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OBJECTIVE: Using transcranial magnetic stimulation paradigms, this study investigated
motor cortex integrity as a function of an athlete’s prior history of concussions.
PATIENTS AND METHODS: Motor cortex excitatory and inhibitory mechanisms were
studied in athletes using four different transcranial magnetic stimulation protocols,
namely 1) resting motor threshold, 2) intracortical inhibition and intracortical facilitation in a paired-pulse paradigm, 3) excitability of the corticospinal system using an
input-output curve, and 4) intracortical inhibition in a cortical silent-period paradigm.
Motor-evoked potentials were recorded from the first dorsal interosseous muscle of
the right hand.
RESULTS: Cortical silent-period duration in athletes who have experienced multiple
concussions was prolonged when compared to that of normal control participants.
Linear regression suggested that concussion severity was the main factor explaining
motor cortex dysfunction. Moreover, when we retested the athletes, the cortical silent
period was more prolonged in those who sustained another concussion after baseline
testing had occurred.
CONCLUSION: Findings from this study indicate that sports-related concussions result
in long-term motor system dysfunctions that seem to be attributable to subclinical intracortical inhibitory system abnormalities. This study also shows that sustaining subsequent concussions exacerbates this deficit, and thus provides additional support for the
contention that the adverse effects of sports-related concussions on intracortical inhibitory
systems are cumulative.
KEY WORDS: Cortical silent period, Intracortical inhibition, γ-Aminobutyric acid-B interneuron receptors,
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n the United States, an estimated 50,000 to
300,000 contact-sports athletes sustain concussions during the course of a sports season
(6). During the last 15 years, the exponentially
growing prevalence of sports concussions has
greatly promoted research efforts dedicated to
the diagnosis, treatment, and recovery process
of traumatic brain injuries (TBIs), as they are
now considered a major public health concern
(19). Although for decades researchers have
sought the existence of pervasive impairments
in brain function after TBI, very little conclusive evidence has emerged, especially with
regard to mild TBI. In fact, most neuropsychological studies (4, 10, 11, 17) suggest that
patients recover full cognitive function within
2 to 10 days after a mild head injury.
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Despite the seemingly few effects of mild
TBI on cognitive function, recent data provide
strong evidence that the effects of concussions
are cumulative. A recent National Collegiate
Athletic Association study showed that contact-sports athletes with a prior history of concussion are three times more likely to sustain
subsequent concussion than are athletes with
no prior concussion history (16). This study
also showed that athletes with a history of
more than three concussions recovered more
slowly than those who sustained only one concussion. In the same vein, high-school football
players who previously sustained a severe concussion that involved loss of consciousness
were found to be four times more likely to suffer subsequent Grade 3 (per American Acad-
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emy of Neurology guidelines) concussions than players who
had never lost consciousness as a result of brain trauma (13).
Another study showed that athletes with a history of sports
concussion are 9.3 times more at risk of showing signs in three
out of the four concussion-severity markers (positive loss of
consciousness, anterograde amnesia, retrograde amnesia, and
confusion) than others with no history of concussion (9). Taken
together, these data show that athletes who experience multiple
concussion are more vulnerable to subsequent concussions,
and they suffer more severe postconcussion symptoms than
athletes with no prior history of concussion.
With regard to the growing literature on the cumulative
effects of concussion, recent studies sought to explore the
potential long-term impact of concussion on brain function.
An epidemiological report (15) recently revealed a fivefold
increase in the prevalence of the mild cognitive impairment
diagnosis in retired football players. This condition is characterized by early-memory impairment that converts into
Alzheimer’s disease at a rate of approximately 10 to 20% per
year. Other studies conducted with professional and amateur
boxers provide additional evidence for the existence of severe
long-term sequelae associated with recurrent concussive and
subconcussive blows to the head. As a direct consequence of
sustaining recurrent concussions throughout their career, it
was found that approximately 17% of retired professional boxers developed early symptoms of mild confusion and ataxia
that quickly progressed to a “Parkinsonian” cognitive decline
(27). In fact, abnormal performance on memory tests, increased
motor and speech latencies, dysarthria, pyramidal tract dysfunction, tremor in the head and upper extremities, and behavioral changes are common features associated with what has
often been referred to as dementia pugilistica or chronic TBI
(27), a brain pathology that has been described solely in boxers. Although recent event-related potential studies have
revealed persistent subclinical attention and working-memory abnormalities in asymptomatic concussed athletes (14, 21),
no study to date has documented motor system abnormalities
in this population. Considering that motor symptoms are typically the earliest clinical manifestation of chronic TBI (27), it
seems plausible that the motor system could be affected by
repeated concussive blows to the head. To address this issue,
transcranial magnetic stimulation (TMS) is a particularly pertinent and useful technique because of its unprecedented sensitivity to central inhibitory and excitatory mechanisms of the
motor system (1). Indeed, altered motor system excitability
during the acute phase after a minor head injury was recently
demonstrated as higher thresholds to single-pulse TMS were
reported (8).
The present study was conducted to evaluate whether
young, asymptomatic, concussed athletes for whom unremarkable magnetic resonance imaging results were reliably reported
across studies (3, 7) would show subclinical motor cortex dysfunction years after their last concussion. In light of the abovementioned neuropsychological data on the cumulative effects
of sports concussions, we hypothesized that athletes with a
history of recurrent concussions would show greater subclini-
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cal motor system abnormalities than those who sustained only
one concussion. Finally, to partially address the issue of cause
and effect—namely, that abnormalities in motor cortex function
were a premorbid characteristic and may have played a causal
role in individuals sustaining sports concussions—that cannot
be excluded in retrospective studies of this nature, we sought
to prospectively investigate whether sustaining another concussion would result in worsened motor system abnormalities,
which would thereby provide additional support for the contention that the effects of concussions are cumulative.

PATIENTS AND METHODS
Study Participants
All 45 participants in this study were active players of the University
of Montreal Carabins’ football team and were recruited with help from
the team physician. The following exclusion criteria were applied to
select the athletes who took part in this study: a history of alcohol
and/or substance abuse; psychiatric illness; learning disability; significant neurological history (seizure disorder or concussion-related
seizures, central nervous system neoplasm, or brain tumor); and TBI
unrelated to contact sports. None of the athletes who participated in
this study were taking medications at the time of testing. The study
was composed of three experimental groups. The first group consisted
of 15 asymptomatic athletes who had a history of two or more sports
concussions that occurred more than 9 months before testing. The number of concussions sustained ranged from two to five. The second
experimental group consisted of 15 athletes who had a history of only
one sports concussion, which also had to occur more than 9 months
before testing. These two groups were equivalent for the time elapsed
since the last concussion (F (1, 28) ⫽ 2.38; P ⬎ 0.13; see Table 1).
Concussion severity was assessed by the team physician. It varied from
Grade 1 (confusion for less than 15 minutes without amnesia or loss of
consciousness) to Grade 3 (no loss of consciousness, duration either
brief [seconds] or prolonged [minutes]) according to the parameters
supplied by the American Academy of Neurology (2). Additionally, all
head injuries were classified as minor, with Glasgow Coma Scale scores
ranging between 13 and 15. The third control group also consisted of
15 university football players with no history of neurological insult at
the time of testing. All three experimental groups were equivalent with
regard to age (F (2, 43) ⫽ 0.46; P ⬎ 0.63) and level of education (F (2, 43)
⫽ 1.51; P ⬎ 0.23; see Table 1). A standardized concussion-history form
was administered to obtain detailed information about the number of
previous concussions (if any), approximate date(s) of each concussion,
descriptions of the accident(s), nature and duration of relevant postconcussion symptoms (confusion and/or disorientation, retrograde
and/or anterograde amnesia, and loss of consciousness), neuroimaging
results (if any), and number of days before the individual returned to
play (if any). Grades of previous concussions were classified by a sports
physician using the practice parameter of the American Academy of
Neurology.

PATIENTS AND PROCEDURES
Neuropsychological Assessment
Neuropsychological tests from the National Football League neuropsychological testing program were used to assess multiple aspects
of cognitive functioning (25). This battery includes classic neuropsychological tests selected to evaluate attention processes (Pennsylvania State
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TABLE 1. Between-group comparisons of demographic and concussion history informationa
Groups

Means ⴞ standard deviations

Age, yr

Control
Single
Multiple

Education, yr

F test

P value

22.50 ⫾ 2.53
22.94 ⫾ 2.84
23.38 ⫾ 2.63

0.461

⬎0.63

Control
Single
Multiple

17.00 ⫾ 1.68
17.75 ⫾ 1.612
17.94 ⫾ 1.73

1.511

⬎0.23

Time since last
concussion,
mo

Control
Single
Multiple

—
59.12 ⫾ 69.52
31.00 ⫾ 22.08

2.379

⬎0.13

Concussions
sustained,
no.

Control
Single
Multiple

—
1⫾0
2.75 ⫾ 1.29

Concussion
severity

Control
Single
Multiple

—
1.81 ⫾ 0.75
2.13 ⫾ 0.50

Variables

29.4

1.923

⬍0.001

⬎0.17

a
Three groups were studied: control athletes with no history of concussion, athletes
who had a single concussion, and athletes who had experienced multiple concussions.

University cancellation task), visual scanning and information processing (Color Trails A and B and Symbol Digit Modality Test), visual memory (Brief Test of Visual Memory and incidental memory recall of
Symbol Digit Modality Test), verbal memory (Hopkins Verbal Learning
Test), visual-motor coordination (Brief Test of Visual Memory), and
speech fluency (verbal fluency, phonemic). Neuropsychological testing was completed by a trained neuropsychology student. The test
administration and procedures were standardized and uniform for all
participants. All scores were within normal ranges and between-group
comparisons on neuropsychological test scores revealed no differences
among the groups.

TMS pulses of varying stimulus intensities (input-output curves), and
cortical silent-period duration.
Resting Motor Threshold. Several TMS parameters have been developed to assess the overall excitability of the corticospinal system. The
resting motor threshold reflects the minimum TMS intensity (usually
expressed as a percentage of maximum stimulator output) resulting in
MEPs in a fully relaxed target muscle in 5 out of 10 consecutive trials.
Recent pharmacological studies suggest that the resting motor threshold reflects neuronal membrane excitability, which is highly dependent
on ion-channel conductivity (32). The motor threshold at rest was calculated as the minimal stimulation intensity evoking an MEP of at
least 50 µV in 5 out of 10 consecutive trials when TMS was applied to
the contralateral M1. In most cases, the resting motor threshold was
measured by a reduction from slightly supra-threshold intensities
(starting at 60% of the maximum stimulator output) in 1% steps.
However, when participants presented with resting motor thresholds
higher than 60% of the maximum stimulator output, the resting motor
threshold was obtained by increasing stimulation intensity in 3% steps
until recorded reproducible MEPs were obtained. The resting motor
threshold was then obtained by reducing intensity from these slightly
supra-threshold values in 1% steps. A typical MEP elicited by a single
pulse is illustrated in Figure 1A.
Paired-Pulse TMS Paradigm. Intracortical inhibition (ICI) resulting in
suppressed MEPs is obtained in a paired-pulse TMS paradigm when a
subthreshold conditioning stimulus over the motor cortex precedes a
supra-threshold stimulation by 1 to 6 milliseconds. The maximum suppression is induced by conditioning stimulus intensities ranging from
70% to 90% of the resting motor threshold, whereas higher stimulation
intensities engender less inhibition and often less facilitation (1). On the
basis of previous animal studies, Kujirai et al. (20) suggested that this
suppression in motor activity is mainly the result of the activation of
intracortical γ-aminobutyric acid (GABA) interneurons of the primary

Transcranial Magnetic Stimulation Recordings
All participants completed four TMS paradigms that were administered in a single 1-hour session at the University of Montreal
Neuropsychology laboratory. Subjects were seated in a comfortable
chair. Electromyogram (EMG) recordings were obtained from electrodes placed on the right first dorsal interosseous (index finger) muscle using a belly-tendon montage and were amplified using a Biopac
MP150 system (Biopac Systems, Goleta, CA) with a 20-Hz to 1-kHz
band-pass filter. The signal was processed on a Macintosh G4 computer (Apple, Cupertino, CA) using AcqKnowledge software (Biopac
Systems). A MagPro transcranial magnetic stimulator (Medtronic,
Minneapolis, MN) was connected to an 8-cm-diameter, figure-eight
coil. The coil was positioned in the optimal position for eliciting contralateral motor-evoked potentials (MEPs) at a 45-degree angle from the
midline. For each subject, the optimal coil position for eliciting reproducible MEPs was obtained by slowly moving the coil in 1-cm steps
over the preferred area of stimulation of the contralateral motor cortex.
This optimal site was marked with washable marker to make sure that
the coil was held in the same position throughout the experiment. The
following TMS parameters were measured: resting motor threshold,
EMG response to paired TMS stimulation, EMG response to single
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FIGURE 1. A, a typical MEP as elicited by a single pulse (䉲). B, a typical MEP resulting from ICI in a paired-pulse paradigm. C, a typical MEP
resulting from ICF in a paired-pulse paradigm. D, a typical CSP as
occurred when TMS was delivered over the motor cortex while the subject
maintained a voluntary muscle contraction.
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motor cortex. A typical MEP resulting from ICI in a paired-pulse paradigm is illustrated in Figure 1B. On the contrary, when the subthreshold conditioning stimulus precedes the supra-threshold stimulus (test
stimulus) by 8 to 20 milliseconds, the MEPs elicited by the test stimulus are facilitated when the target muscle is at rest. Although the mechanisms responsible for intracortical facilitation (ICF) are not fully
understood, MEP facilitation assessed by the ICF paradigm seems to be
mediated by synaptic glutamatergic transmission (22, 32). Possibly,
horizontally arranged corticocortical projecting pyramidal cells located
in superficial cortical layers mediate ICF (30).
For the purpose of this study, we used short interstimulus intervals
(ISIs) of 1, 2, and 3 milliseconds to test ICI, and long ISIs of 6, 9, 12, and
15 milliseconds to study ICF according to the method of Kujirai et al.
(20). A subthreshold conditioning stimulus set at 80% of the resting
motor threshold preceded a supra-threshold test stimulus. This test
stimulus was adjusted to produce an average MEP of 1 mV peak-topeak amplitude (20). The conditioning stimulus preceded the test stimulus according to seven random ISIs (1, 2, 3, 6, 9, 12, and 15 milliseconds). We also included a test stimulus-alone condition set at
approximately 120% of the resting motor threshold to obtain baseline
measurements. Ten consecutive trials were performed for each ISI and
for the test stimulus-alone condition. The interpulse interval was 6 to
8 seconds. A typical MEP resulting from ICF in a paired-pulse paradigm is illustrated in Figure 1C.
Input-Output Curves. Input-output curves are thought to reflect the
strength of corticospinal projections, as they are steeper in muscles
with larger motor cortex representation (1). Corticospinal excitability
was assessed using single TMS pulses of increasing intensities (80%,
90%, 100%, 110%, 115%, 120%, 130%, and 140% of resting motor threshold). Ten consecutive trials were performed for each condition. The
order of presentation of the different TMS intensities varied randomly
across participants. The interpulse interval was 6 to 8 seconds.
Cortical Silent Period. When TMS is delivered over the motor cortex while the subject maintains a voluntary muscle contraction, a
pause in ongoing EMG activities follows the MEP. This pause is
called the cortical silent period (CSP) (28). The level of muscle contraction has negligible effects on the duration of the CSP, whereas the
intensity of the test stimulus is positively correlated with the CSP
duration. Studies on the CSP mechanism tend to suggest that its
duration is influenced by several factors. The initial phase of the
CSP has often been explained by segmental factors such as the H
reflex and the refractory period of the pyramidal tract neurons.
However, segmental factors are too short to explain the extended
duration of the CSP, which often lasts for more than a few hundred
milliseconds. Activation of ICI interneurons mediated by GABA-B
receptors located in the motor cortex seems to explain the late phase
of the CSP (31). Ten single-pulse stimulations (120% of motor threshold intensity) were applied to the left M1 while the participant maintained a voluntary isometric contraction of the right first dorsal
interosseous muscle at approximately 10% of his strength. Maximum
right first dorsal interosseous muscle strength, from which we
derived the 10% voluntary isometric muscle contraction value, was
recorded as participants were asked to push as hard as they could
against a digital force gauge in a horizontal right-to-left motion for
approximately 15 seconds. The intensity of the muscle contraction
was digitized so that participants could regulate their exerted
strength to a relatively constant level. The duration of the CSP was
calculated using a graphical method as previously described by
Garvey et al. (12) and was defined as the period from the onset of
EMG suppression until the resumption of sustained post-stimulus
EMG activity. A typical CSP is illustrated in Figure 1D.
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Retesting
Five athletes from the multiple-concussion group sustained a concussion after they were tested for the initial purpose of this study. They
all agreed to be retested with the same experimental protocol between
6 and 15 months after their injury to investigate the pervasive effects of
sustaining incident concussions on motor system function.

Statistical Analyses
All values are expressed as means plus/minus standard deviations
(SDs). EMG data obtained from consecutive recordings were subjected
to standard descriptive statistics and were later tested with analysis of
variance in all four TMS paradigms. In the paired-pulse paradigm, we
computed for each participant a ratio between the mean MEP amplitude elicited by each ISI condition with the mean MEP amplitude
elicited by the test stimulus alone. A Greenhouse-Geisser correction
for multiple comparisons was applied to both paired-pulse and inputoutput paradigms. We also computed a series of two-tailed Pearson
correlations between CSP duration and concussion history information that was collected for each participant in this study (including
time elapsed since the last concussion, concussion severity rated
according to American Academy of Neurology standards, and number
of concussions sustained). Finally, we computed a linear regression
from which we obtained the coefficient of the linear equation (β-coefficient) that provides an estimate of the variables (in this study, the
number of concussions sustained or the concussion severity) that best
predict the abnormal CSP lengthening in concussed athletes.

RESULTS
Resting Motor Threshold
There was no group difference for motor threshold (F (2, 43) ⫽
0.20; P ⬎ 0.81). Mean resting motor threshold values were
53% (standard deviation [SD] ⫽ 9.53%), 56% (SD ⫽ 18.27%),
and 53% (SD ⫽ 7.19%) for the control, single-concussion athletes, and multiple-concussion athletes groups, respectively
(see Fig. 1A).

Paired-Pulse Transcranial Magnetic Stimulation

Intracortical Inhibition Condition
Paired-pulse TMS curves for both groups were normal in
configuration. In both groups, short ISIs (1, 2, and 3 milliseconds) inhibited the response to the test stimulus. There was no
significant interaction between groups (concussed or control
participants) and ISI duration for short ISIs eliciting ICI
(1, 2, and 3 milliseconds) (F (1, 44) ⫽ 1.75; P ⬎ 0.14) after
Greenhouse-Geisser correction. MEP sizes were not found to be
significantly different across the three groups for ICI conditions (F (2, 43) ⫽ 0.14; P ⬎ 0.86). As expected, tests of withinsubject effects yielded a significant difference in MEP sizes
elicited by the three different ISIs of the ICI condition (1, 2, and
3 milliseconds) (F (1, 44) ⫽ 5.32; P ⬍ 0.01).

Intracortical Facilitation Condition
The interaction between groups and the inter-stimulus
interval duration for longer ISIs (6, 9, 12, and 15 milliseconds)
eliciting ICF were not significant (F (1, 44) ⫽ 1.72; P ⬎ 0.12;
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see Fig. 1D). MEP sizes for the
ICF condition were not statistically different between the
three groups (F (2, 43) ⫽ 0.42;
P ⬎ 0.65). Tests of within-subject effects revealed a significant difference between ISIs
yielding ICF (F (1, 44) ⫽ 12.19;
P ⬍ 0.01).

Input-Output Curves
Input-output curves were
normal in configuration. In all
three groups, EMG responses
were larger as TMS intensity
increased. The interactions
between groups (concussed or
control participants) and TMS
intensities (90%, 100%, 105%,
110%, 115%, 120%, 130%, and
140% of resting motor threshold) were not found to be significant (F (1, 44) ⫽ 1.73; P ⬎
0.14) after application of the
Greenhouse-Geisser correction
for multiple comparisons.
Tests of within-subject effects
showed that all three groups
had significantly larger MEPs
as the intensity of the TMS
increased (F (1, 44) ⫽ 36.39;
P ⬍ 0.001; see Fig. 1C).

FIGURE 2. A, resting motor threshold values expressed
as a percentage of the maximum stimulator output for
all three experimental groups (normal control group,
single concussion group, and multiple concussion
group). B, cortical silent period duration was measured
when individuals in the three experimental groups
exerted voluntary isometric muscle contraction of the
first dorsal interosseous muscle of the right hand at
approximately 10% of maximum strength. C, inputoutput curves for all three experimental groups showing
the average MEP amplitude as increasing TMS intensities (90%, 100%, 105% 110%, 115%, 120%, 130%, and 140%, expressed as a percentage of the resting motor threshold), were applied to the motor cortex. D, paired-pulse paradigm showing the average MEP amplitude for all three
experimental groups when increasing interstimulus interval durations (1, 2, 3, 6, 9, 12, and 15 ms) separated the conditioning stimulus from the test stimulus. E, Pearson correlations between CSP duration and concussion severity
(Grades 1 to 3) in concussed athletes. Error bars in A–D represent standard error values.

Cortical Silent-Period
Duration
Two raters (both blind to diagnosis) measured CSP durations for all subjects (Fig. 2). The length of the CSP was measured from the beginning of the MEP until the onset of ongoing
EMG activity. An intra-class correlation coefficient was calculated to determine the inter-rater reliability for CSP durations.
A 0.96 correlation coefficient was obtained. A one-way analysis
of variance yielded a significant between-group effect (F (2, 43)
⫽ 5.12; P ⬍ 0.01). Tukey honest significant difference post hoc
analysis revealed that the CSP duration was significantly prolonged in the group of athletes presenting with recurrent concussions (127.55 ⫾ 26.86 milliseconds) when contrasted with
that of the normal control group (100.53 ⫾ 26.09 milliseconds;
P ⬍ 0.01; see Fig. 1B), whereas other between-group comparisons did not reach significance.
We computed two-tailed Pearson correlations to investigate
whether the length of the silent period appeared to be affected
by concussion history information markers such as the time
elapsed since the last concussion, the number of concussions
sustained, and the severity of the concussions sustained.
Among those concussion history markers, it was found that
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sustaining rather severe concussions was significantly correlated with CSP lengthening (two-tailed Pearson correlation ⫽
0.45; P ⬍ 0.02; n ⫽ 15) in concussed athletes. Other correlations
drawn between the TMS-induced CSP and concussion history
information were not significant (Table 2).
Finally, a linear regression was computed to assess what variable between concussion history and accident severity best predicted the observed abnormal CSP duration in multiple-

TABLE 2. Correlations between concussion history information and
duration of the cortical silent period in concussed athletesa
Concussion
history marker

Condition

Correlations

P value

History

Number of concussions

0.133

⬎0.48

Severity

Concussion gradea

0.448

⬍0.02

Date

Date of last concussion

–0.169

⬎0.37

a

Concussion severity was measured by grade, in accordance with the American
Academy of Neurology practice parameters (2).
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TABLE 3. Length of cortical silent period at Times 1 and 2 compared with concussion history information

a

Subject no.

No. of concussions

Time elapsed, mo

Severity, gradea

Time 1

Time 2

1

3

7

3

120.80 ⫾ 11.27

132.30 ⫾ 12.76

2

5

6

2

207.65 ⫾ 14.85

214.75 ⫾ 16.04

3

3

7

3

90.15 ⫾ 10.80

4

4

7

1

154.20 ⫾ 11.27

158.51 ⫾ 10.77

5

3

15

2

144.26 ⫾ 10.73

155.30 ⫾ 9.52

118.62 ⫾ 8.43

Concussion severity was measured by grade in accordance with the American Academy of Neurology practice parameters (2).

concussion athletes. This analysis revealed that the severity of
concussions sustained, as rated according to the American
Academy of Neurology practice parameter, was a better
predictor of abnormal CSP lengthening observed in multipleconcussion athletes than the number of concussions per se (βcoefficient for concussion groups ⫽ 0.08; P ⬎ 0.637; β-coefficient
for concussion severity ⫽ 0.435; P ⬍ 0.019; see Fig. 1E).

Retesting
Although repeated-measures analysis of variance revealed
equivalent resting motor threshold (F (1, 4) ⫽ 0.38; P ⬎ 0.57),
paired-pulse ICI (F (1, 4) ⫽ 1.31; P ⬎ 0.32), ICF (F (1, 4) ⫽ 1.61;
P ⬎ 0.25), input-output curves (F (1, 4) ⫽ 2.82; P ⬎ 0.11), and
neuropsychological test scores at Testing Date 1 (Time 1) to be
comparable with those obtained at Testing Date 2 (Time 2),
the length of the CSP was found to be significantly prolonged
as a result of the incident concussion (F (1, 4) ⫽ 8.80; P ⬍ 0.05;
Table 3).

DISCUSSION
Results from this study suggest for the first time that sports
concussions result in chronic subclinical motor system dysfunctions that are linked to intracortical inhibitory system
abnormalities. Three main sources of evidence are provided in
this study to support this finding: 1) the duration of the CSP
was significantly prolonged in those athletes with a history of
concussions; 2) sustaining subsequent concussions exacerbates
CSP abnormalities; and 3) CSP duration is positively correlated
with the severity of concussions sustained.
The primary objective of this study was to investigate the
excitability of the primary motor cortex as a function of an athlete’s concussion history. Using TMS, we identified a prolonged
CSP duration in asymptomatic athletes who presented with a
history of recurrent concussions. However, when computing
linear regressions to determine the variable that best predicts
the observed CSP lengthening in multiple-concussion athletes,
we found that most of this abnormality could be attributed to
concussion severity rather than belonging to the single or multiple concussion groups. These linear regressions were performed because our data showed that athletes with a history of
multiple concussions tended to have sustained more severe
concussions than athletes in the single-concussion group.
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When we prospectively examined the effects of recurrent
concussions in a small group of multiple-concussion athletes
who were retested using the same experimental protocol,
we found that the CSP was significantly prolonged after an
athlete sustained another concussion, which suggests that
intracortical inhibitory interneuron receptors of the motor
system may be particularly vulnerable to the effects of sports
concussions.
Another major finding was that the observed CSP duration
lengthening in multiple-concussion athletes seemed to remain
unaffected by the time elapsed since the last accident, as evidenced by the near-zero Pearson correlation value that was
obtained between these two variables. This strongly suggests
that the underlying intracortical inhibitory mechanism that is
presently thought to modulate the duration of the CSP
remains significantly altered in asymptomatic young athletes
regardless of the time elapsed since the last concussion. Taken
together, these results suggest that sustaining concussions of
a more severe nature generates significant abnormalities in
motor cortex functioning that persist far beyond the acute
phase of the injury.
One possible neurophysiological substrate of CSP duration
increase in concussed athletes may lie in an impaired GABA-B
receptor system. The latter part of the CSP has been attributed
to activity of intracortical inhibitory systems of the primary
motor cortex, whereas spinal inhibition contributes to its early
part (18). Evidence that the late part of the CSP is caused by
long-lasting cortical inhibition mediated by GABA-B receptors
comes from pharmacological studies. Tiagabine, a GABA reuptake inhibitor, lengthens the CSP (29). Furthermore, L-DOPA
and dopamine agonists also appear to lengthen CSP duration
(26), thereby strengthening the claim that GABA (particularly
GABA-B) receptors are crucial for the determination of CSP
duration. On the basis of these findings, it appears that concussions alter the efficacy of GABA-B receptor systems, perhaps
contributing to rendering the brain more vulnerable to subsequent traumatic events. However, a recent pharmacological
study (23) showed no specific effect of having ingested a
selective GABA-B receptor agonist on the modulation of the
CSP. In light of emerging findings that suggest CSP abnormalities constitute a particularly sensitive measure of motor system dysfunctions that are observed in various brain pathologies, this emphasizes the need to gain a better grasp of the
underlying mechanisms of the CSP.
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In a previous study conducted by Chistyakov et al. (8), CSP
was also found to be significantly prolonged in patients with
mild to moderate head injury when compared with matched
controls 2 weeks after the accident. However, results from that
study suggest that CSP duration was not altered in concussed
patients who sustained minor head injuries, this severity grading
being equivalent to that of concussed athletes recruited for the
present study. This discrepancy could be explained by a variety
of factors such as different methodologies (different TMS intensities were used to measure CSP duration; also, we used a circular coil), differing patient populations (concussed university football players versus head-injury patients recruited as they were
seeking medical attention), and different times of testing (9
months after the injury versus within 2 weeks of the injury). On
the other hand, the intriguing possibility is raised that CSP prolongation could be triggered later after head trauma. Contrary to
the findings of Chistyakov et al. (8), our results did not reveal differences in corticospinal system excitability based on resting
motor threshold measurements between concussed and control
athletes. One explanation could be that the concussed athletes
recruited for our study had sustained their injuries more than 9
months before testing, whereas the minor-to-moderate headinjury patients from Chistyakov et al.’s study were tested 2
weeks after their injuries. When results from the work of
Chistyakov et al. (8) and the present study are taken together,
one might speculate that the motor threshold paradigm is especially sensitive to the metabolic imbalances that are known to
occur as part of the acute effects of concussions (24), whereas this
motor system abnormality may return to normal functioning
after having benefited from spontaneous recovery.
Interestingly, recent neuropsychological and event-related
potentials studies found that athletes with asymptomatic concussion showed altered cognitive function despite normal
results on classic neuropsychological tests that are used as the
gold standard in the assessment of cognitive function after
sports concussion (5, 14). Similarly, the altered CSP duration
found in this study in asymptomatic concussed athletes who
presented with normal scores on neuropsychological tests
adds additional support for the contention that sports concussions result in persistent brain function alterations that
cannot be detected by standard neuropsychological tests.
Studies that examine athletes’ ability to perform more refined
motor tasks are needed to determine the clinical significance
of these TMS findings.
An important limitation of the present study is the lack of
imaging results. In fact, one possible explanation for the present findings could be that the CSP prolongation is the result of
structural damage rather than sports concussion. However,
knowing that only 10% of all minor/mild head injury patients
show magnetic resonance imaging abnormalities related to
trauma (3, 8), it is highly improbable that structural damage
alone could explain the observed CSP prolongation in all five
patients who sustained a subsequent concussion within the
study period. Nonetheless, the addition of structural imaging
would be instrumental in future studies to systematically
address this issue.
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Findings from this study show that sports concussions result
in long-term motor system dysfunctions that seem to be
attributable to subclinical intracortical inhibitory system
abnormalities. This study also shows that sustaining subsequent concussions exacerbates this deficit, thus providing
support for the contention that the adverse effects of sports
concussions on intracortical inhibitory systems are cumulative.
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COMMENTS

T

ranscranial magnetic stimulation (TMS) has become increasingly
useful for diagnostic, therapeutic, and research approaches to noninvasively investigate the corticospinal tract (8). As a diagnostic tool
for neurological disorders, it can be used to characterize lesions that
affect the corticospinal tract (2). TMS primarily plays a role as an
adjunct to imaging studies. Interestingly, in this study, the authors are
able to use TMS to provide information that may be otherwise unattainable, as both concussed athletes and patients with mild traumatic
brain injury (mTBI) may not have any objective abnormalities on
magnetic resonance imaging scans or deficit after exhaustive neuropsychological testing.
In this study, TMS is used to assess college athletes with zero, single, or multiple concussions. The authors present a well-designed
study with a relatively large number of concussed patients and were
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able to follow patients who received another concussion during the
testing period. Neuropsychological testing showed no difference
between groups. However, differences were found using the TMS
cortical silent period (CSP), which is the electrical silence which
occurs after a stimulus is given. It lasts approximately 200 to 300 ms
and is dependent on stimulus intensity (2). Athletes with multiple
and/or severe concussions were noted to have significantly prolonged CSPs. Furthermore, the duration of the CSP lengthened significantly in patients who experienced another concussion during the
test period. The mechanisms leading to CSP duration prolongation
are not completely understood and seem to be affected both by cortical and subcortical lesions (1–3).
The exciting finding in this study is that CSP may provide a more
sensitive means of evaluating the severity of mTBI. The further prolongation of CSP duration with repetitive concussions is intriguing. This
is not the first time TMS has been used to demonstrate cortical changes
after mTBI (9). CSP duration was also high between subject variability
and can be affected by age, drugs, and stimulation parameters (1–5). It
follows that a much larger number of patients would need to be studied and the follow-up period extended to determine the clinical relevance of these findings. That being said, these electrophysiological
abnormalities may correlate with the subjective description of mTBI
patients as “not quite right” or “different than before” by people close
to them, despite no objective findings on imaging or neuropsychological testing. In athletes, mTBI patients, and other neurosurgical patients,
these subjective changes are often underappreciated by clinicians and
others who assess patients’ functional disability, perhaps because there
is presently little treatment to offer. These studies could lead to better
return-to-play recommendations and post-concussive management.
A better understanding of these electrophysiological abnormalities
may lead to treatments geared at normalizing these data as an objective
measure of improvement. CSP duration, for example, is noted to be
altered by drugs affecting the γ-aminobutyric acid and dopaminergic
systems (7). The effect, if any, of rehabilitative therapies has not been
established. TMS has provided us with an abundance of electrophysiological data and may even be a means to treat concussion (6). The
question becomes how to effectively use it to augment diagnostic and
treatment options.
Julie G. Pilitsis
Roy A.E. Bakay
Chicago, Illinois
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D

e Beaumont et al. have presented their results of using TMS to
investigate motor cortex integrity in three groups of asymptomatic, Canadian university football players: those with no history of
concussion, those with a history of one concussion, and those with
two or more previous concussions. Based on their study, de Beaumont
et al. noted prolonged CSPs in athletes with a previous history of
concussions, exacerbation of CSP abnormalities after repeated concussions, and the positive correlation of CSP abnormalities with concussion severity.
The authors are to be commended for their novel approach to
examining the intermediate and cumulative effects of mTBI in an at
risk population. With more than 1.5 million participants in middle
school and high school football programs in the United States and
75,000 participants in the collegiate ranks (1), a significant proportion
of these individuals will sustain some type of brain injury during the
course of a season.
Although all of the participants in this study were asymptomatic by
neuropsychological testing, the results from this study are eye-opening
and may provide one more part of a much larger and more compli-
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cated picture. Multiple incidences of mTBI may predispose individuals
to accelerated neurodegenerative disorders. Given the increased attention that this subject has recently received in the lay press, it is important for brain injury specialists to continue to explore any and all possible ramifications of sustaining repeated mTBI. With more knowledge,
athletic associations will be able to institute policies at each competitive
level directed at minimizing the chances for debilitating, long-term
neurological sequelae that may compromise the future quality of life of
their charges.
Min S. Park
Michael L. Levy
San Diego, California

1. Mueller FO: Catastrophic head injuries in high school and collegiate sports.
J Athl Train 36:312–315, 2001.

T

he authors have used conditioning test TMS of the primary motor
cortex to detect changes in the excitability of the motor cortex in
athletes who had sustained concussions. Larger changes were detected
in individuals who had sustained multiple concussions. This work
adds to a growing body of evidence that a cerebral concussion produces physiological and probably physical changes in the brain.
Robert G. Grossman
Houston, Texas
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