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Abstract: Background: in the context of managing persistent post-concussive symptoms (PPCS), ex-
isting treatments like pharmacotherapy, cognitive behavioral therapy, and physical rehabilitation
show only moderate effectiveness. The emergence of neuromodulation techniques in PPCS man-
agement has led to debates regarding optimal stimulation parameters and their overall efficacy.
Methods: this scoping review involved a comprehensive search of PubMed and ScienceDirect data-
bases, focusing on controlled studies examining the therapeutic potential of non-invasive brain
stimulation (NIBS) techniques in adults with PPCS. Results: among 940 abstracts screened, only 5
studies, encompassing 103 patients (12 to 29 per study) met the inclusion criteria. These studies
assessed the efficacy of transcranial direct current stimulation (tDCS), or repetitive transcranial mag-
netic stimulation (rTMS) applied to specific brain regions (i.e., left dorsolateral pre-frontal cortex
(DLPEC) or left motor cortex (M1)) for addressing cognitive, psychological symptoms, headaches,
and general PPCS. Results indicated improvements in cognitive functions with tDCS. In contrast,
reductions in headache intensity and depression scores were observed with rTMS, while no signif-
icant findings were noted for general symptoms with rTMS. Conclusion: although these pilot stud-
ies suggest promise for rTMS and tDCS in PPCS management, further research with larger-scale
investigations and standardized protocols is imperative to enhance treatment outcomes for PPCS
patients.

Keywords: Non-Invasive Brain Stimulation; Transcranial Direct Current Stimulation; tDCS; Tran-
scranial magnetic stimulation; rTMS; Post-Concussive Symptoms

1. Introduction

Concussion, also referred to as mild traumatic brain injury (mTBI), represents a sig-
nificant public health concern with an estimated incidence of 69 million people affected
worldwide annually [1]. It is considered as a silent epidemic as up to 50% of patients with
concussion will develop long-term impairments (>1 month), a clinical entity known as
persistent post-concussive symptoms (PPCS) [2].

Although the pathophysiological mechanisms underlying PPCS are complex and not
fully understood yet, they can be characterized by a cascade of events that includes a bio-
energetic crisis, cytoskeletal and axonal alterations, and impairment in neurotransmis-
sion, which could lead to chronic neuronal dysfunctions [3]. Some patients with PPCS
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may experience symptoms for months or years after the accident, which have a significant
impact on their quality of life, ability to return to work or school, representing conse-
quently a significant socioeconomic burden on society [4,5]. PPCS symptoms are generally
divided into four categories: somatic (e.g., headaches, dizziness, balance problem), cogni-
tive (e.g., amnesia, poor attention capacities), emotional (e.g., anxiety, depression) and
sleep-arousal complaints (e.g., fatigue, insomnia) [6,7]. Surprisingly, these persistent
symptoms are still not addressed by any specific treatments. Current guidelines advise an
initial period of 24-48h of rest - with limited screen time and cognitive activity - following
concussion, with a gradual introduction of light-to-moderate aerobic exercise [8], gradual
return to activities (learning and sport) and active rehabilitative interventions are also rec-
ommended to favour an optimal recovery [9-11]. However, these recommendations are
not yet systematically applied [8].

Current medical care consists primarily of symptom relief through pharmacologic
interventions (e.g., analgesics for headaches or sedatives for sleep disorders), rehabilita-
tion services (e.g., physiotherapy for motor function disabilities or musculoskeletal pains),
cognitive behavioral therapy (for sleep or mood disorders — especially in women [12]) and
neuropsychology (for cognitive impairments) [13]. However, it is increasingly evident
that these existing treatment modalities do not provide sufficient relief for individuals
with PPCS [8].

Considering this, non-invasive brain stimulation (NIBS) approaches have emerged
as a potential solution for addressing the unmet needs in concussion management and
care. NIBS involves the modulation of neural activity using, for instance, electrical or mag-
netic stimulation, with the aim of modifying the excitability of the underlying brain cortex
[14]. By targeting specific regions of interest, NIBS can directly influence brain plasticity,
and potentially induce long-lasting neuroplastic positive changes in functional networks
thought to be affected in PPCS such as the default mode network and the task positive
network [15]. The default mode network, primarily associated with processes related to
self-awareness is active during periods of rest [16], and the task-positive network com-
prises regions activated during externally directed behavior and the execution of effortful
tasks [17]. In healthy individuals, there is a strong anticorrelation in resting state connec-
tivity between these two networks, where activation of one results in deactivation of the
other [18]. It is thought that changes in this anticorrelation may be linked to the symptoms
observed in patients with PPCS [15], and that NIBS could potentially target these net-
works.

The main techniques currently used for this purpose are transcranial direct current
stimulation (tDCS) and transcranial magnetic stimulation (TMS). tDCS can modulate cor-
tical activity and activate targeted regions of the brain [19]. This technique is cost-effective,
easy to use, and safe, causing only minor side effects (i.e., burning sensation, itching, and
headache) [20]. Specific tDCS settings have shown potential in treating conditions like fi-
bromyalgia, depression, and addictions/cravings [21]. Similarly, TMS utilizes magnetic
fields for noninvasive electromagnetic brain stimulation. Two main types of TMS exist:
single-pulse whose purpose is mainly to explore brain function, and repetitive TMS
(rTMS) aiming to induce lasting brain activity changes [22,23]. rTMS has shown effective-
ness in treating disorders like neuropathic pain, depression, and stroke recovery [21].

Given the potential therapeutic benefits of neuromodulation and the diverse range
of symptoms experienced by patients with PPCS, our goal is to comprehensively examine
the existing literature on the application of neuromodulation techniques for PPCS man-
agement. This scoping review will adopt a dual approach, focusing on both symptom-
based and targeted area strategies.

2. Search Methodology
We searched on PubMed and ScienceDirect using related search terms including "Ac-

"o "non

quired brain injury”, "Traumatic brain injury"”, "PPCS", "Persistent post concussive symp-
toms", "Persistent post-concussion syndrome", "Sports-related concussion”, "Non-
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invasive brain stimulation", "Neuromodulation", "Transcranial magnetic stimulation”, 99
"Theta-burst stimulation", "Transcranial electrical stimulation" and "Transcranial direct- 100
current stimulation". We applied no specific limitation for publication time range. The full ~ 101
search equation can be found in the appendix. A total of 1004 articles were retrieved. 102
The selected articles had to investigate the therapeutic effects of neuromodulation, in 103
comparison to sham or other interventions, on post-concussion symptoms (i.e., cognitive 104
symptoms, headache, fatigue, sleep disorders and psychological symptoms) in human 105
subjects. One of the authors of the study (MHK) did the screening and extracted the data 106
from the included studies. National Institute of Health Quality Assessment Tool for Con- 107
trolled Intervention Studies was used to assess study quality and risk of bias [24] (see 108
supplementary data). Concussion was considered as either no or less than 30 minutes of 109
loss of consciousness, post-traumatic amnesia of less than 24 hours, a post-traumatic Glas- 110
gow Coma Scale of more than 13, and no neuroimaging abnormalities according to the 111
Centers for Disease Control and Prevention and American Congress of Rehabilitation 112
Medicine guidelines [25]. We included original studies and excluded review articles, case 113
reports, conference proceedings, hypothesis articles and papers which were notin English 114
as well as those not assessing neuromodulation on patients with concussion or evaluating 115
it on patients with both concussion and other TBI severities. We eventually considered 116
these additional articles for the discussion section. 117
Data on study design, demographic information, targeted location of stimulation, 118
stimulation and sham protocol (e.g., number of sessions, pulses and frequency) and out- 119
come measures were extracted from included articles. Results are presented in a symp- 120
tom-based manner explaining findings of studies about the effects of their interventionon 121
each symptom. We followed the PRISMA guidelines to evaluate the articles and report 122
the results. 123

3. Results 124

Figure 1 shows a flow diagram of the study. We screened 940 records after removing 125
64 duplicates from the total of 1004 records retrieved from search on PubMed and Sci- 126
enceDirect databases. In addition, we performed a citation search and retrieved 15 records 127
from reference list of similar reviews. Finally, following exclusion of non-desirable rec- 128
ords, we included 5 studies which had assessed the effect of tDCS or rTMS on headache, 129
cognitive and psychological symptoms following concussion (De Launay et al., 2022; 130
Leung et al,, 2016; Leung et al., 2018; Stilling et al.,, 2020; Moussavi et al,, 2019)[23,26— 131
29].Table 1 summarizes the extracted data of the included studies. 132
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Identification of studies via databases and registers

| Identification of studies via other methods

Records identified from Records removed before
._E Databases: screening: Records identified from:
=
g »  PubMed (n =820) > Duplicate records removed: Citation searching (n=15)
; «  ScienceDirect (n=124) (n=64)
«  Total (n=1004)
Records screened: Records excluded: Reports sought for refrieval:
{n=940) *| (n=7128) (n=12)
g l Reports excluded (n=210}: l Reports excluded:
N Not on Concussion (n =133) A
Reports assessed for eligibility: _ Reports assessed for eligibility: | Not mTBI (n=11)
(n=214) | Revewmnead (n=12)
3 Studies included in review:
2| | m=5 .
£
Figure 1. PRISMA diagram.
Table 1. Summary of characteristics and results of the included studies. DLPFC = Dorsolateral Pre-
frontal Cortex; Dual N-Back WMT = Dual N-Back Working Memory Test; HRSD = Hamilton Rating
Scale for Depression; HIT-6 = Headache Impact Test-6; MADRS = Montgomery—Asberg Depression
Rating Scale; PHQ-9 = Participant Health Questionnaire-9; PPCS = Persistent Post Concussion
Symptoms; RPQ = Rivermead Post-Concussion Questionnaire; rTMS = repeated Transcranial Mag-
netic Stimulation; tDCS = transcranial Direct Current Stimulation; VAS = Visual Analogue Scale.
Author Design Patients Target Outcome Stimulation | Sham proto- Outcomes
[refer- measure protocol col
ence]
De Double- N=12 with cogni- | Left Cognitive Three  ses- | Three ses-
Launay blind tive PPCS DLPEC symptoms sions of an- | sions of | -No changes in faster
etal.[26] | sham-con- (working odal tDCS | sham tDCS | reaction time in both
trolled clin- memory): for 20 | for 20 | sham and active
ical trial Dual N- | minutes at | minutes at | -Improved N2 and N3
Back WMT 1.5mA 1.5 mA level accuracy in ac-
tive tDCS
Leung et | Single- N=24 with post- | Left Mo- | Headaches: | Three ses- | Three ses-
al. [27] blind concussion tor Cortex | Daily head- | sions of | sions of | Reduced intensity of
sham-con- | chronic headache achediary | rTMS 2000 | sham rTMS | persistent headache
trolled clin- pulses (20 | 2000 pulses | and debilitating
ical trial trains of 100 | (20 trains of | headache exacerba-
pulses at | 100 pulses at | tion score in active
10Hz) in one | 10Hz) in one | TMS
week week
Leung et | Single- N=29 with persis- | Left Depression: | Four ses- | Four  ses-
al. [28] blind tent concussion- | DLPFC HRSD sions of ac- | sions of | -Improved HRSD
sham-con- | related headaches Headaches: | tiverTMS (20 | sham rTMS | level in active rTMS
trolled clin- | (mTBI-HA) VAS trains of 100 | (over treat- | - Reduced intensity of
ical trial pulses at | ment area) persistent headache
10Hz) and debilitating

133
134

135
136
137
138
139
140
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headache exacerba-
tion score in active
rTMS at both one-
and four-week assess-
ments

Mous- Random- N=18 with PPCS | Left General 13 treatment | 13 treatment
savi et al. | ized dou- | and depression in | DLPFC PPCS: RPQ | sessions of | sessions of | -Decreased RPQ3 and
[29] ble-blind two groups: short low- fre- | low fre- | MADRS in both ac-
sham-con- | and long dura- Depression: | quency quency tive and sham in
trolled trial | tions of symp- MADRS rTMS within | rTMS within | group with short du-
toms three weeks | three weeks | ration of symptoms
(25 trains of
30 pulses at - Decreased RPQ13 in
20 Hz) active group with
short duration of
symptoms
- Non-significant de-
crease of RPQ3 and 13
for patients with long
duration of symp-
toms
- No MADRS im-
provement for pa-
tients with with long
duration of symp-
toms
Stilling et | Random- N=20 patients | Left Headaches: | 10sessionsof | 10 sessions
al. [23] ized dou- | with PTH and | DLPFC Daily head- | rTMS 10 | of sham | -Non-significant de-
ble-blind PPCS ache diary + | trains of 60 | rTMS in two | creased headache se-
sham-con- HIT-6 pulses and at | weeks verity in both active
trolled trial 10Hz in two and sham groups
Depression: | weeks -Significant decrease
PHQ-S of depression in ac-
tive group

In the following sections, using a symptom-based approach, we detail the literature
upon therapeutic effects of tDCS and rTMS on patients with PPCS.

3.1. Cognitive Symptoms

Alterations in learning, attention, processing speed and executive functions are the
most commonly reported cognitive symptoms in patients with PPCS [30]. Some studies
report that up to 50% of patients who had a concussion still suffer from cognitive impair-
ments at one-year follow up [31]. However, these alterations may not be always detectable
on standard neuropsychological tests or simple cognitive tasks [32].

Our literature search retrieved only one double-blind sham-controlled crossover clin-
ical trial investigating cognitive symptoms. This study evaluated the effectiveness and
tolerability of multi-session anodal tDCS in a group of young patients (10 females and 2
males, mean age: 15.9 years) who sustained a concussion at least one month prior to in-
clusion and experience PPCS [26]. They applied three sessions of anodal tDCS to the left
DLPFC (20 minutes at 1.5mA) and assessed its effect on the performance of working
memory using a dual-task paradigm. All the patients were asked to perform an auditory-
visuospatial dual N-Back working memory task with four levels of difficulty which was
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launched after the first minute of tDCS and terminated before the end of stimulation. Alt- 157
hough both the active (n=6) and the sham (n=6) groups were performing at the ceiling 158
level for the first two levels, the authors reported a continuous improvement for the two 159
more difficult levels for the active tDCS group over the three sessions. Between group 160
comparisons revealed that active tDCS group performed significantly better than sham 161
tDCS group on day 2 in N-Back level 2 (p=0.019). No serious adverse events were reported 162
for both the active and sham tDCS groups; however, itching, pain and burning were 163
among the most prevalent minor side effects. In this quasi-randomized controlled trial, 164
the authors concluded that tDCS was well tolerated and could improve working memory 165
performance of young patients with PPCS, supplement to behavioural interventions. The 166

authors delegated the determination of efficacy to subsequent clinical trials. 167
No research investigating the effects of rTMS on cognitive functions was found. 168
3.2. Headache 169

As defined by the 3 edition of The International Classification of Headache Disor- 170
ders, headaches beginning within the first 7 days of head injury are called “headaches 171
attributed to traumatic injury to the head” (mTBI-HA) [33]. Acute mTBI-HA are those 172
which are resolved within 3 months and headaches lasting more than 3 months are re- 173
ferred as to persistent post-traumatic headaches. To date, there is no pharmacological 174
treatments able to fully alleviate these mTBI-HA and all the most commonly prescribed 175
medications, such as narcotics, anticonvulsants, and tricyclics, are associated with abusive 176
or undesired psychosomatic adverse effects [34]. 177

In the context of NIBS, three studies were found investigating mTBI-HA. 178

A previous single-blind sham-controlled parallel clinical trial evaluated the thera- 179
peutic effects of three sessions of neuro-navigated rTMS on 24 patients (21 males and 3 180
females, mean age: 14.3+12.6, 12 patients per group) with chronic headaches following a 181
concussion [27]. Mean duration of mTBI-HA was 178+176 months for active, and 163+142 182
months for sham group patients at baseline. Researchers delivered a total of 2000 pulses 183
(20 trains of 100 pulses at 10Hz) on the left primary motor cortex in the 12 patients allo- 184
cated to the active rTMS group (age: 41.2+14 years). For the patients in the sham group 185
(age: 41.4£11.6 years), the location was the same but the treatment side of the coil was 186
positioned 180° away from the scalp. After intervention, authors stratified patients in two 187
subgroups according to headache type; “persistent” headaches referring to non-disap- 188
pearing daily headaches, and “debilitating” headaches exacerbation which seriously alter 189
the normal daily activity. One week after intervention, the active group showed a signifi- 190
cantly higher reduction in the intensity of persistent headaches as assessed by visual ana- 191
log scale compared to the sham group. In addition, the debilitating headaches were sig- 192
nificantly reduced at four-week in the active group, while remaining similar in the sham 193
group. However, authors did not directly compare the changes of headache measures be- 194
tween active and sham groups. Eventually, authors concluded that three sessions of -TMS 195
delivered on the left M1 may diminish mTBI-HA symptoms without persistent side ef- 196
fects. 197

In another similar single-blind sham-controlled clinical trial conducted by the same 198
team, the authors evaluated the headache-alleviating effects of four sessions of rTMS (20 199
trains of 100 pulses at 10Hz) on the left DLPFC in 29 (6 females and 23 males, mean age: 200
34.1+7.9 years) veterans with mTBI-HA [28]. They followed the same abovementioned 201
procedure to determine the intensity of stimulation. However, the time since injury is not 202
clearly reported, patients in the active group had a mean mTBI-HA duration of 95+83 203
months and 99+58 months in the sham group. The active group showed a significantly 204
higher reduction in daily persistent headache intensity at one and four-week post-inter- 205
vention visits compared to patients in the sham group (p<0.001). Regarding debilitating 206
headaches, the active group showed a significant improvement at both one (p=0.0001) and 207
four-week (p=0.001) post-intervention assessments, while no change was observed in the 208
sham group. There were no adverse events. The authors concluded that this intervention 209
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could reduce the mTBI-HA symptoms; however, further investigation of a clinical proto- 210
col is needed to balance both patient compliance and treatment efficacy. 211

Finally, a double-blind randomized parallel controlled trial examined the efficacy of 212
10 sessions of left DLPFC rTMS on 20 patients (18 females and 2 males, mean age: 36+11.4 213
years) with persistent post-traumatic headache and PPCS [23]. rTMS was applied at 10Hz, 214
in 10 trains of 60 pulses and within two weeks. The authors included 18 to 65 years old 215
patients who had persistent post-traumatic headache according to the 3t edition of Inter- 216
national Classification of Headache Disorders criteria or PPCS based on the 10th edition 217
of international classification of diseases, for a duration of at least 3 months and maximum 218
5 years. There was only one male patient in each group and the mean age was significantly = 219
higher in the active group compared to the sham group (40.3+11.2 vs. 31.6+10.4). Patients 220
had an average number of previous concussions of 2.06+1.16 and the mean time from pre- 221
vious concussion was 2.5 years (32.5+13.9 months). In the active group, mean headache 222
frequency showed a significant decrease at one-month post-intervention in comparison 223
with baseline (p=0.030). In addition, descriptive models showed a higher decrease in head- 224
ache frequency per 14 days for the active versus the sham. Finally, authors reported that 225
60% of patients in the rTMS group returned to work after completing the study; however, 226
this rate was 10% for patients in the sham group (p=0.027) [23]. Therefore, these studies 227
show that rTMS sessions seem to relieve persistent headaches experienced by patients. 228
Although the results were not statistically significant, authors concluded that rTMS ses- 229

sions seem to relieve persistent headaches experienced by patients. 230
No research investigating the effects of tDCS on headaches was found. 231
3.3. Psychological Symptoms 232

To date, the bio-psycho-socio-ecological model [35] integrates the effect of psycho- 233
logical factors on the recovery from concussion; thus, treatment of psychological symp- 234
toms might also impact the recovery of non-psychological complications [36]. Conven- 235
tional medical therapies (e.g., antidepressants or anxiolytics), psychological approaches 236
and rehabilitation interventions are commonly used for these symptoms [36]; however, 237
they are mostly based on trials assessing primary mental health disorders, while brain 238
depressants for treating TBI-related major depressive disorder have been challenged by a 239
meta-analysis [37] and cognitive behavioural therapy has also shown limited benefits for 240

immediate and short-term psychological PPCS [38]. 241
Three clinical trials on NIBS aiming to treat psychological symptoms following con- 242
cussion were identified. 243

A single-blind sham-controlled clinical trial assessed the effect of four sessions of 244
high-frequency rTMS (10 Hz) on the left DLPFC on depression (as well as on headache, 245
see previous section) [28]. Baseline evaluations showed that patients in both active and 246
sham groups were suffering from a very severe degree of depression based on the Ham- 247
ilton Rating Scale for Depression. One week after the intervention, patients in the active 248
group had significantly lower depression scores in comparison with the sham group 249
(p=0.033), reclassifying them from severe to moderate depression. Although not signifi- 250
cantly different from the sham group, this improvement lasted until the last follow-up 251
point, 4 weeks after the end of the stimulation sessions. Authors concluded that this short 252
course rTMS intervention may have transient mood-enhancing effects. 253

Another randomized double-blind sham-controlled trial assessed the therapeutic ef- 254
fects of low-frequency rTMS (25 trains of 30 pulses at 20 Hz) on the left DLPFC in 18 (9 255
males and 9 females, mean age: 49.5+12.4 years) patients with PPCS and depression [29]. 256
Each patient received a total of 13 treatment sessions over three weeks and the outcomes 257
were measured using the Rivermead Post Concussion Questionnaire (RPQ) and the Mont- 258
gomery-Asberg Depression Rating Scale, immediately after, at one month and two 259
months after the intervention. A total of 750 pulses per day (25 trains of 30 pulses at 20 260
Hz) were delivered to patients in active group. The general baseline Montgomery-Asberg 261
Depression Rating Scale score of 18 participants showed mild depression. Depression 262
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severity was significantly decreased in patients with shorter duration of symptoms inboth 263
active and sham groups and this improvement was significantly higher in patients in the 264
active group. In contrast, patients with longer duration of symptoms showed no improve- 265
ment in neither sham nor active group. Authors attributed this difference to the baseline 266
Montgomery-Asberg Depression Rating Scale score which was higher in patients with 267
longer duration of symptoms. Authors compared the difference of Montgomery-Asberg 268
Depression Rating Scale score from baseline, between sham and active rTMS groups, 269
which revealed no significant difference at any follow-up points in both subgroups of pa- 270
tients with longer and shorter duration of symptoms. Finally, authors concluded that 271
rTMS is a potentially effective treatment for patients with PPCS with a recent concussion 272
less than one year post injury. 273

In a study described above (see section on headaches), researchers used the Partici- 274
pant Health Questionnaire-9 for evaluating depression in post-traumatic headache pa- 275
tients [23]. They observed a significant decrease of depression score at one month after 276
intervention in comparison with baseline in active group patients. Comparisons between 277
sham and active rTMS groups did not reveal any significant differences. 278

No research investigating the effects of tDCS on psychological symptoms was found. 279

3.4. PPCS General Symptoms 280

Concussions and their related comorbidities are often viewed as a spectrum of 281
disorders, and as a result, healthcare providers may encounter challenges when 282
attempting to categorize all the associated signs and symptoms within a singular specific =~ 283
category. This complexity arises from variations in the mechanisms of injury and the high 284
incidence of comorbid conditions [39]. To evaluate the extent of post-concussion 285
symptomatology and compare it to the individual's pre-injury state, the RPQ 286

questionnaire offers a comprehensive assessment [40]. 287
Our search retrieved only one clinical trial reporting the effects of NIBS on general 288
symptoms of PPCS. 289

In an abovementioned study (see section on psychological symptoms), researchers 290
evaluated the effect of DLPFC rTMS on the general PPCS symptoms using RPQ, 291
immediately after, 30 days and 60 days after intervention [29]. Considering two subgroups 292
of patients with short- and long-term symptoms, RPQ3 (first three RPQ items) score was 293
decreased in patients with short-term symptoms in both sham and active groups; 294
however, there was no significant between-group differences. On the other hand, RPQ13 295
(next 13 RPQ items) score had a significantly higher decrease in patients with short-term 296
symptoms who received active in comparison to sham patients. In contrast, no significant 297
decrease of RPQ3 and RPQ13 scores was reported for the patients with longer duration of 298

symptoms in both sham and active rTMS groups at any assessment points. 299
No research investigating the effects of tDCS on general symptoms was found. 300
4. Discussion 301

In the present review, we aimed to explore the potential of NIBS as a therapeutic 302
approach to help managing PPCS. After conducting a comprehensive literature review, 303
we included a total of five controlled studies: one using tDCS and four rTMS. The tDCS 304
study focused on cognitive symptoms [26] while the rTMS studies considered a diversity 305
of symptoms, including depression, headaches, and general manifestations of PPCS de- 306
velopment [23,27-29]. The tDCS study and three of the rTMS studies stimulated the left 307
DLPFC, while one rTMS study targeted the left primary motor cortex. Overall, the find- 308
ings from these studies indicate a positive impact of neuromodulation techniques on the 309
common symptoms experienced by patients with PPCS. Notably, improvements were ob- 310
served in cognitive deficits, headaches, and psychological symptoms such as depression. 311

4.1. Which Post-Concussion Symptoms Were Investigated, and Which Ones Remain 312
Unexplored? 313
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PPCS is known to include a spectrum of symptoms, with the most common described 314
as somatic, emotional, cognitive and sleep-related [6]. Regarding headaches, rTMS 315
demonstrated a significant decrease in their intensity [23,27,28]. For cognitive functions, 316
the only included tDCS study showed improvement on working memory [26]. Depression 317
also exhibited significant improvement following rTMS sessions in one study [23], alt- 318
hough its effectiveness appeared diminished four weeks post-treatment [28] or among 319
patients with prolonged depression [29]. Lastly, the assessment of general symptoms us- 320
ing the RPQ did not yield any significant results after rTMS treatment [29]. Interestingly, 321
none of the articles included in this review addressed sleep-related complaints, despite 322
their common occurrence after concussion [39]. A recent study involving healthy student 323
athletes found that bifrontal anodal tDCS appears to augment sleep duration and quality, 324
as demonstrated by significant improvement on the Pittsburgh Sleep Quality Index, In- 325
somnia Severity Index, and Athlete Sleep Screening Questionnaire following only two 326
nights of tDCS treatment [41]. Additionally, a systematic review revealed that techniques 327
such as r'TMS and tDCS, targeting different brain areas (i.e, DLPFC, (pre)motor, sen- 328
sorimotor, auditory, posterior parietal, parieto-occipital, temporal or cerebellar cortex), 329
show promise in enhancing both subjective and objective sleep quality and reduce sleep 330
disturbances in conditions like insomnia, as well as in other conditions in which sleep is 331
deteriorated (e.g., Parkinson’s disease, restless leg syndrome, depression, anxiety) [42]. 332
However, these results have to be interpreted with caution as uncontrolled and quasi ex- 333
perimental studies with high risks of bias were included in this review [42]. Nonetheless, 334
investigating such neuromodulation approaches on sleep disturbances deserves further 335
investigation in the context of PPCS. 336

4.2. What Are the Main Targeted Brain Areas? 337

Four out of five studies focused on stimulating the left DLPFC. The DLPFC plays a 338
pivotal role in the integration of motor and behavioral functions, as well as executive func- 339
tions such as planning, working memory, and cognitive flexibilities [43]. This cortical re- 340
gion exhibits extensive connectivity with both cortical and subcortical brain regions such 341
as the orbitofrontal cortex, basal ganglia, thalamus, and associative cortical areas [43,44]. 342
The DLPFC seems further involved in depression as rTMS on DLPFC for treating clinical =~ 343
depression seems to be effective and has been FD A-approved for over 20 years. However, 344
the underlying neural mechanisms of this antidepressant effect is not well understood yet 345
[45]. One recently published neuroimaging study has shown that the orbitofrontal-hippo- 346
campal pathway may have a role in rTMS-mediated depression relief [45]. Furthermore, 347
it is also assumed that the DLPFC has a role in inhibiting nociceptive transmission and 348
thereby, high-frequency rTMS on this site can induce analgesic effects for patients suffer- 349
ing from migraines through restoring the motor cortical excitability [46]. The DLPFC 350
therefore appears as a prime candidate to reduce psychological PPCS. 351

Another region that has been targeted in one study is the left motor cortex (M1). The 352
M1 is primarily recognized for its crucial role in initiating voluntary movements by trans- 353
mitting signals to lower motor neurons in the spinal cord [47]. Furthermore, NIBS tech- 354
niques have provided indications that M1 may also contribute to higher cognitive pro- 355
cesses, including attention, learning, and motor consolidation [48]. In another study, re- 356
searchers opted to apply rTMS to M1, given its established effectiveness in alleviating pain 357
associated with central nervous system origins [27]. Consequently, this approach held 358
promise for reducing the intensity and duration of headaches [27]. The results demon- 359
strated a significant reduction in mTBI-HA, suggesting that M1 could indeed be prefera- 360
bly targeted to alleviate mTBI-HA. 361

4.3. What is the Optimal NIBS Technique for Managing PPCS? 362

Despite the small number of studies, it is worth highlighting the noticeable disparity 363
in the number of rTMS studies as opposed to tDCS. In recent years, rTMS has gained 364
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considerable attention due to its successful applications in a variety of conditions, includ- 365
ing depression [49], obsessive compulsive disorder [50] or post-traumatic stress disorder 366
[51]. This could be the reason why most studies utilized this technique. However, tDCS 367
emerges as a valuable option compared to rTMS, as it offers several benefits, including 368
the option for home-based interventions, easy administration, and cost-effectiveness [20]. 369
These factors position tDCS as a more accessible and convenient alternative for the long- 370
term treatment and management of symptoms related to PPCS. We therefore advocate for 371
greater research attention for this approach. 372

However, neuromodulation, especially tDCS, should not be considered in isolation 373
but rather combined with other therapeutic approaches, such as cognitive/physical reha- 374
bilitation, psychological interventions (e.g., cognitive behavioral therapy), or virtual real- 375
ity [52,53] to enhance its effects overall patient outcomes. In particular, physical rehabili- 376
tation is increasingly recognized as a proactive way to prevent the development of PPCS. 377
Indeed, although it is advised to rest in the initial 48 hours after a concussion [11], pro- 378
longed physical inactivity beyond this timeframe could hinder the patient's recovery pro- 379
cess [54]. Recently, three studies explored the impact of aerobic exercise on athletes with 380
early concussion symptoms (<10 days following sports-related concussion) [55-57]. The 381
findings from these studies demonstrate that aerobic exercise, even after a single session, 382
accelerates concussion recovery safely and reduces the risk of developing PPCS. A recent 383
systematic review also highlighted the evidence supporting the idea that early aerobic 384
treatment shortens recovery time [11]. Aerobic exercise is believed to yield positive psy- 385
chological effects, potentially reducing the perception of symptoms in patients [58]. Fur- 386
thermore, concussion pathophysiology involves metabolic and physiological changes, 387
such as disruptions in the autonomic nervous system function and cerebral blood flow 388
control [59]. Interestingly, it is suggested that sub-threshold aerobic exercise may alleviate 389
persistent post-concussive symptoms by influencing the regulation of cerebral blood flow 390
[60]. In addition, participants showed good adherence, tolerance, and no adverse effects. 391
However, it is important to emphasize that the intensity of aerobic exercise may only be 392
heightened in the absence of recurring symptoms [11]. This could be easily integrated with ~ 393
neuromodulation, potentially leading to further reduction in symptoms intensity and bet- 394
ter recovery. 395

4.4. What Is the Existing Evidence in Other TBI Populations? 396

During the screening process, three tDCS and two rTMS studies were excluded be- 397
cause they did not met our concussion diagnosis inclusion criteria [61], or grouped pa- 398
tients with different levels of TBI [62-65]. Their results are nevertheless noteworthy to 399
mention. 400

The effects of 10 daily 30-minute sessions of concurrent executive function training 401
and active or sham anodal tDCS (2mA, left DLPFC) were evaluated on patients with mild 402
and moderate TBI [66]. Post-traumatic symptoms and executive functions were signifi- 403
cantly improved in both groups compared to baseline; however, the active tDCS group 404
showed a significantly higher improvement in working memory reaction time and alower 405
connectivity between the executive and salience networks, as assessed by functional mag- 406
netic resonance imaging. In another study, the same team evaluated the effect of 10 ses- 407
sions of 30-minute active or sham anodal tDCS (2mA, DLPFC) combined by computerized 408
executive function training on PPCS in a group of patients with mild and moderate TBI =~ 409
[62]. Depression, anxiety, executive function and complex attention were significantly im- 410
proved in both groups with no significant between-group differences. Moreover, active 411
stimulation resulted in an increased cerebral blood flow in the right inferior frontal gyrus 412
while sham was associated with reduced cerebral blood flow compared to baseline, as 413
assessed by magnetic resonance imaging. In addition, a previous research reported that 414
multiple sessions of 20-minute anodal tDCS (1.5 mA, anodal at left DLPFC and cathodal 415
at right DLPFC) showed greater attenuation of aggression and an improved quality of life 416
compared to the control group in concussed patients with objectifiable brain injury [61]. 417
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In the same study, another group received mindfulness-based stress reduction therapy 418
and showed better improvement in aggression and quality of life compared to the tDCS 419
group. This study was not included in the review because its inclusion criteria (i.e., post- 420
traumatic amnesia >1 hour, skull fracture) were different from the ones used for this scop- 421
ing review. 422

The effectiveness of low-frequency rTMS over the right DLPFC for 20 days was as- 423
sessed in TBI-related depressive symptoms [64]. Neuropsychiatric symptoms were eval- 424
uated, and diffusion tensor imaging analysis was used to assess the effect of rTMS on 425
white matter integrity after 20 sessions of rTMS compared to baseline. The authors re- 426
ported a small (g=0.16) effect size of r'TMS on depression scores using Hamilton Rating 427
Scale for Depression, as well as a small (g=0.19) effect size on white matter changes and 428
concluded limited benefits in this population of patients. Despite randomization, all pa- 429
tients in the active group had a mild TBI, while the sham group included both mild and 430
moderate TBI. Treatment-resistant depression was also targeted using 20 sessions of high- 431
frequency bilateral rTMS over the left and right dorsolateral prefrontal cluster based on 432
individualized resting-state network mapping [65]. They included patients with mild and 433
moderate TBI and reported a significantly higher improvement in Montgomery-Asberg 434
Depression Rating Scale score of the active group. Based on these findings, the current 435
findings are similar to what was found for concussion. In this context, tDCS and rTMS 436
appear beneficial in ameliorating a wide range of clinical manifestations following mild 437
and moderate TBIL. However, it remains evident that further research is necessary before 438
their practical implementation in clinical settings can be fully realized. 439

4.5. Limitations 440

Several limitations must be considered when interpreting the findings of this review. 441
One notable limitation is the scarcity of human studies specifically investigating the ap- 442
plication of such neuromodulation techniques for patients with PPCS as only five studies 443
were included. Furthermore, most studies included exhibited small sample sizes, ranging 444
from 12 to 29 patients enrolled. The use of such limited cohorts may impact the statistical =~ 445
power and generalizability of the results. In addition, there is still subtle controversy and 446
disparity in criteria for defining mTBI/concussion, which resulted in exclusion of some 447
related studies from our review. It is strongly recommended that researchers adhere to 448
united diagnostic criteria for concussion to favour between-studies comparability. The 449
American Congress of Rehabilitation Medicine has recently developed diagnostic criteria 450
for mTBI which has also been used by this review to filter studies on concussion [25]. 451

Another important concern is the lack of standardized protocols for both tDCS and 452
rTMS in the treatment of PPCS. In the studies reviewed, the number of treatment sessions 453
varied from three to thirteen, and the number of pulses in rTMS varied significantly, rang- 454
ing from 600 to 2000 pulses. This variability in stimulation parameters, such as intensity, 455
duration, frequency, number of sessions, or electrode placement can lead to inconsistent 456
results, making it difficult to reach definitive conclusions. 457

Moreover, the studies considered in the present review each employed protocols that 458
showed significant variability in terms of time elapsed since the injury (ranging from 28 459
days up to five years). Consequently, there is a substantial range in both the prolonged 460
nature of the injury and the persistence of symptoms, which likely impacts the potential 461
effectiveness of the applied technique. Furthermore, the existing studies have primarily 462
concentrated on employing neuromodulation as a treatment method after PPCS has al- 463
ready developed. Nonetheless, there is a significant rationale for utilizing neuromodula- 464
tion as a preventive strategy in the acute stage of the injury. Indeed, this approach could 465
potentially prevent the onset of PPCS, thus facilitating the recovery process. To the best 466
of our knowledge, no studies have assessed the use of neuromodulation in patients with 467
acute symptoms, and this aspect should also be subject to investigation. 468

Finally, there was a variety regarding outcome measures among the studies included 469
in our review, primarily due to the use of different questionnaires. These discrepancies 470
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may interfere with the ability to directly compare the obtained findings. For example, two 471
studies [27,28] utilized a simple numeric rating scale to assess headache intensity, while 472
another study [23] used a more specific and validated questionnaire, the Headache Impact 473
Test-6. Similarly, when measuring depression, two studies have used the Hamilton Rating 474
Scale for Depression [27,28], one has used the Montgomery-Asberg Depression Rating 475
Scale [29], and another has used the Participant Health Questionnaire-9 [23]. These scales 476
have different severity ranges for depression, potentially leading to different interpreta- 477
tions. 478

5. Conclusions 479

In conclusion, neuromodulation could improve some of the symptoms experienced 480
by patients suffering from PPCS. Our review has highlighted several important findings 481
that might guide future research and clinical practice in this field. Firstly, targeting the left 482
DLPFC, due to its critical role in brain functions, appears to be the most promising ap- 483
proach for targeting the diversity of PPCS. Secondly, rTMS is the most frequently studied = 484
neuromodulation technique for improving outcome in patients with PPCS. Furthermore, 485
it is increasingly apparent that advocating for the combination of techniques, such as neu- 486
romodulation and aerobic exercise, could offer greater benefits and be recommended for 487
patients. While only tDCS and rTMS studies were conducted so far, other perspectives 488
would be to explore alternative neuromodulation techniques, such as testing transcranial 489
alternating current at specific frequencies (e.g., alpha) or employing bottom-up stimula- 490
tions such as transcutaneous auricular vagus nerve stimulation, which could promote 491
thalamocortical activation. 492

Finally, it is important to acknowledge that the existing literature in the field of neu- 493
romodulation for PPCS is still limited. The number of studies available is scarce, and the 494
sample sizes in these studies remain relatively small. In addition, the lack of standardized 495
protocols and questionnaires across studies prevents direct comparisons and definitive 496
conclusions. In summary, while the application of neuromodulation techniques, specifi- 497
cally rTMS over the left DLPFC, shows promise in addressing PPCS symptoms, thereisa 498
need for more comprehensive research. Larger-scale studies and standardized protocols 499
seem essential, specifically protocols targeting distinct symptoms or integrating neuro- 500
modulation with other strategies, in order to enhance treatment outcomes for individuals 501
with PPCS. 502
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Research question : ("Acquired brain injury" OR "Traumatic brain injury" OR "Brain
injury" OR "Head injury" OR "Craniocerebral trauma" OR "PPCS" OR "persistent post con-
cussive syndrome” OR "persistent post concussion syndrome” OR "concussion” OR "post
concussion symptoms" OR "Brain Concussion" OR "Sports Related Concussion") AND
("NIBS" OR "non-invasive brain stimulation" OR "brain stimulation" OR "neuromodula-
tion" OR "Transcranial magnetic stimulation" OR "Theta-burst stimulation" OR "Transcra-
nial Electrical Stimulation" OR "Transcranial direct-current stimulation" OR "Transcranial
Alternating current stimulation").
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