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Abstract  
This chapter investigates noninvasive brain stimulation (NIBS) approaches for managing cognitive impairments in patients following traumatic brain injury (TBI). Despite limited treatment options, NIBS techniques, notably transcranial direct current stimulation (tDCS) and repetitive transcranial magnetic stimulation (rTMS), show promise as interventions, by offering the ability to modulate neural activity in targeted brain regions. In this chapter, we provide an overview of the current literature employing these techniques, examining cognitive deficits and the associated improvements following NIBS across mild, moderate, and severe TBI cases, with a primary focus on evidence derived from randomized controlled trials.
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AOC: alteration of consciousness
CRS-R: Coma Recovery Scale - Revised
DLPFC: dorsolateral prefrontal cortex
DoC: disorders of consciousness
GCS: Glasgow Coma Scale
LOC: loss of consciousness
M1: primary motor cortex
MCS: minimally conscious state
NIBS: non-invasive brain stimulation
PPCS: persistent post-concussive symptoms
preSMA/ACC: pre-supplementary motor area/anterior cingulate cortex
PTA: post-traumatic amnesia
rTMS: repetitive transcranial magnetic stimulation
TBI: traumatic brain injury
tACS: transcranial alternating current stimulation
tDCS: transcranial direct current stimulation
tRNS: transcranial random noise stimulation
T-PEMF: transcranial pulsed electromagnetic field stimulation
UWS: unresponsive wakefulness syndrome









1. Introduction 
Traumatic brain injury
Traumatic brain injury (TBI) is a major source of disability worldwide and imposes a burden to healthcare systems. Defined as "an alteration in brain function, or other evidence of brain pathology, caused by an external force" (Menon et al., 2010), TBI global incidence is estimated between 27 to 69 million injuries annually, predominantly attributed to falls and road traffic accidents (Global Burden of Disease Study 2013 Collaborators, 2015; Dewan et al., 2018). TBI incidence across Europe ranges from 47 to 849 per 100,000 individuals annually across all age groups and severity levels (Brazinova et al., 2021). Nevertheless, these figures may underestimate the actual prevalence, as many milder TBI cases likely go unreported due to individuals not seeking medical care (Taylor et al., 2017). 
The severity of TBI is generally determined by the extent of specific clinical criteria and structural imaging alterations. Clinically, the severity of TBI is categorized into ‘mild’, ‘moderate’ and ‘severe’ based on clinical parameters including the Glasgow Coma Scale (GCS), duration of alteration of consciousness (AOC) or loss of consciousness (LOC), post-traumatic amnesia (PTA) and structural imaging findings (Rao and Lyketsos, 2000; Pavlovic et al., 2019). This categorization is necessary for the prognostic of recovery following a TBI. Mild TBI is characterized by a GCS score of 13–15, an AOC lasting less than 24 hours, a LOC under 30 minutes, a PTA under 24 hours, and an absence of structural alteration on conventional neuroimaging techniques (Rao and Lyketsos, 2000; Brasure et al., 2012). Moderate TBI is defined by a GCS score of 9–12, an AOC under 24 hours, a LOC ranging from 30 minutes and 24 hours, a PTA between 24 hours and 7 days, and a normal or anormal structural imaging (Rao and Lyketsos, 2000; Brasure et al., 2012). Severe TBI is identified by a GCS score of 3–8, an AOC exceeding 24 hours, a LOC above 24 hours and a PTA above 7 days, with a normal or anormal structural imaging (Rao and Lyketsos, 2000; Brasure et al., 2012) (see figure 1).  
Mild TBI, commonly referred to as concussion, is defined as “a physiological disruption of brain function resulting from traumatic force transmitted to the head” (McCrory et al., 2017) and represents the majority of TBI cases each year, accounting for over 80% of incidents. While typically perceived as benign with symptoms resolving within a few days, mild TBIs are now recognized as a significant concern due to the emergence of persistent post-concussive symptoms (PPCS) in up to 50% of patients (Korley et al., 2019). These symptoms greatly impact patients' daily lives (Agtarap et al., 2021). They commonly include cognitive impairments (e.g., executive functioning, attention, working memory deficits) alongside somatic (e.g., headaches, sensitivity to noise/light), emotional (e.g., anxiety, depression) and sleep-related complaints (Mayer et al., 2017). Despite the rising prevalence of mild TBIs and the high incidence of PPCS (Korley et al., 2019), there remains a paucity of research investigating strategies to address long-term impairments. 
Approximately 20% of TBI fall into the moderate to severe category, being responsible for important rates of mortality worldwide. While debates persist regarding the extent of disabilities associated with mild TBI, survivors of moderate to severe TBI face heightened risks of lifelong disability, primarily stemming from physical and cognitive impairments, social challenges, behavioral alterations, and personality changes (Dikmen et al., 2003; Azouvi et al., 2017). These limitations encompass a wide array of disabling factors, including diminished self-care abilities, reduced social integration and impaired employment prospects, significantly impacting patient well-being (Dikmen et al., 2003). 
In addition, due to disruptions in neural systems regulating arousal and awareness, individuals who sustained a severe TBI may suffer from disorders of consciousness (DoC) such as coma, unresponsive wakefulness syndrome (UWS), and minimally conscious state (MCS) (Giacino et al., 2002, 2004; Laureys et al., 2010). Coma is characterized by the absence of both arousal (eyes continuously closed) and purposeful behaviors (Plum and Posner, 1972). Following coma, patients may either die or experience a partial or complete recovery. UWS, formerly referred to as vegetative state, is characterized by regained arousal (i.e., eyes opened either spontaneously or following an auditory, tactile or nociceptive stimulation) but absence of signs of consciousness (Laureys et al., 2010). MCS corresponds to minimal but fluctuating evidence of awareness, and can be divided into MCS minus or plus (Giacino et al., 2002). MCS minus involves lower-level non-reflexive behaviors (e.g., visual pursuit and fixation, pain localization) and the absence of language-related behaviors (Giacino et al., 2002). Conversely, MCS plus is characterized by higher level non-reflexive behaviors (such as response to commands) and (partial) preservation of language-related behaviors (Thibaut et al., 2020). Patients emerging from MCS exhibit reliable and consistent evidence of awareness including functional communication and/or use of objects (see figure 2) (Giacino et al., 2002). 
[ PLEASE INSERT TABLE 1 HERE] 
Table 1. Diagnostic criteria of mild, moderate and severe TBI
[PLEASE INSERT TABLE 2 HERE]
Table 2. Diagnostic criteria of DoC
Cognitive impairments in TBI
Alterations in brain function resulting from TBI can persist for months to years after the injury and significantly affect the quality of life of patients. Cognitive functions are particularly susceptible following brain injuries. The extent of impairment is correlated with the severity of the injury (Draper and Ponsford, 2008), and linked to a distributed pattern of volume loss in regions crucial for memory and attentional processing (as observed in structural magnetic resonance imaging measures) (Levine et al., 2013). 
In mild TBI, a scoping review reported that up to 50% of patients suffer from cognitive deficits at 1-year follow-up (McInnes et al., 2017). Alterations in attention, memory and executive functions are the most commonly reported cognitive symptoms following mild TBI (Mavroudis et al., 2024). Furthermore, research suggests a progressive exacerbation of cognitive symptoms with each successive mild TBI; individuals who sustain three or more incidents report deteriorating executive function and attention over time (Lennon et al., 2023).
Moderate to severe TBI likewise causes deficits across various cognitive domains, including processing speed, attention, and executive function (Lennon et al., 2023). A longitudinal study conducted at the four-year post-injury mark in patients with severe TBI found that a significant portion of patients (58%) reported difficulties with memory, while a slightly lower percentage (48%) indicated experiencing deficits in attention (Jourdan et al., 2016). Notably, these patients also reported elevated rates of anxiety and irritability, as for individuals with mild TBI (Jourdan et al., 2016). Haut du formulaire
>> Start of box 1
Definitions of cognitive impairments (Harvey, 2019):
· Selective attention: the ability to focus on relevant and important information while ignoring other nonrelevant information.
· Attention/vigilance: the capacity to maintain focus over an extended period.
· Working memory: the ability to keep information in mind for adaptive use. This includes information from all sensory modalities and encompasses both verbal and nonverbal information.
· Executive functions: this cognitive domain includes reasoning and problem-solving, planning, or other complex cognitive tasks that require cognitive flexibility.
· Processing speed: refers to the assessment of cognitive processing that requires quick task performance, ranging from very simple to complex. It is often the strongest predictor of overall cognitive performance on cognitive assessment batteries.
<< end of box 1

Non-invasive brain stimulation to enhance cognitive functions
Existing treatments for cognitive impairments following TBI offer limited effectiveness. These available interventions encompass drugs, which offer inconsistent enhancements and are accompanied by notable side effects (Dougall et al., 2015), and cognitive rehabilitation, which, although demonstrating improvements in cognitive outcomes, does not easily translate into daily life (Hallock et al., 2016).
Haut du formulaire
Non-invasive brain stimulation (NIBS) techniques offer a means to modulate neural activity in targeted brain regions, holding potential for enhancing cognitive performance in patients. By inducing changes in neuronal membrane polarity and modulating neurotransmitter expression, NIBS techniques are thought to restore altered function following TBI. Their adaptability lies in their capacity to target diverse cortical areas, adjust frequencies and amplitudes, and importantly, their non-invasive nature. Notably, transcranial direct current stimulation (tDCS) and repetitive transcranial magnetic stimulation (rTMS) have been extensively investigated in various neurological disorders such as stroke, schizophrenia, depression, Parkinson’s disease, dementia, and multiple sclerosis (Begemann et al., 2020). A meta-analysis comprising 83 studies across these different neurological conditions highlighted that both rTMS  and tDCS positively impacted working memory across disorders (effect size for both techniques: 0.17) (Begemann et al., 2020). tDCS additionally improved vigilance (effect size: 0.19)  (Begemann et al., 2020). The other cognitive domains evaluated (i.e. processing speed, verbal fluency, verbal learning, social cognition) did not demonstrate to be modulated by rTMS and tDCS. This is also supported by a meta-analysis which included studies assessing the effect of NIBS on cognitive functions in a total of 197 patients with mild, moderate and severe TBI and showed an overall positive and moderate effect of active NIBS on cognitive outcomes, especially on attention, memory, and executive function (Ahorsu et al., 2021). Furthermore, these techniques have been shown to enhance working memory, episodic memory, perception, attention, and learning in healthy subjects, as highlighted in a recent review (Mattioli et al., 2024).
While the mechanisms underlying the improvement in cognitive functions are not fully understood, NIBS offer a potential therapeutic avenue for patients suffering from cognitive deficits following TBI. Moreover, combining NIBS with other treatments could maximize the potential for improvement.
The objective of this chapter is to offer a comprehensive review of current NIBS applications in addressing the cognitive impairments following TBI. Our discussion will primarily revolve around tDCS and rTMS within the spectrum of mild, moderate, and severe TBI (including DoC) cases, given their prevalent use in addressing cognitive symptoms. Emphasis will be placed on randomized controlled trials (RCTs), supplemented by references to open-label studies and case reports in specific sections.

2. Mild TBI 
Despite its potential interest, only a handful of NIBS studies have been conducted in patients with mild TBI so far (see Table 3).
tDCS
tDCS, with its ability to modulate cortical regions responsible for cognitive functions, holds promise for alleviating PPCS-related impairments. However, to date, only two studies evaluated the effect of tDCS in patients with mild TBI (Motes et al., 2020; Quinn De Launay et al., 2022), both with neuropsychological testing as outcome measures. One study targeted the left dorsolateral prefrontal cortex (DLPFC) with 3 sessions (Quinn De Launay et al., 2022), while the other targeted the pre-supplementary motor area and the anterior cingulate cortex with 10 sessions (Motes et al., 2020). Results from both studies indicated an enhancement in cognitive performance, with one study suggesting improvements in inhibition (measured with the Delis-Kaplan Color Word Interference Test – Inhibition time and inhibition/switching time (Delis et al., 2001)) and episodic memory (as measured by an increase in Rey Auditory Verbal Learning Test score (Rey, 1941)), and the other study showed enhanced working memory performance (assessed with the n-back test (Kane et al., 2007)). While both studies reported enhancements in the tested performances, sample sizes were small (n=10 and 14), potentially limiting the robustness of findings. Larger-scale studies are warranted to validate these preliminary results. 
rTMS
[bookmark: _Hlk169774955]In the case of mild TBI, the first RCT was conducted in 2018 (Lee and Kim, 2018), followed by one additional RCT (Siddiqi et al., 2019), and an open-label study (Meek et al., 2021), all targeting the DLPFC, with respectively 10, 20, and 30 sessions. Overall, rTMS applied to this region appeared to yield beneficial outcomes for individuals experiencing depression as a post-concussion symptom, with two studies (Lee and Kim, 2018; Siddiqi et al., 2019) showing significant enhancements and notable effect sizes in the Montgomery-Åsberg Depression Rating Scale (Asberg et al., 1978) and one study (Meek et al., 2021) in Beck Depression Inventory (Beck et al., 1988). Regarding cognitive functions, the findings suggested improvements in specific cognitive abilities, particularly inhibition (as measured by the Stroop Color and Word test (Stroop, 1935)) (Lee and Kim, 2018; Meek et al., 2021). Moreover, one study showed a significant improvement in processing speed and executive functions (assessed by the Trail Making Test B (Bowie and Harvey, 2006)) in the active group (Lee and Kim, 2018). However, for other cognitive functions (e.g., visual search and sequencing, working memory, verbal fluency, selective attention), these studies only indicated a trend toward improvement. In summary, while NIBS techniques like tDCS and rTMS show potential for improving some cognitive functions (i.e., inhibition, working memory, episodic memory) in mild TBI patients when targeting the DLPFC, further research with larger cohorts and rigorous methodologies is essential to establish their efficacy and applicability in clinical practice. Additionally, considering the complex nature of PPCS, comprehensive approaches are needed to address the multifaceted challenges faced by individuals with mTBI.
Other brain regions or the use of advanced multichannel tDCS device, could also be an avenue for optimized effects.
	[bookmark: _Hlk161747965]Authors
	NIBS
	Design
	Patients
(gender)
	Outcomes
	Site
	Intervention
	Control
	Results
	Limitations

	Motes 2020

	tDCS
	- RCT
- Single blind
- Prospective
	n = 14 veterans with chronic verbal retrieval deficits
(13 males)
	Neuropsychological battery:
-COWAT
-Category Fluency Test
-Boston Naming Test
-RAVLT Total Score
-RAVLT Delayed
-Digit Span Forward
-Digit Span Backward
-TMT A
-TMT B
-DKEFS Inhibition
-DKEFS inhibition/switching
-BDI-II
-BAI
	preSMA/ACC

	n = 8
(mean age: 40.9 y. ± 5, 7 males)
10 sessions (20-min, 1 mA) over 2 weeks 

	n = 6
(mean age: 40.8 y. ± 10.9, 6 males)
10 sessions of 20-min sham tDCS (60 sec ramp-up/down)

	- Increase in RAVLT score in the active group (vs. sham)
- Decrease in DKEFS inhibition time in the active group (vs. sham)
- Increase in fluency total score at 8-week follow-up
	- Small sample size


	De Launay 2022
	tDCS

	-Double blind
-Sham-controlled
-Quasi-randomized
	n = 10 patients with cognitive PPCS
(2 males)
	- N-back task (N-0, N-1, N-2, and N-3)
- PCSI

	Left DLPFC
	n = 5
(mean age:15.47 y.)
3 sessions (20 min, 1.5 mA)

	n = 5
(mean age: 16.22 y.)
3 sessions of 20-min sham tDCS

	-Faster reaction time in both groups on n-back 
-Improved accuracy in active group (vs. sham) 
	- Small sample size
- No follow-up
- No adaptive WM task

	Lee 2018

	rTMS
	- RCT
- Single blind
	n = 13 patients with post-TBI depression

	-TMT
-SCWT
-MADRS

	Right DLPFC
	n = 7
(mean age: 42.42 y. ± 11.32, 5 males)
10 sessions of 30-min low-frequency rTMS (1 Hz, 50 trains of 40 pulses) 
	n = 6
(mean age: 41.33 y. ± 11.02, 4 males)
10 sessions with sham coil with no stimulation 

	-Decrease in MADRS, TMT, SCWT post-intervention in the active group (compared to pre-, no change in sham)
-Strong effect sizes  (MADRS: 1.44, TWT: 1.49, SCWT: 1.24)
	
- No follow-up evaluation
- Small sample size


	Siddiqi 2019

	rTMS
	- RCT
- Single blind
	n = 15 patients with post-TBI depression 

	- MADRS 
- NIH toolbox Cognitive Battery – which includes the RAVLT; BVMT-R, PPVT, WRAT-4, WAIS (CD and SS subsets), SDMT, PASAT, WCST, CWIT
- NIH Toolbox Emotion Battery 
- Self-reported mood and headache
	Left DLPFC
	n = 9 (mean age: 43 y. ± 13, 7 males)
20 sessions of bilateral rTMS using left-sided stimulation (4000 pulses, 10 Hz) followed by low-frequency right-sided stimulation (1000 pulses, 1 Hz)
	n = 6 (mean age: 50 y. ± 18, 4 males)
20 sessions of sham rTMS

	-No difference between groups for cognitive scores
-Improvement in MADRS score post-intervention in the active group (vs. sham, effect size = 1.43)
	- Study finished before recruiting all participants
- Imperfect sham device


	Meek 2021

	rTMS
	Pilot
	n = 15 mean age: 46.1 y. ± 15
(8 males)

	-MMSE
-PCSS
-FAB
-SDS
-ABS
-NRS-R
-FSS
-AES
-VAS pain
-Cognitive testing: TMT A, TMT B, category fluency, phonemic fluency, Digit Span forward & backward
-BDI-II
-BAI

	Right DLPFC
	30 sessions of low-frequency rTMS (1,200 pulses delivered in twenty 60s trains with a 60s interval), 2x/day over 3 weeks (with a 15-min break between sessions)

	/
	-
- Significant improvement in Stroop and 2-back performance post-intervention
-Significant improvements in PCSS, NRS-R, SDS and VAS
-Trends for improvement in TMT A&B, Category and Phonemic Fluency, and Digit Span – forward post-intervention
-No change in all other measures
	



Table 3. Interventions in mild TBI patients. ABS = Agitated Behavior Scale, AES = Apathy Evaluation Scale, BAI = Beck Anxiety Inventory, BDI = Beck Depression Inventory II, BVMT-R = Brief Visuospatial Memory Test – Revised, CD = Edition Coding, COWAT = Controlled Oral Word Association Test, CWIT = Delis- Kaplan Executive Function Scales Color/Word Interference Test, DKEFS = Delis-Kaplan Color Word Interference Test, FAB = Frontal Assessment Battery, FSS = Fatigue Severity Scale, MADRS= Montgomery-Åsberg Depression Rating Scale, MMSE = Mini-Mental State Examination, NIH = National Institutes of Health, NRS-R =  Neurobehavioral Rating Scale–Revised, PASAT = Paced Auditory Serial Addition Test, PCSI = Post-concussion Symptom Inventory, PCSS = Post-Concussion Symptom Scale, PPCS = persistent post-concussive symptoms, PPVT = Peabody Picture Vocabulary Test, preSMA/ACC = pre-supplementary motor area/anterior cingulate cortex, RAVLT = Rey Auditory Verbal Learning Test, RCT = randomized controlled trial, SCWT = Stroop Color Word Test, SDMT = Oral Symbol Digit Modalities Test, SDS = Sheehan Disability Scale, SS = Symbol Search, TMT = Trail Making Test, VAS = Visual Analog Scale for Pain, WAIS = Wechsler Adult Intelligence Scale, WCST = Wisconsin Card Sorting Test, WM = working memory, WRAT =  Wide Range Achievement Test
3. Moderate and severe TBI 
As for mild TBI, to date, only a few RCTs investigated the use of NIBS, specifically tDCS and rTMS on patients with moderate to severe TBI (see Table 4).
Among the tDCS studies, three reported improvements post-treatment, while only one study showed no change. Interestingly, this study targeted the posterior parietal cortex, implicated in working memory functions. Conversely, the three studies targeting the DLPFC yielded more promising results. The first study (Leśniak et al., 2014) used a series of tests from the Cambridge Neuropsychological Tests Automated Battery (Robbins, 1994) to evaluate memory and attention in both visual and auditory modalities (for more details, see Table 4). Their findings showed enhanced cognitive performance in both the experimental and control groups. The second study (Sacco et al., 2016) explored divided attention using the Test of Everyday Attention (Zimmermann and Fimm, 2002). The results indicated that following tDCS treatment, patients in the experimental group exhibited significantly improved performance compared to their pre-treatment levels, with faster reaction times and fewer omissions. This improvement remained stable for one month post-treatment. In the last study (Ulam et al., 2015), patients were administered 19 neuropsychological tests including measures of inhibitory control, cognitive flexibility, verbal and visuo-spatial immediate and delayed memory, and emotion recognition (see Table 4). Of these, 15 (79%) demonstrated significant changes from pre- to post-treatment in both groups. However, no differences were found between the experimental and control groups for any of these tests.
 rTMS
Regarding rTMS, only a couple of studies have explored its efficacy in individuals with moderate to severe TBI. Results from one study showed no significant changes (Neville et al., 2019), while another (Hoy et al., 2019) indicated a trend toward improved cognitive functions in the Digit Span Backwards test (Banken, 1985) when comparing the treatment and control groups. Additionally, there was a trend toward improved performance within the treatment group on the Arithmetic and Trail Making Test B. The third study reported significant enhancements in executive functions (assessed with the Stroop Test Victoria Version, Five Point Test, and Backward Digit Span) although improvements were observed in both active and sham groups (Rodrigues et al., 2020). Consequently, rTMS has yet to demonstrate promising effects in this population, and tDCS seems to yield more beneficial effects.
	Authors
	NIBS
	Design
	Patients
(gender)
	Outcomes
	Site
	Intervention
	Control
	Results
	Limitations

	Leśniak 2014
	tDCS
	RCT
	n = 23 with severe TBI  and cognitive deficits
(17 males)
	- Cambridge Neuropsychological Test Automated Battery including PRM, SSP, and RVP + RAVLT, PASAT 
- Follow-up at 4 months
	Left DLPFC
	n = 12
15 sessions (10-min, 1 mA) followed by 60-min of cognitive training
	n = 11
Same condition, but tDCS was applied only during the first 30 sec.
	-Non statistically significant improvement in cognitive performance in both groups (tDCS > sham in six outcomes measures) 
- At follow-up, both groups showed improved performance in most tests
	 

	Rushby 2021

	tDCS
	-RCT
-Single blind
- Crossover

	n = 30 chronic moderate and severe TBI patients
(21 males, mean age: 50 y. ± 15.09)
	- N-back 
- Secondary outcomes: mood state and fatigue
	Left parietal cortex
	1 active session (20-min, 2 mA) and 1 sham session (5s ramp-up/down) in a randomized order, washout: 24h
	Opposite order of stimulation
	- No improvement in accuracy on WM tasks (1/2-back task)
- Small increase in reaction time with tDCS
- No difference in fatigue

	- Placement of anode
- No physiological measures

	 Sacco 2016
	tDCS
	RCT
	n = 32 patients with severe TBI
	-TEA
-RBANS
-BDI
-AES
-fMRI

	DLPFC
	n = 16 (37.7 y ± 10.4, 12 males)
10 sessions (20-min, 2 mA) 2x/day over 5 days
	n = 16 (35.2 ±  12.9, 14 males)
Same protocol with sham tDCS
	-Active group significantly improved in DA performance post-treatment (faster RT, fewer omissions).
- No change in RBANS performance
-Significant improvement in AES 

	 

	Ulam 2015
	tDCS
	-RCT
-Double blind

	n = 26 
Patients with (sub)acute moderate to severe TBI 
(22 males)
	Neuropsychological testing including TEA, WAIS-IV, WMIS-IV, CWIT, TASIT, HLVT, BVMT
- EEG 
	Left DLPFC
	n = 13 (mean age: 31.34 y. ± 9.8, 12 males)
10 sessions (20-min, 2 mA) during 10 consecutive days
	n = 13 (mean age: 35.7 y. ± 14.7, 10 males)
Same protocol with sham tDCS 
	- Significant improvements in neuropsychological tests in both active and sham groups, but the active group showed improvement in more tests

	- Greater number of antipsychotic medications in sham group
- Small sample size

	Neville 2019
	rTMS
	-RCT
-Double blind
-Placebo-controlled
	n = 30 patients with chronic TBI 
	Neurops-ychological test including TMT A&B, COWAT, Stroop, Five-Point Test, Digit Span (forward & backward), Symbol Digit Test, HVLT, BVMT and GPT at baseline, after 10 and 90 days. 
	Left DLPFC
	n = 17 (mean age: 32.62 y. ± 12.81, 15 males) 
10 sessions of 10 Hz rTMS (40 trains of 50 pulses)
	n = 13 (mean age: 29 y. ± 10.35, 12 males)
Same procedure with sham rTMS 
	No significant differences between groups in any neuropsychological test
	 

	Rodrigues 2020

	rTMS
	- RCT

	n = 27 patients with chronic severe TBI
	-Executive functions: Stroop test Victoria Version, Five Point Test, Digit Span – Backward
- Anxiety: STAI
-Depression: BDI-II
	Left DLPFC
	n = 16 (mean age: 32.8 y. ± 13.3, 14 males)
10 sessions of 20-min 10 Hz rTMS (2000 pulses: 50 trains of 40 stimuli)
	n = 11 (mean age: 31.6 y. ± 11.3, 10 males)
Same protocol with sham rTMS
	Significant increase in executive function index scores and decrease in depression over time for the 2 groups
	 

	Hoy 2019

	rTMS
	-RCT
-Double blind
-Placebo-controlled

	n = 21 patients with post-TBI depression
	- MADRS
- Cognitive assessments including DSB, TMT, Arithmetic, RVALT, BVMT, Verbal fluency, Stroop
	Bilateral DLPFC
	n = 11 
(mean age: 41.27 ± 10.04, 7 males) 
20 rTMS sessions to the right DLPFC first (1 Hz, 900 pulses) and then to the left DLPFC (10 Hz, 1500 pulses)
	n = 10 
(mean age: 51.8 ± 13.38, 3 males)
Same procedure with sham (coil at 45 degrees off the head)
	- A trend toward improved performance in the active group(vs. sham) over time for DSB
- Trend toward improvement in the active group on Arithmetic and the TMT B
	- Low-dose rTMS
- Bilateral stimulation not standardized
- Relatively small sample size


Table 4. Interventions in patients with moderate & severe TBI. AES = Apathy Evaluation Scale, BDI = Beck Depression Inventory, BVMT = The Brief Visuospatial Memory Test, COWAT = Controlled Oral Word Association Test, CWIT = Delis- Kaplan Executive Function Scales  Color-Word Interference Test, DA = Divided Attention, DLPFC = Dorsolateral Prefrontal Cortex, DSB = Digit Span Backwards, EEG = Electroencephalogram, fMRI = functional Magnetic Resonance Imaging, GPT = Grooved Pegboard Test, HVLT = Hopkins Verbal Learning Test, MADRS = Montgomery-Åsberg Depression Rating Scale, MCS = Minimally Conscious State, PASAT = Paced Auditory Serial Addition Test, PRM = Pattern Recognition Memory, RAVLT = Rey’s Auditory Verbal Learning Test, RBANS = Repeatable Battery for the Assessment of the Neuropsychological Status, RCT = Randomized Controlled Trial, RT = Reaction Time, RVP = Rapid Visual Processing, SSP = Spatial Span, STAI = State-Trait Anxiety Inventory, TASIT = Awareness of Social Inference Test, TEA = Test of Everyday Attention, WAIS-IV = Wechsler Adult Intelligence Scale, Fourth Edition, WM = working memory, WMS-IV = Wechsler Memory Scale, Fourth Edition


4.  Disorders of Consciousness
Given the scarcity of studies exclusively on severe TBI, we expanded our investigation to include DoC, despite the varied etiologies leading to this condition. A total of 22 studies were found to investigate tDCS and rTMS in patients with DoC (see Table 5). For DoC patients, who cannot undergo conventional cognitive assessments, the Coma Recovery Scale-Revised (CRS-R) serves as the reference for diagnosis (Giacino et al., 2004). This tool evaluates both reflexive responses and cognitively mediated behaviors across six domains, facilitating the identification of potential signs of recovery in this specific patient population (Giacino et al., 2004). A therapeutic behavioral improvement is usually defined by an increase in CRS-R scores, observed after the treatment and not the control condition.
tDCS
13 studies investigated tDCS as a method for enhancing responsiveness of DoC patients. It stands as the most frequently used form of NIBS technique in this population of patients, with most designs focusing on the DLPFC. The findings are mixed, with some studies reporting no discernible effects while others demonstrate promising enhancements in CRS-R scores. The significance level was often observed at the individual level rather than at the group level. Interestingly, patients diagnosed with MCS seem to obtain greater benefit from NIBS compared to those with UWS, with response rates reaching up to 50% in some studies. Furthermore, alongside behavioral advancements, some studies have documented corresponding neurophysiological (i.e., EEG metrics) improvements.
rTMS
rTMS stands as the second most employed type of NIBS technique used as a therapeutic intervention in this population of patients, with 9 studies retrieved either focusing on the DLPFC or M1. On the one hand, when targeting the M1 region, rTMS typically demonstrates limited therapeutic efficacy (Liu et al., 2016; He et al., 2018). However, one study (Shen et al., 2023) investigating rTMS across three groups—over M1, left DLPFC, and sham rTMS—found that although improvements in CRS-R and GCS scores were observed in all groups, the M1 group exhibited greater improvements. This was also supported by EEG findings. On the other hand, studies focusing on the DLPFC yield more promising results, demonstrating significant behavioral enhancements in patients with both MCS and UWS (Ge et al., 2021; He et al., 2021; Zhang et al., 2021; Fan et al., 2022). Potential mechanisms underpinning the efficacy of rTMS in fostering consciousness improvement are numerous. They include modifications of neural circuits and brain networks (Lefaucheur, 2012), promotion of synaptic plasticity (Huerta and Volpe, 2009), restoration of neurotransmitter function (Huerta and Volpe, 2009), enhancement of neural stem cell proliferation (Cullen and Young, 2016), and increase in brain-derived neurotrophin factor levels (for a specific review see Huang et al., 2023). However, it is crucial to acknowledge that significant brain lesions may serve as contraindications for the use of rTMS. If not used according to the safety guidelines, rTMS has the potential to interact with medications, heighten seizure risks, or interfere with metallic implants by generating heat or displacement (Rossi et al., 2021). While rare, seizures during rTMS trials involving patients with TBI-related DoC have been documented (Dhaliwal et al., 2015). Thus, careful consideration must be taken when selecting DoC patients for such interventions to mitigate associated risks.






	Authors
	NIBS
	Design
	Patients
(gender)
	Outcomes
	Site
	Intervention
	Control
	Results
	Limitations

	Bai 2018
	tDCS
	-RCT
-Sham-controlled
-Crossover

	n = 17 DoC patients
9 UWS, 8 MCS
(11 males)
5/17 TBI

	- CRS-R
- EEG

	Left DLPFC

	1 session (20-min, 2mA), washout (> 3 days), and 1 sham-tDCS session 

	Opposite order of stimulation

	No significant CRS-R changes


	No neuro-navigation system


	Carrière 2020
	tDCS
	-RCT
-Double blind
-Sham-controlled
-Crossover
	n = 11 DoC patients
10 MCS/1eMCS
(8 males,  mean age: 46 y. ± 14)
3/11 TBI
	- CRS-R
- EEG
	Left DLPFC
	1 session (20-min, 2mA), washout (48h), and 1 sham-tDCS session 
	Opposite order of stimulation
	No significant behavioral improvement (3/11 patients improved)
	- Small sample size
- Monocentric
- Only one session

	Cavinato 2019
	tDCS
	-RCT
-Double blind
-Sham-controlled
- Crossover

	n = 24 DoC patients
12 UWS, 12 MCS 
(16 males, mean age: 53 y. ± 19)
9/24 TBI

	- CRS-R
- EEG

	Left DLPFC

	10 sessions (20-min, 2mA), washout (10 days), and 10 sham-tDCS sessions 

	Opposite order of stimulation

	No change in CRS-R (but changes in EEG)

	- Use of an extracephalic cathode
- Washout period might be too short


	Estraneo 2015
	tDCS
	-RCT
-Double blind
-Sham-controlled
-Crossover
	n = 13 chronic DOC patients
7 VS, 4 MCS -, 2 MCS+
(7 males, age range: 18-83 y.) 
1/13 TBI
	- CRS-R
before, after the 1st and 2nd week, and 1x/week over 12 weeks
- EEG
	Left DLPFC
	n = 8
Active-rest-sham (ARS): 5 sessions (20-min, 2 mA) over 5 days, 1 week of rest, 5 sham stimulations 

	n = 5 
Sham-rest-active (SRA): opposite order
	 - ARS group: improvements in CRS-R total score for 3 patients, not associated with changes in clinical diagnosis
 During follow-up:
5/13 patients (3 in MCS and 2 in UWS) improved on CRS-R total score
	- Small sample size
- Lack of control

	Huang 2017
	tDCS
	-RCT
-Double blind
-Sham-controlled
- Crossover
	n = 33 MCS patients
mean age: 57 ± 11
(20 males)
20/33 TBI
	CRS-R
	Posterior parietal cortex
	5 sessions (20-min, 2mA), washout (5 days) and 5 sham-tDCS sessions (turned off after 30 sec)
	Opposite order of stimulation
	Significant improvement on the CRS-R for 9 patients, but the effects did not last at follow-up
	 

	Martens 2018
	tDCS
	-RCT
-Double blind
-Sham-controlled
-Crossover design
	n = 27 MCS patients
12/27 TBI
	- CRS-R at baseline, week 4 and 12 for active and sham

	Left DLPFC
	20 sessions (20-min, 2mA) 
Washout: 8 weeks
	Same protocol as the active tDCS (5s ramp-up/down)
	- Moderate effect size in favor of the treatment (d = 0.47)
- No significant difference between groups for CRS-R scores at 8-week follow-up
	- No daily control on tDCS application
-Long protocol, leading to a high dropout

	Martens 2019
	tDCS
	-RCT
-Double blind
-Sham-controlled
-Crossover
	n = 10 patients (49 y. ± 22) with DOC
4 UWS, 6 MCS 
5/10 TBI
	- CRS-R before + after active and sham stimulation
	M1
	1 session (20-min, 2mA) and 1 session of sham tDCS in a randomized order, separated by at least 24h of washout
	Sham tDCS (5s ramp-up/down)
	- No significant treatment effects
- No difference in CRS-R scores post-treatment in the 2 groups
- Improvement in clinical diagnosis for 1 patient (UWS -> MCS)
- No side effects
	- Low dose of tDCS 
- Sensitivity of CRS-R
- Possible absence of effects of M1 in DoC
- Inclusion of both acute +  chronic patients

	Martens 2020
	tDCS
	-RCT
-Double blind
-Sham-controlled
-Crossover
	n = 46 patients with chronic DOC
17 UWS, 23 MCS and 6 eMCS
mean age: 46 y., ranging from 35 to 59
22/46 TBI
	-CRS-R
before + after active and sham stimulation
- EEG
	Bilateral fronto-parietal network 
	All patients received both sham & active tDCS, in a randomized order
1 session of 20-min tDCS (4mA) 
	Sham-tDCS was applied for 30 sec (4mA) (30 sec ramp-up/down)
	- 5 patients gained a sign of consciousness following a-tDCS and 2 patients lost a sign of consciousness
- 3 patients gained a sign of consciousness following sham-tDCS
- No effect on the other patients
	-Single-session tDCS
-Fluctuation of patients' behavior


	Straudi 2019
	tDCS
	Pilot
	n = 10 chronic MCS patients
(7 males, mean age: 35.5 y. ± 12.6)
10/10 TBI
	-CRS before + after stimulation, after 5 & 10 sessions, after 2 weeks and after 3 months  
- EEG
	Bilateral M1
	10 sessions (40-min, 2mA)
	N/A
	- 8/10 patients showed new clinical signs of consciousness in the last follow-up
- Significant correlation between behavioral and EEG indices after stimulation
	- Lack of control group
- Small sample size

	Thibaut 2014 
	tDCS
	-RCT
-Double blind
-Sham-controlled
-Crossover
	n = 55 patients with DOC 
25 UWS patients (16 males, mean age: 42 y. ± 17), 30 MCS patients (23 males, mean age: 43 y. ± 19) 
15/55 TBI
	- CRS-R before and after tDCS/sham
- GOSE
(12-month follow-up)
	Left DLPFC
	1 session (20-min, 2mA)
Washout period: 48h
	Same protocol with sham tDCS (5s ramp-up/down)
	-13/30 patients with MCS showed a gain of consciousness
- 2 patients with acute UWS also showed a tDCS response
- No effect on any CRS-R subscale in any group 
	- Absence of MRI-based mapping of the stimulated area

	Thibaut 2017
	tDCS
	-RCT
-Double blind
-Sham-controlled
-Crossover
	n = 16 patients with chronic (> 3 months) MCS mean age: 47 [17-74]
(9 males)
11/16 TBI
	 CRS-R at baseline, after 1, 2, 3, 4, 5 and 12 days
	Left DLPFC
	n = 9 patients 
5 sessions (20-min, 2mA), over 5 consecutive days
Washout: 1 week
	n = 7 patients 
who first received sham tDCS with 2mA current (5s ramp-up/down)
	- No significant effect on any of the CRS-R subscales
-Improvement in CRS scores in the active tDCS session across time
-9/16 patients were identified as tDCS responders

	- Follow-up assessment after only one week
-Trend towards a carry-over effect
- Small sample size

	Thibaut 2023
	tDCS
	-RCT
-Double blind
-Sham-controlled
	n = 62 DoC patients 
32 MCS, 30 UWS
(44 males,  mean age: 44 y.± 14) 
23/62 TBI
	- CRS-R (after 1, 2, 4-, 8-, 12- and 16-weeks)
-GOSE (2-, 3-month follow-up)
	Left DLPFC
	n = 33 (42 y. ± 12, 25 males)
20 sessions (20-min, 2mA) (5x/week over 4 weeks)
	n = 29 (45 y. ± 12, 18 males)
Same protocol, with ramp up/down at 15 and 30s of stimulation
	- No treatment effect at the group level
- Subgroup analysis at 3-month follow-up revealed a significant improvement for patients with MCS and with traumatic etiology (compared to UWS and non-traumatic)
	- High dropout at follow-up
- Heterogeneity in the population (various etiologies)

	Wu 2019
	tDCS
	-RCT
-Sham-controlled
-Double blind
	n = 15 DoC patients 
9 UWS, 7 MCS
6/16 TBI
	-CRS-R
-EEG
-GOSE at 3-month follow-up
	Left and right DLPFC
	10 sessions (20-min, 2mA): 5 over the right DLPFC) + 5 over the left DLPFC once a day, during 10 working days
	n = 5 sham tDCS 
	- 2/5 patients in the left DLPFC group showed improvements in CRS-R score not associated with changes in clinical diagnosis 
- No behavioral modification in right DLPFC and sham stimulation
compared to sham
- Only one patient had a positive outcome at 3-month follow-up
	- Possible CRS-R assessment errors
- Small sample size
- Unilateral tDCS

	Cincotta 2021
	rTMS
	-RCT
-Double blind
-Sham-controlled
Crossover
	n = 11 UWS patients
Mean age: 59,6 y. 
(7 males)
2/11 TBI
	-CRS-R
-EEG
	Left DLPFC
	5 sessions of 20 Hz rTMS followed by a washout (5 days) and 5 sham-rTMS sessions (using an eight-shaped coil that produces no magnetic field but mimics the acoustic artefact of stimulation)
	Opposite order of stimulation
	No behavioral effect
	Only UWS patients

	Fan 2022
	rTMS
	-RCT
-Double blind
-Sham-controlled
	n = 40 DoC patients
15/40 TBI
	CRS-R
	Left DLPFC
	n = 20 (47.15 y ±10.73, 12 males)
20 sessions of 20-min rTMS (20Hz, trains of 20 pulses over 20 s) over 4 weeks
	n = 20 (50.65 y. ±16.18, 13 males)
Same protocol with sham rTMS (coil 90° off the scalp)
	Significantly improved consciousness in patients in the active rTMS group (but only because few patients showed very good results)
	-Early stage of DoC
- No effective screening of responders

	Ge 2021
	rTMS
	-Non-randomized
	n = 32 UWS patients
16/32 TBI
	-CRS-R
-Motor evoked potential latency

	Right DLPFC
	n = 15 (60.5±1.8 years, 8 males)
20 sessions of 10 Hz rTMS over 20 days
	n = 17 (59.7±2.1 years, 10 males)
N/A
	- A significant increase in the CRS‑R scores in the rTMS group and the control group compared with pretreatment. 
- The change in CRS‑R scores was significantly different between groups. 
	-Small sample size
-Monocentric
-No randomization
-No sham

	He 2018
	rTMS
	-RCT
-Sham-controlled
-Single blind
-Crossover
	n = 6 DOC patients
3 UWS/VS, 2 MCS, 1 eMCS
(4 males, mean age: 39,5 years)
4/6 TBI
	-CRS-R
-EEG
at baseline (T0), after the treatment (T1), and one week later (T2)
	Left M1
	n = 3 
5 sessions of High frequency rTMS over 5 days (1000 pulses delivered in 20 trains of 20 Hz 2,5 s stimulation and 28s intertrain pause). Washout: 1 week
	n = 3 
Same protocol with sham rTMS (coil away from the head)
	-No significant improvement in any of the groups in CRS-R scores
-1 patient showed a good clinical response to the real rTMS treatment at T1 and T2
	-Small sample size
-Follow-up and washout limited to one week
-Possible performance bias due to single blinding

	He 2021
	rTMS
	-RCT
-Sham-controlled
-Two arms
	n = 50 DoC patients
36 UWS, 14 MCS 
14/50TBI
	-CRS-R
-Plasma hormonal test
	Left DLPFC
	n = 25 (mean age: 51 y. ± 2.3)
10 sessions of 10 Hz rTMS (1000 pulses in 50 stimuli in 5s) over 2 weeks
	n = 25 (mean age: 53.1 y. ± 2.3)
Same protocol with sham rTMS
	Significant change in CRS in the active group (14/25 responders)
	-No blinding
-No crossover

	Liu 2016
	rTMS
	-RCT
-Double blind
-Sham-controlled
-Crossover
	n = 10 DoC patients 
5 UWS, 5 MCS
7 males 
4/10 TBI
	-CRS-R
-CBF velocity
	M1
	1 session of 20 Hz rTMS, washout (48h) and 1 sham-rTMS sessions (with the coil away)
	Opposite order of stimulation
	No behavioral changes
	-Small sample
-Subacute patients

	Liu 2018
	rTMS
	-RCT
-Double blind
-Sham-controlled
-Crossover
	n = 7 DoC patients 
2 UWS, 5 MCS
5/7 TBI
	-CRS-R
-EEG
-fMRI
at 0,5 and 7 days
	Left DLPFC
	5 sessions of 20 Hz rTMS followed by a washout (1 week) and 5 sham-rTMS sessions (with the coil angled 90° away)
	Opposite order of stimulation
	No behavioral changes (1/7 improved)
	Small sample size


	Shen 2023
	rTMS
	-RCT
-Double blind 
-Sham- controlled
	N = 99 patients
All UWS and TBI etiology
	-CRS-R
-GCS
-EEG
-SSEPs
	M1
	n=33
20 sessions of 20 Hz rTMS over 1 month:

	2 groups:
-rTMS over the left DLPFC (n=33)
-Sham rTMS (n=33)
	Improvement in CRS-R and GCS scores in all groups, with better improvements in the M1 group.
	Only UWS patients

	Zhang 2021
	rTMS
	-RCT
-Sham-controlled 
-Two arms
	n = 48 UWS patients 
 TBI (N/A)
	-CRS-R
-EEG
	Left DLPFC
	n = 24 (56.13 y ± 14.16, 17 males)
40 sessions of 5 Hz rTMS
	n = 24 (53.83 y ± 12.38, 17 males)
Same protocol with sham
	Significant behavioral changes in the treatment group after 60 days (12/24 responders)
	-No blinding
-No crossover
-Lack of details



Table 5. Interventions in patients with severe TBI. CBF = Cerebral blood flow, CRS-R = Coma Recovery Scale-Revised, DLPFC = Dorsolateral Prefrontal Cortex, DoC = Disorders of Consciousness, EEG = Electroencephalogram, fMRI = functional Magnetic Resonance Imaging, GCS = Glasgow Coma Scale, GOSE = Glasgow Outcome Scale- Extended, MCS = Minimally Conscious State, M1 = Primary Motor Cortex, RCT = Randomized Controlled Trial, SSEPs = Upper limb somatosensory evoked potentials, TBI = Traumatic Brain Injury, UWS = Unresponsive Wakefulness Syndrome
5. Futures directions 
In addition to tDCS and rTMS, other transcranial neuromodulation techniques are also emerging and warrant further consideration. 
Transcranial alternating current stimulation (tACS) represents a promising option for cognitive intervention in TBI rehabilitation. This electrical-based stimulation method employs a weak alternating current between electrodes, inducing sinusoidal fluctuations in membrane potential and neuronal firing to the exogenous frequency across a wide number of underlying neurons (Battleday et al., 2014). Notably, tACS effects are believed to arise from entrainment, which involves synchronizing the frequency and phase of neuronal activity to external stimuli (Battleday et al., 2014). tACS most frequently targets alpha oscillations (8-12 Hz), which are known to be affected in diseases including major depressive disorders and schizophrenia (Uhlhaas and Singer, 2010, 2012), and have an important role in memory among other cognitive functions (Zaehle et al., 2010). By modulating the internal brain state, targeting these alpha oscillations with tACS could modulate perceptual or cognitive performance, and act as a therapeutic intervention in patients with cognitive deficits following TBI. Recent studies have shown that during memory tasks, tACS can enhance neural activity and performance, particularly under conditions of heightened cognitive demand (Violante et al., 2017). Additionally, in patients with mild to moderate TBI, a single session of 30-minute tACS led to a significant reduction in regional cerebral tissue oxygen saturation (assessed by near-infrared spectroscopy) in the frontal lobes, indicative of neuronal activation during stimulation (Trofimov et al., 2021). Moreover, while some persistent adverse events (e.g., itching, tingling, headaches, burning sensation) have been reported with tDCS, studies on tACS have not reported any of these persistent events and appear to have higher cutaneous perception thresholds (Matsumoto and Ugawa, 2017).  In summary, while tACS is a promising approach, further research into optimization of treatment protocols (i.e., bias reduction, improvement of blinding) and integration of individualized head model stimulation may unlock its full potential in TBI rehabilitation (De Koninck et al., 2023). 
Transcranial random noise stimulation (tRNS) represents another form of non-invasive transcranial electrical stimulation, though fewer studies have been conducted so far. tRNS operates by delivering alternating current at random frequencies and amplitudes within a defined range (0.1 to 640 Hz), which is suggested to enhance neural excitability and plasticity (Terney et al., 2008; Reed and Cohen Kadosh, 2018). The mechanism underlying its effects is thought to involve stochastic resonance, where the introduction of random neuronal activity amplifies sensitivity to external inputs (Groen and Wenderoth, 2016). Nevertheless, this remains a topic of debate (Reed and Cohen Kadosh, 2018). Notably, in one trial in healthy participants, tRNS has suggested larger neurophysiological and behavioral effects compared to other electrical stimulation methods (Inukai et al., 2016), offering considerable promise for cognitive enhancement. As for tACS, when compared to tDCS, its higher cutaneous perception thresholds and relatively lower discomfort levels contribute to its potential utility in double-blind studies (Ambrus et al., 2010). A systematic review has already reported positive outcomes of tRNS on arithmetic processes in healthy participants (Lazzaro et al., 2022). Moreover, tRNS has also been successfully used to modulate attention (as assessed with the Attention Network Test (Fan et al., 2002)), outperforming tDCS and sham stimulation (Lema et al., 2021). However, findings regarding its impact on working memory performance are mixed. While some studies found no significant benefits of tRNS on working memory training (Holmes et al., 2016), others observed improved working memory function, particularly when applied over the left DLPFC compared to tDCS (Murphy et al., 2020). To our knowledge, only one study investigated tRNS in patients with TBI, particularly in UWS patients (Mancuso et al., 2017). They applied 5 sessions of 20-min tRNS over the bilateral DLPFC and 5 sessions of sham tRNS to each patient. While no behavioral improvement was seen at the group-level, a non-significant trend for increased arousal was observed (based on CRS-R), and one patient emerged from UWS 3 weeks later. Although further investigation is needed, particularly in TBI cohorts, the emerging evidence underscores tRNS as a promising avenue for cognitive enhancement, with implications for both research and clinical practice.
Transcranial pulsed electromagnetic field stimulation (T-PEMF) represents another type of NIBS device. Unlike other NIBS modalities that target specific cortical areas, T-PEMF elicits a more diffuse, multifocal stimulation across various brain regions (Martiny et al., 2010). Notably, it operates at extremely low electric fields, allowing for brain oscillation modification without inducing neuronal firing, and generally employs high frequencies of stimulation, typically around 50 Hz (Rahbek et al., 2005). While the precise mechanisms of action remain elusive, a recent research suggests that T-PEMF may induce the production of growth factors involved in proliferation, anti-apoptosis, regeneration, and angiogenesis (Hyldahl et al., 2023). So far, T-PEMF has predominantly been investigated in the context of treatment-resistant depression (Martiny et al., 2010; Bech et al., 2015; Larsen et al., 2020) and Parkinson’s disease (Malling et al., 2019; Jensen et al., 2021), demonstrating promising outcomes for these patient populations, by exerting beneficial effects respectively in depression scores, or in movement speed/postural tremor. Its application in TBI has been explored only once, more particularly in patients with PPCS (Miller et al., 2020). In this study, T-PEMF treatment administered over a five-week period to seven PPCS patients resulted in varying responses: while two patients experienced symptom exacerbation, the remaining five patients demonstrated a reduction in symptoms (ranging from 2% to 61%), as assessed by the Rivermead Post-Concussion Questionnaire (King et al., 1995). Notably, this symptom reduction persisted at a three-month follow-up. Although this initial study in TBI patients demonstrated satisfactory compliance and tolerability with the T-PEMF device, further research is warranted to validate its effectiveness, especially for cognitive performance. Future investigations should aim to elucidate its therapeutic mechanisms and optimize treatment protocols to harness its full potential in the management of TBI-related cognitive impairments.
Transauricular vagus nerve stimulation (taVNS) is a non-invasive technique targeting a specific branch of the vagus nerve located in the external ear, usually through parameters varying between 20 to 25 Hz (Butt et al., 2020). TaVNS has displayed therapeutic advantages (e.g., antiseizure, antidepressants effects) in diverse conditions, such as epilepsy, depression, headaches, and memory issues (for a specific review, see Yap et al., 2020) and offers comparable benefits to tDCS (e.g., cost-effectiveness, capacity for home-based treatment, user-friendly). To date, case reports and case studies have reported the used of taVNS (over the cymba conchae), showing its feasibility, safety, and potential efficacy, in MCS patients (Hakon et al., 2020) and one UWS patient (Osińska et al., 2022). Recently, Zhou and colleagues carried out two RCT on this patient population (Zhou et al., 2023b, 2023a). The first RCT involved 57 patients, with both UWS and MCS diagnoses. The results indicated that these patients experienced enhanced consciousness with active taVNS, although the improvement was not statistically significant. Interestingly, upon conducting subgroup analyses, the results revealed that patients diagnosed with MCS exhibited more favorable effects, leading to statistical significance (Zhou et al., 2023b). In their second RCT, which included 50 MCS patients, they confirmed their earlier findings. The application of active taVNS was shown to increase CRS-R levels with time, as well as event-related potentials measured using EEG, in comparison to the sham group (Zhou et al., 2023a).  While still in its infancy, the bottom-up approach of taVNS makes it a promising method for further investigation and clinical application in the field of neurorehabilitation.
Trigeminal Nerve Stimulation (TNS)
Finally, one study examined the effects of TNS in a RCT with a cohort of 60 DoC patients (Ma et al., 2023). TNS is believed to exert effects on the central nervous system, the autonomic nervous system, and on the peripheral vasculature, thereby inducing neuroprotective effects (e.g., anti-inflammatory actions, modulation of blood-brain barrier permeability, and regulation of neurotransmitter expression) (Powell et al., 2023). Owing to its multifaceted effects, TNS is used in diverse neurological, psychological, and cerebrovascular disorders such as migraine, epilepsy, depression, and stroke (Powell et al., 2023). In the only severe TBI-related study, compared to a sham intervention, patients receiving active TNS demonstrated statistically significant enhancements in CRS-R and GCS scores, corroborated by observed increases in local brain metabolism, as assessed with 18-Fluorodeoxyglucose Positron Emission Tomography (Ma et al., 2023). Although TNS is still in its early stages of exploration in TBI trials, it holds significant promise for this patient population.
6. Challenges
6.1 Treatment session parameters
Targeted areas
[bookmark: _Hlk163244839]The DLPFC was selected as the stimulation site for most studies, focusing either on the left, right, or bilateral DLPFC. This selection stems from the pivotal role attributed to the DLPFC in cognitive function; it is considered as a hub of executive function needed to coordinate and integrate different cognitive processes (Katsuki and Constantinidis, 2014). Notably, the DLPFC plays a critical role in integrating behavioral and motor functions, as well as executive functions such as planning, working memory, and cognitive flexibility (Blumenfeld and Ranganath, 2006). Additionally, the DLPFC seems to be involved in depression, as rTMS targeting this region shows effectiveness and has been FDA-approved for treatment-resistant depression over 20 years ago. However, the precise neural mechanisms underlying this antidepressant effect are not well understood yet (Han et al., 2023). Moreover, there are assumptions regarding the involvement of the DLPFC in inhibiting nociceptive transmission, suggesting that high-frequency rTMS on this site can induce analgesic effects (Safiai et al., 2021). Given its multifaceted functions and potential therapeutic implications, the DLPFC emerges as a primary candidate for modulating cognitive performance. This is particularly relevant considering the common link between depression or anxiety, frequently experienced by TBI patients, and cognitive alterations, making the DLPFC a central choice for NIBS interventions.
Another region that has been targeted in a few studies is the left motor cortex (M1). M1 is primarily recognized for its role in initiating voluntary movements by transmitting signals to lower motor neurons in the spinal cord (Pearson, 2000). Additionally, NIBS techniques have provided indications that M1 may also contribute to higher cognitive processes, encompassing attention, learning, and motor consolidation (Bhattacharjee et al., 2021). However, only two of the studies included targeting M1 demonstrated improvements in cognitive function (Straudi et al., 2019; Shen et al., 2023).
Other brain regions were also investigated in NIBS studies for their potential therapeutic effects. The preSMA/ACC region, chosen for its suggested involvement in verbal retrieval processes and vulnerability to TBI, demonstrated promising outcomes (Motes et al., 2020). Conversely, the parietal cortex, implicated in working memory functions as part of the neural network, did not yield significant results (Huang et al., 2017; Rushby et al., 2021). A comparison of the same stimulation protocol with DLPFC stimulation revealed stronger effects compared to posterior parietal cortex stimulation (Huang et al., 2017). Additionally, a study targeting the bilateral frontoparietal network, hypothesized to enhance patients' interaction with their environment, also demonstrated improvement in a minority of patients (Martens et al., 2020). Therefore, to date, focusing on the DLPFC appears to be the most pertinent approach for enhancing cognitive functions in TBI patients.
6.2. Outcomes
Regarding outcomes, in studies focusing on mild TBI, studies utilized a range of neuropsychological tests to evaluate various cognitive functions such as verbal retrieval, inhibition, and overall cognition. Additionally, three of these studies also examined mood and depression, recognizing their potential influence on cognitive performance. For studies encompassing mild to severe TBI, a similar approach was taken, with cognitive assessments supplemented by questionnaires targeting other factors like depression, anxiety, and mood. Only two studies specifically focused on individuals with severe TBI in a chronic stage, employing neuropsychological testing to evaluate cognitive functions (Leśniak et al., 2014; Neville et al., 2019). While testing the same cognitive functions, the range of neuropsychological tests available and used across studies introduces a high variability in outcomes. In studies involving patients with DoC, the primary outcome measure for behavioral testing across all studies was the CRS-R. In essence, the varied use of assessment tools in studies underscores the necessity of adopting a nuanced approach to comprehending the complex cognitive impairments in various TBI populations, addressing their unique needs and characteristics. However, while these diverse outcomes offer insights into specific cognitive deficits, they also present challenges in delineating the impact of NIBS on different aspects of cognitive functioning across TBI populations. Implementing standardized assessment protocols across studies and conducting larger-scale, multi-center trials with consistent methodologies could facilitate a more comprehensive understanding of the effects of NIBS on cognitive functioning in diverse TBI populations.
7. Limitations
Some main limitations warrant consideration within this chapter.  Firstly, in our analysis of the DoC population, most studies included did not exclusively focus on patients with a TBI etiology. While this deviates from the specific scope of this chapter, inclusivity was prioritized to provide a comprehensive overview of research conducted within this population. However, results may vary when considering studies exclusively involving TBI-only patients, as suggested by a recent meta-analysis revealing that patients with DoC from TBI etiology exhibit a higher likelihood of recovery compared to those with non-TBI etiologies (e.g., anoxic, vascular, or infectious causes), with rates of 45% versus 28%, respectively (Pavlov et al., 2024). Additionally, due to the diverse spectrum of TBI and its associated symptomatology, comparing outcomes selected for the evaluation of cognitive aspects presents challenges. These outcomes range from extensive batteries of neuropsychological tests to behavioral assessments like the CRS-R, reflecting the complexity inherent in TBI research. 
In addition, cognitive function improvements were observed in both active and sham groups in some studies. This could indicate a failure of NIBS, test-retest effects, spontaneous recovery, or the presence of a placebo effects. Patients with TBI often experience high levels of anxiety and stress (Jourdan et al., 2016), so merely participating in a treatment study or receiving attention for their condition can significantly improve their well-being, highlighting the influence of psychological factors on recovery outcomes for TBI patients. Additionally, placebo-related brain activity has been documented in areas such as the DLPFC and ACC (Diederich and Goetz, 2008), which are frequently targeted with NIBS. The placebo effect might thus contribute to cognitive improvements in this patient population, underscoring the importance of comprehensive care and patient-centered approaches in managing TBI (Polich et al., 2018). 
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8. Concluding remarks
This chapter highlights the potential advantages of various NIBS techniques, especially rTMS and tDCS, in improving cognitive outcomes following TBI. However, no stimulation protocol appears to be entirely effective in managing post-TBI cognitive symptoms. Based on the literature, tDCS applied to the DLPFC appears to be the most promising approach for all TBI severities, while rTMS applied to the same region also shows promise in patients with severe TBI and DoC. Understanding the physiological mechanisms of NIBS will be essential to defining optimal parameters for improving cognitive performance in this patient population. Additionally, exploring combined interventions may enhance the effectiveness of NIBS treatment, as neuropsychological interventions and NIBS both induce long-lasting changes in neuronal processing. The synergistic activity of both treatments on neuroplasticity could help in restoring neural functioning, and delivering NIBS on an already actively engaged brain may enhance its effects (Bikson and Rahman, 2013). Finally, exploring other neuromodulatory techniques such as tACS, tRNS, t-PEMF, TNS, or LIFU could provide further insights into improving cognitive outcomes in TBI patients. 
To conclude, while our findings highlight the promising efficacy of NIBS in alleviating post-TBI cognitive impairments, several challenges remain. These include the need for standardization of protocols, optimization of stimulation parameters, and clarification of optimal timing, number, and duration of interventions. Given the breadth of cognitive functions, it also seems crucial to focus on specific cognitive domains in a standardized manner. Additionally, the heterogeneity of TBI presentations emphasizes the importance of tailored treatment approaches, requiring comprehensive assessments and individualized therapeutic strategies. Conducting further large group studies will be needed to define these parameters, and eventually use NIBS as an effective treatment for patients suffering from post-TBI cognitive impairments.
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