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Abstract
Purpose: Even after a mild traumatic brain injury (TBI) symptoms may be long lasting and
never resolve completely. The neurophysiologic substrate for such lasting deficits remains unclear.
There is a lack of objective measures of early brain abnormalities following mild TBI, which
could shed light on the genesis of these lasting impairments.

Methods: Here we report findings in a previously healthy man tested 2 and 6 weeks after a well-
documented concussion. Findings were compared with 12 control subjects. All subjects underwent
brain magnetic resonance imaging (MRI) and diffusion-tensor imaging (DTI). Testing included
neuropsychological evaluation and physiological assessment with TMS and EEG, excitatory/
inhibitory balance and brain plasticity.

Results: While the MRI, DTI and neuropsychological evaluations showed no abnormalities,
neurophysiologic tests revealed subclinical abnormalities in our patient: (1) Significantly higher
intracortical facilitation than the control group at both time points; (2) Intracortical inhibition
presumably mediated by GABAB receptors was absent at week 2, but returned to normal value at
week 6; (3) Abnormal mechanisms of plasticity at week 2, that normalize at week 6.

Conclusions: These findings demonstrate a transient alteration of brain cortical physiology
following concussion independent of anatomical findings and neuropsychological function. This
case study suggests that TMS measures may serve as sensitive biomarkers of physiologic brain
abnormalities after concussion.
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1. Introduction
Following a concussion (mild traumatic brain injury), it is often unclear when recovery is
complete and thus when normal activities can resume. We lack reliable biomarkers to gauge
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recovery prognosis, and the neurobiological substrate for the potentially long-lasting
neurobiological consequences of concussions remains unresolved (Ellemberg et al., 2009).
Moreover, even if symptoms abate, data is lacking on whether residual neurophysiologic
abnormalities may affect the consequences from a subsequent concussion and even render
the individual more prone to a subsequent concussion.

Animal and human studies suggest that traumatic brain injury (TBI) may trigger two
seemingly contradictory processes: excessive glutamate accumulation that may lead to
NMDA-mediated excitotoxicity, and excess in GABA-mediated inhibition that may
contribute to lasting cognitive deficits (Hoskison et al., 2009; Kobori et al., 2006; Rao et al.,
1998). These processes can be studied by noninvasive brain stimulation techniques such as
transcranial magnetic stimulation (TMS) (De Beaumont et al., 2009).

We report the findings of neuroimaging, neuropsychological and neurophysiologic
assessment at 2 and 6 weeks after a concussion in an otherwise healthy man, and compare
the findings with those of 12 healthy volunteers. This case sheds light onto the
neurophysiologic impact of a concussion, and illustrates the utility of serial TMS studies,
even in the absence of structural damage as revealed by brain MRI and DTI.

2. Case report
This 44-year old, right-handed male sustained a concussion while playing soccer. After a
head-to-head collision with another player he lost consciousness for approximately 90
seconds, followed by confusion, and about 1–2 minutes of retrograde and 3–4 minutes of
anterograde amnesia. Approximately 20 minutes after the event, his physical and
neurological exams were normal, and remained normal 10 days later. For 2 weeks following
the accident, he complained of fatigue and poor concentration, memory problems, a mild
headache and some difficulty sleeping. These symptoms had markedly improved by week 6,
although he still complained of mild headaches, slight fatigue, and intermittent memory
difficulties. Four weeks later, 10 weeks after the concussion, he was completely
asymptomatic and had fully resumed normal daily activities. On the Immediate
Postconcussion Assessment and Cognitive Test (ImPACT), he had a total symptom score of
13 at week 2 and 8 at week 6. No daily medications were administered for any of these
symptoms, but he was given acetaminophen to be taken as needed for the headaches. He was
not taking any drugs known to alter brain excitability, plasticity, or excitation/inhibition
balance. He worked as a manager of a multimedia department, where he continued working
after the accident. He had a history of four prior episodes diagnosed as concussions while an
athlete in college, over 20 years prior to the present episode. In two of these episodes there
was no actual loss of consciousness, but they all had been associated with varying degrees of
retrograde and anterograde amnesia, mild and transient concentration and memory
difficulties, headaches, and dizziness that had completely subsided within 2 months from the
episode. The last episode was 21 years prior. Past medical history, review of system and
family history were otherwise negative.

He was tested twice, 2 and 6 weeks after the present concussion. His findings were
compared to a control group of 12 healthy adults (5 females), aged between 19 and 55 years
old (30±14). We looked for control subjects spanning a wide age range to minimize the
potential impact of age-related effects. The age of the patient was included within this age
range. Comparison of the results in our patient with a subset of the control subjects closer to
his age (mean 44 years of age) did not affect any of the reported findings. The control
subjects had no psychiatric or neurological conditions, normal neurological and medical
exams, no history of concussions or TBI, were not taking any medications, and had no
contraindications to receive TMS (Rossi et al., 2009).
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All participants tolerated the procedures, including TMS, without any side effect or
complication. In particular, the patient did not have any headache either just before or at the
end of each of the session. No other adverse events (pain, difficulty in concentrating,
thinking, change in mood) were reported. All participants gave written informed consent for
participation in the study, which had been approved by the local Institutional Review Board.

2.1. Brain imaging, neuropsychological and neurophysiologic results
Brain MRI and DTI studies were obtained using a 3T GE scanner. Anatomical images were
acquired using a T1-weighted, three-dimensional, magnetization-prepared, rapid-acquisition,
gradientecho (MPRAGE) volume acquisition with a voxel resolution of 1 mm3. Diffusion
images were acquired using a diffusion-weighted, single-shot, spin-echo, echo-planar
imaging sequence (TE = min, TR = 17,000 ms, FOV 96 mm, voxel size = 2.2 mm 3, 30
nonlinear directions with b-value of 1,000 s/mm2). For precise quantitative measurement of
changes in structural MRI, voxel-based morphometry (VBM) was done using FSL-VBM
toolbox implemented in the FSL. Brain was extracted and created the study-specific
template. All the images were non-linearly registered to the template and GLM using
permutation testing was carried out. For diffusion tensor imaging analysis, we used Tract-
Based Spatial Statistics (TBSS), which is widely used for whole-brain voxelwise
comparison of white matter. First, data were preprocessed for head motion, and distortions
due to eddy currents. Brain was extracted and DTI data was calculated for each voxel after
fitting the diffusion tensor model to each voxel. This mean image was thresholded at an FA
value of 0.2 and skeletonized to generate a white matter tract skeleton representing the
center of the tracts common to all subjects. Permutation testing was used to calculate the t-
statistics maps (Nichols and Holmes, 2002) (uncorrected p<0.05).

No significantly different areas were found in VBM analysis (uncorrected p<0.05). DTI
analysis revealed that changes in fractional anisotropy (FA) in the TBI patient did not differ
from the findings in the controls (uncorrected p<0.05) (Smith et al., 2006) (Fig. 1).
Importantly, as part of the acute clinical evaluation after the concussion, the patient
underwent a more complete clinical MRI study, including T2 weighted images that ruled out
small hemorrhagic intraparenchymal lesions, intracranial hematomas and other signs of
pathology.

Neuropsychological function was tested with the Immediate Postconcussion Assessment and
Cognitive Test (ImPACT) and the CANTAB battery (Cambridge Cognition) and did not
reveal any measurable cognitive deficits in the patient despite his subjective complaints.

Single- and paired-pulse TMS were applied using biphasic and monophasic figure-of-eight
coils respectively (each wing, mean diameter 50 mm and outer diameter 70 mm) attached to
a Nexstim stimulator (Nexstim Ltd, Helsinki, Finland). Continuous theta burst stimulation
(cTBS) was applied using a biphasic figure-of-eight coil (each wing inner diameter 35 mm
and outer diameter75 mm) attached to a MagPro stimulator (MagVenture A/S, Farum,
Denmark).

Paired-pulse TMS over the left primary motor cortex (M1) (Kujirai et al., 1993; Ziemann et
al., 1996) was used to assess intracortical facilitation (ICF, tested with 12 ms between
pulses) and short/long-interval intracortical inhibition (SICI and LICI, 3 and 100 ms
between pulses respectively). The patient had significantly greater ICF at both time points.
LICI was absent at week 2, but returned to normal at week 6. SICI in our patient was not
different from the control group, which showed expected patterns of SICI, ICF and LICI
(Fig. 2A).

Bashir et al. Page 3

Restor Neurol Neurosci. Author manuscript; available in PMC 2014 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Plasticity was evaluated with cTBS (Huang et al., 2005), expected to induce inhibition of the
stimulated left M1 as indexed by a depression of motor-evoked potentials (MEPs) in
contralateral hand muscles in response to subsequent single-pulse TMS. EEG was recorded
simultaneously using the Nexstm eXimia TMS-compatible system. Contrary to the findings
in controls, our patient had significant MEP facilitation at week 2, at 0, 5, 10 and 20 minutes
after cTBS, but displayed normal inhibition of MEPs at week 6 (see Fig. 2B for the values
up to 10 minutes after cTBS).

EEG raw data were high-pass filtered (1 Hz), epoched around each TMS pulse (−0.2 to 0.6
s, baseline: pre-TMS). For each subject, an Independent Component Analysis was run to
identify and eliminate artifacts and remaining noisy channels were interpolated.
Topographical EEG maps, 50 ms after single-pulse TMS, showed that at week 2, the patient
had less intense and more widespread activation in response to single-pulse TMS over left
M1 than the control group. This activation over left M1 was increased after cTBS, whereas
it was decreased for the control group. At week 6, although the activation remained
widespread, there was no more massive increase after cTBS (Fig. 2C).

In control subjects, the interhemispheric cross-correlation between temporal signals
recorded over the two motor cortices (0 to 600 ms after the single-pulse TMS) tended to
decrease 5 min after cTBS compared to baseline, whereas correlation between the stimulated
M1 and the ipsilateral parietal and frontal areas tended to increase. The TBI patient
significantly differed from the control subjects with a cTBS-induced increase of left M1-left
parietal correlation at week 2, but not at week 6 (Fig. 2D and E).

3. Discussion
TMS may provide new insights into the physiologic impact of a mild TBI and the course of
recovery. Our findings support the hypothesis of abnormal balance of cortical excitation and
inhibition for several weeks after a concussion, even in the absence of any structural brain
abnormalities as assessed by MRI or DTI, or objective neuropsychologic deficits. Two
weeks after the concussion there was an increased ICF and a decreased LICI. These results
are further supported by the apparent inversion of the modulatory effects of cTBS, with
MEP facilitation instead of suppression. In addition, EEG correlation abnormalities suggest
altered functional connectivity after mild TBI. All these measures became more similar to
the measures from healthy controls at week 6, paralleling the clinical improvement. Further
studies are needed to determine if this pattern of neurophysiologic abnormalities is
consistent across all mild-TBI patients.

Alteration of cTBS-induced plasticity and excitatory/inhibitory balance might reflect
adaptive or maladaptive plasticity mechanisms in response to the injury. One might argue
that acutely after an injury increased in hibition may limit the lesion by preventing the
spread of damage, later on there is a need to restore brain plasticity to reorganize networks
in response to the injury (Landi and Rossini, 2010; Pascual-Leone et al., 2011; Demirates-
tatlidede et al., 2011). Longitudinal studies in patients following TBI patients are thus
important to understand this injury-related plasticity.

We believe that the changes in TMS measures between the two visits in our patient reflect
recovery processes, rather than intra-individual test-retest variability. Single- and paired-
pulse TMS measures show high test-retest reliability (Kobayashi and Pascual-Leone, 2003;
Rossini et al., 1999). In regards to TBS effects, Huang et al. (2008) described high
correlations in test-retest results of post-TBS modulation (up to 15 minutes) in seven normal
subjects (Huang et al., 2008). Our own data (unpublished) similarly reveal high test-retest
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within-subject reliability of TBS-effects. Nontheless, further studies on test-retest variability
within healthy subjects are needed and thus our findings should be considered preliminary.

Repetitive TMS in the study protocol did not cause any adverse events in this 44-year old
patient. Although our findings are promising, we cannot conclude that this dose of rTMS is
safe for all persons presenting with similar injuries. TBI is a heterogeneous injury and the
safety and efficacy of this technique must be studied further in this population.

Although the physical and neurological symptoms following a concussion may resolve
within a one-week period (Echemendia et al., 2001), subjective complaints may persist and
brain physiology may remain abnormal. Epidemiologic studies suggest that these
physiologic derangements may represent an important risk factor for the development of
dementia (Guskiewicz et al., 2005). Our findings suggest that TMS measures may offer
valuable markers of subclinical abnormalities that may be important for longer term
prognosis and return to full activity decisions.
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Fig. 1.
Voxelwise differences in fractional anisotrophy between TBI patient and control group
overlaid on mean FA skeleton (in green in the online version) didn’t show any significant
differences in TBSS analysis (uncorrected p<0.05). No lesion was observed on T2-weighted
MRI (right inferior).
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Fig. 2.
A: Percentage of changes in MEPs amplitude after paired-pulse compared to unconditioned
TMS pulse, for the TBI patient at week 2, at week 6 and for the group of control subjects
(vertical bars indicate standard errors). Positive values indicate facilitation whereas negative
values indicate suppression. SICI: short intracortical inhibition is expected with an inter-
stimulus interval (ISI) of 3 ms. ICF: intracortical facilitation is expected with an ISI of 12
ms. LICI: long intracortical inhibition is expected with an ISI of 100 ms. The TBI patient
had significantly greater ICF at both time points (p<0.01). LICI was absent in the TBI
patient at week 2 (p<0.05), but returned to normal at week 6. Healthy controls showed
expected patterns of SICI, ICF and LICI. B: Percentage of changes in MEPs amplitude at 0,
5 and 10 minutes after cTBS compared to pre-cTBS, for the TBI patient at week 2, at week
6 and for the group of control subjects (vertical bars indicate standard errors). Positive
values indicate facilitation where as negative values indicate suppression. TBI patient had a
significant (p<0.01) motor evoked potential (MEP) facilitation at week 2, but displayed
predicted MEP suppression at week 6 (p<0.01). Healthy controls show expected MEP
depression after cTBS. C: Example of TMS-evoked potentials at all electrodes in healthy
controls. D: Topographical maps 50 ms after the TMS pulses, at baseline and at 0, 5 and 10
minutes after cTBS, for controls, and for TBI patient at week 2 and week 6. E: Changes in
correlation between the temporal EEG signal recorded at the two contralateral M1 s
(electrodes C3-C4), at the stimulated M1 and the ipsilateral frontal area (C3-F5) and at the
stimulated M1 and the ipsilateral parietal (C3-P3), were computed at T5 compared to
baseline (pre-cTBS) for the TBI patient at week 2, at week 6 and for the group of control
subjects (vertical bars indicate standard errors). F: Illustration of the changes in correlation
after cTBS.
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