressive spasticity (Kennard
and Fulton, 1933; Tower, 1940). Similar results have been re-
ported in human after extensive motor and premotor cortecto-
mies (Laplane et al., 1977). The premotor cortex is a main source
of cortico-reticular projections (Yeo et al., 2012). In chronic in-
juries, motoneurons are supersensitive to very small amounts of
5-HT; thus, residual 5-HT below the injury may be sufficient to
endogenously activate 5-HT receptors (Harvey et al., 2006a,b).
This is also consistent with evidence showing that animals with
spinal cord transection showed more spasticity when residual
spinal brainstem-derived monoamines are present (Schmidt and
Jordan, 2000).

Functional considerations
Although �60% of people with SCI develop symptoms of spas-
ticity (Little et al., 1989; Maynard et al., 1990; Sköld et al., 1999;
Holtz et al., 2017), to date its mechanisms of action remain in-
completely understood. Here, we demonstrate, for the first time,
that spastic muscles of individuals with chronic incomplete SCI
receive imbalanced contributions from corticospinal and reticu-
lospinal tracts, which are more pronounced in participants with
lesser voluntary control. How might these findings affect motor
output of spastic muscles after SCI? The corticospinal tract is a
major descending pathway, contributing to the control of volun-
tary movement in mammals (Lemon, 2008), but it is possible that
other descending motor tracts contribute to maximal efforts. An
SAS can augment the magnitude of voluntary muscle contraction
in control subjects and Parkinson’s patients (Anzak et al., 2011a,
b). In stroke patients, the recovery of strength might involve
strengthening of non-corticospinal pathways, such as the reticu-
lospinal tract (Xu et al., 2017). We argue that this may be different
in spastic muscles of SCI participants because we observed
smaller MVCs in the quadriceps muscle in people with higher
reticulospinal gain. Even if reticulospinal outputs contribute to
the small voluntary EMG generated during maximal efforts, this
might be a small contribution because these participants were the
weakest in our SCI population. We favor the interpretation that,
after SCI, although both tracts might have interacting actions,
these interactions might be reduced. The reticulospinal tract has
been related to the development of movement synergies in the
lower limb (Sánchez et al., 2017). The quadriceps femoris is the
primary mover for knee extension, and each of the heads of
the quadriceps femoris uniquely contributes to the control of
force output (Ebersole et al., 2006). Undesired synergistic actions
between the heads might limit coordinated voluntary control
when spasticity is present. The engagement of descending motor
tracts in humans with SCI can be enhanced by neuromodulation
and training strategies that reduce spasticity (Kumru et al., 2010;
Benito et al., 2012). However, it is also possible that the contri-
bution of reticulospinal inputs to spastic muscles might be aug-
mented by training or that reticulospinal inputs contribute to
motor recovery without the presence of spasticity. Thus, a better
understanding of the involvement for corticospinal and reticu-
lospinal pathways to the control of spastic and non-spastic mus-
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cles can lead to more effective interventions to induce plasticity
and motor recovery following SCI.
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