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Traumatic brain injury (TBI), in any form and severity, can pose risks for 
developing chronic symptoms that can profoundly hinder patients’ work/
academic, social, and personal lives. In the past 3 decades, a multitude of 
pharmacological, stimulation, and exercise-based interventions have been 
proposed to ameliorate symptoms, memory impairment, mental fatigue, and/
or sleep disturbances. However, most research is preliminary, thus limited 
influence on clinical practice. This review aims to systematically appraise 
the evidence derived from randomized controlled trials (RCT) regarding the 
effectiveness of pharmacological, stimulation, and exercise-based interventions 
in treating chronic symptoms due to TBI. Our search results indicate that despite 
the largest volume of literature, pharmacological interventions, especially using 
neurostimulant medications to treat physical, cognitive, and mental fatigue, as 
well as daytime sleepiness, have yielded inconsistent results, such that some 
studies found improvements in fatigue (e.g., Modafinil, Armodafinil) while 
others failed to yield the improvements after the intervention. Conversely, 
brain stimulation techniques (e.g., transcranial magnetic stimulation, blue light 
therapy) and exercise interventions were effective in ameliorating mental health 
symptoms and cognition. However, given that most RCTs are equipped with 
small sample sizes, more high-quality, larger-scale RCTs is needed.
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1 Introduction

Despite nearly a century of dedicated research, traumatic brain injury (TBI) remains a 
significant public health concern, contributing to both morbidity and mortality on a global 
scale (1, 2). It is evident that the sequelae of TBI are long-lasting, with symptoms persisting 
for months to years in a majority of patients with moderate to severe TBI (2). Up to 30% of 
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mild TBI (mTBI)/concussion patients continue to experience 
symptoms beyond the first month post-injury (3, 4). The timely and 
accurate diagnosis of TBI is crucial for a prompt recovery, but the 
impact of appropriate treatment is arguably even more beneficial. 
Several consensus-based guidelines have been published to guide 
acute triage and management of TBI (5, 6), but there is a notable 
absence of universally accepted treatments for the chronic sequelae of 
TBI, including concussions.

The quality of life remains a vital attribute of individuals 
grappling with TBI (7). Beyond the evident physical and cognitive 
disabilities, TBI patients often suffer from psychiatric disorders, 
encompassing affective, anxiety, post-traumatic stress disorders 
(PTSD), and sleep disturbances (8, 9). These psychiatric burdens of 
TBI are largely invisible, yet studies have begun unraveling potential 
countermeasures for not only physical and cognitive symptoms but 
also mental health issues stemming from TBI. However, 
unfortunately, multidisciplinary neurorehabilitation is often 
inaccessible to the majority of TBI patients. Over the past 3 decades, 
a myriad of interventions, including pharmacological, stimulation, 
and exercise-based approaches, have emerged to ameliorate 
symptoms, such as mental fatigue, and sleep disturbances. For 
example, Johanson et al. (10) prescribed a four-week course of the 
stimulant medication (Methylphenidate) to adults experiencing 
chronic mental fatigue symptoms after a mild to moderate TBI. The 
results were promising, as Methylphenidate significantly improved 
mental fatigue symptoms, such as stress, slowness of thinking, 
difficulty concentrating, and lack of initiative, in a dose-dependent 
manner. Additionally, other neurostimulants, such as Modafinil 
(11), Armodafinil (12), and Monoaminergic (13) have demonstrated 
efficacy as countermeasures for post-TBI fatigue and persistent 
sleepiness during the post-acute phase of recovery. In a separate 
randomized controlled trial (RCT), the administration of 
doxycycline, an antibiotic medication, during the acute phase in 
TBI patients resulted in significant reductions in the neural injury 
blood biomarker (neuron-specific enolase) and improvement in the 
Glasgow Coma Scale over a one-week treatment period compared 
to a placebo group (14).

In another scope of research, the use of neural stimulation as a 
therapeutic strategy for TBI has attracted considerable attention. 
Among these approaches, transcranial magnetic stimulation (TMS) 
stands out as one of the most extensively explored techniques, 
designed to elicit repetitive neural activation on the cortical surface 
with the goal of restoring neural network functionality. Small-scale 
RCTs implemented repetitive TMS (rTMS) 5 days a week for 2 weeks 
in patients with mild to moderate TBI. The results indicated that the 
rTMS intervention was associated with a reduction in pain score and 
depression symptoms (15, 16), along with improvements in working 
memory and processing speed (17, 18). However, divergent outcomes 
emerge from alternative lines of research where the application of 
rTMS following mild to moderate TBI showed no discernible positive 
impact on mental health symptoms and demonstrated negligible 
effects on cognitive function (19) and reducing headaches (20). These 
conflicting findings, combined with the exploration of other emerging 
stimulation approach, such as acupuncture and transcranial direct-
current stimulation, underscore the necessity for a systematic 
evaluation of the current landscape of neurostimulant therapy in TBI 
outcomes, particularly for patients who are living with lingering 
physical and psychological symptoms.

A groundbreaking study conducted by Dr. John Leddy and his 
colleagues (21) has played a pivotal role in revolutionizing concussion 
management through the implementation of a regulated aerobic exercise 
protocol (22). The early integration of exercise into the recovery process 
from TBI is thought to stimulate cerebral blood flow (23), trigger the 
overexpression of neurotrophic factor (e.g., BDNF) to promote neuronal 
repair (24, 25), and contribute to the regulation of mental health 
symptoms (26). In a RCT involving adolescents with concussion, 
individuals assigned to a 20-min daily exercise protocol exhibited 
significantly faster recovery and a 48% reduced risk of developing 
persistent post-concussive symptoms (PPCS) compared to their 
counterparts following a daily stretch protocol (27). These findings were 
subsequently validated by a recent RCT conducted among adolescents 
and young adults with concussions (28). While considerable progress has 
been made in the past decades, leading to promising interventions for 
TBI, the majority of systematic evaluations for treatment effectiveness has 
focused on the acute phases of TBI. This underscores a significant 
knowledge gap and emphasizes the necessity for a systematic review to 
explore treatment options specifically tailored for the chronic stage of TBI.

This systematic review aims to determine the effectiveness of 
pharmacological, stimulation, and exercise interventions in alleviating 
physical, cognitive, and psychiatric symptoms among adult TBI 
patients experiencing persistent symptoms lasting at least 1-month 
post-injury. The outcomes of this review aim to offer empirical 
evidence for individuals grappling with chronic symptoms stemming 
from various degrees of TBI.

2 Materials and methods

This systematic review was conducted in accordance with 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines (29).

2.1 Data sources and search strategy

A systematic review of the current literature was performed by 
two independent reviewers (DR and CT) using the electronic 
databases PubMed, EBSCO, and Web of Science. The search timeframe 
included studies from 1 January 1990 to 1 September 2020. The 
following keywords were used in different combinations: traumatic 
brain injury, TBI, concussion, post-concussion syndrome, persistent 
post-concussive symptom, post-concussive disorder, treatment, and 
therapy. For the complete list of combinations, see Table  1. Cited 
papers within articles meeting the selection criteria were also 
collected. Searches were limited to RCT, human participants, and 
English language publications. All records of literature search were 
examined by title and abstract to exclude irrelevant records. All 
abstracts that are related to TBI involving treatment or therapeutic 
interventions were selected for a full reading of the article.

2.2 Inclusion and exclusion criteria

This systematic review included RCTs that evaluate the 
effectiveness and/or efficacy of treatment or therapeutic interventions 
for TBI. The scope of this review included pharmaceutical, biomedical, 
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and physical aspects of interventions/treatments, whereas vestibulo-
ocular rehabilitation was not included in this study because of the 
recent abundance in available systematic reviews and meta-analysis 
(30–32). Also, homeopathic medicine was not included in this review, 
given the ongoing debate surrounding its efficacy and safety. This 
review focuses on TBI in adult civilian population (>18 years old) 
because the neurodevelopmental rate varies between pediatric 
patients, and this neurodevelopmental effect makes an interpretation 
of therapeutic effectiveness difficult. Furthermore, military TBI are 
often complicated with emergence of PTSD and other psychiatric 
issues not originated from brain trauma; thus, this review focused on 
civilian population. Additional exclusion criteria were foreign 
language papers other than English, conference abstracts, studies that 
are not RCT (e.g., cohort studies, case studies, animal studies), 
editorials, magazine articles, and papers that did not fall within the 
three main topics. Review articles were considered separately and 
incorporated into the discussion for context.

After the systematic filtration, papers were categorized into the 
three main domains, which yielded four subareas of interventions 
per category.

 1. Pharmacological intervention focuses on pharmaceutical 
treatments that included hormone therapy, anti-inflammatory 
treatment, and neurotransmitter modulation treatment.

 2. Stimulation-based intervention uses electrical- or magnetic-
based stimulation techniques to excite or inhibit neural 
signaling, including stimulation techniques like cutaneous, 
transcutaneous, optical, and transcranial stimulation.

 3. Exercise-based intervention aims to increase blood circulation 
and promote endogenous healing processes, and the 
interventions range from independent and dependent 
activities, virtual reality, to an alteration of body temperature.

2.3 Operational definitions

The chronic phase was operationally defined as patients exhibiting 
persisting signs and symptoms of TBI after 30 days of injury. In this 

review, the Glasgow Coma Scale (GCS) was used to categorize the 
initial severity of TBI. The GCS is based on motor responsiveness, 
verbal performance, and eye opening to appropriate stimuli with 
scores ranging from 3 being the most severe to 15 being unaffected. A 
mTBI/concussion is defined by a score between 13 to 15, a moderate 
TBI from 9 to 12, and a severe TBI from 3 to 8, which represents when 
the individual is unresponsive. While the majority of papers used GCS 
to classify the severity of TBI during an admission, this review is 
focused on papers describing chronic, lingering aspects of TBI at least 
30 days from the initial injury. Therefore, the initial GCS score may 
not accurately reflect the status of patients at the time of intervention. 
While the Glasgow Outcome Scale (GOS) is the desirable measure in 
the chronic stage, there was a very large variability between papers in 
terms of the assessments of neurological status. Regardless of this 
limitation, the goal of this systematic review was achievable.

2.4 Data extraction and quality assessment

Two authors (DR and CT) independently performed the 
identification, screening, eligibility and inclusion of studies, with 
disagreement settled by the senior author (KK). The following was 
recorded: first author, year of publication, study design, age and 
number of patients, time since injury, GCS score, treatment 
methodology, main outcome. When included studies refer to previous 
papers for details of their methods, full texts of these references were 
screened, and available data was extracted. In addition, data listed in 
supplementary documents will also be extracted to present a fully 
comprehensive review of the literature.

2.5 Risk of Bias selection

The risk of bias was assessed using the Cochrane Collaboration’s 
tool for assessing risk of bias (33). The risk of bias was assessed in the 
context of selection bias (sequence generation and allocation 
concealment), performance bias (blinding of participants and research 
personnel), detection bias (blinding of analysis), and reporting bias. 
The outcomes of the assessment are listed in Supplementary Table 1.

TABLE 1 Summary of search terms.

Search term Total Abstracts reviewed Articles included

Traumatic brain injury, treatment 965 204 35

Traumatic brain injury, therapy 947 0 0

TBI, treatment 593 3 2

TBI, therapy 580 0 0

Concussion, treatment 139 23 8

Concussion, therapy 140 0 0

Post-concussion syndrome, treatment 59 3 0

Post-concussion syndrome, therapy 59 0 0

Persistent post-concussion symptom, treatment 35 0 0

Persistent post-concussion symptom, therapy 35 0 0

Post-concussive disorder, treatment 14 0 0

Post-concussive disorder, therapy 14 0 0
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3 Results

3.1 Search outcome

The systematic literature search yielded 1,756 abstracts after 
filtering for duplicates, and 219 abstracts were assessed and advanced 
to the full-text review. Following the analysis of 219 full text articles, 
an additional 175 were excluded. Reasons for exclusions were time-
since-injury < 30 days (n  = 72), nonbiomedical (n = 29), age < 18 
(n = 21), not within scope (n = 19), military (n = 14), and other (n = 19). 
See the study flow chart for details (Figure 1). A total of 44 articles met 
the inclusion criteria and further categorized into pharmacological 
(n = 19: Table 2), stimulation (n = 14: Table 3), and exercise (n = 12: 
Table 4).

3.2 Pharmacological interventions

Nineteen studies were examined involving a pharmacological 
approach (Table  2). Of those, neurotransmitter-modulation 
treatments (n = 14) were the most abundant intervention, followed 
by anti-inflammatory/oxidant (n = 2), and hormone therapy (n = 2). 
The main outcome variable was a cognitive function for 10 papers, 
including working memory, auditory/visual memory, language, and 
processing speed, whereas the rest of the papers focused on sleep, 
physical/mental fatigue, or quality of life. Some of the notable 
findings are that hormone therapy, such as growth hormone (34) and 
melatonin (Ramelteon) (35), yielded significant improvement in 
verbal memory, processing speed, psychomotor functioning, and 
total sleep duration. Similar improvement in cognitive function was 

FIGURE 1

PRISMA flow chart.
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TABLE 2 RCT using pharmacological interventions.

Authors 
(and year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome findings

Tenovuo (2004) 111 adults with TBI 71 ± 6.7 months Central acetylcholinesterase 

inhibitor (CAI): 27 patients 

took donepezil once a day 

(7.2 mg mean), 30 took 

galantamine twice a day (5 mg 

mean), and 54 took 

rivastigmine twice a day 

(2.3 mg mean). Average 

duration of the treatment was 

18.4 months (6–33 months).

Patient-Reported Outcomes, 

Glasgow Outcome Scale—

Extended

No improvement in self-

reported outcomes and 

Glasgow outcome scale was 

detected across all 3 

treatment types.

Mild—58%

Moderate—10%

Severe—32%

Zhang (2004) 18 adults with TBI 

(the severity ranged 

from GCS 3–15)

Cross-over design Donepezil: A-B vs. B-A design 

with Donepezil (A) or placebo 

(B) for 10 weeks each with a 

4-week washout period. Dosage 

was 5 mg/d for the first 2 weeks 

then 10 mg/d for the last 

8 weeks

Auditory Immediate Index 

(AII), Visual Immediate Index 

(VII), Wechsler Memory Scale-

III, and Paced Auditory Serial 

Addition Test (PASAR)

Intragroup comparison 

showed significant increases 

in AII, VII, and PASAT 

scores compared to baseline, 

whereas placebo condition 

did not change any of the 

outcomes.

Group A: 

4.6 ± 0.7 months

Group B: 

3.9 ± 0.5 months

Kim (2006) 18 adults with TBI (no 

description of the 

initial TBI severity)

Treatment: 1.6 ± 0.5 years Methylphenidate: 20 mg or 

placebo was given 2 days after 

baseline then participants were 

tested 2 h and 2 days post 

treatment.

Working memory task and 

endogenous visuospatial 

attention tasks

The treatment group showed 

a significant improvement 

in working memory tasks 

and visuospatial attention 

when compared to placebo 

at 2 h post, but no group 

difference was found after 

2 days.

Control: 3.6 ± 3.4 years

Silver (2006) 157 adults with mild 

to severe TBI

Con: 103.4 ± 85.1 months Rivastigmine: Participants 

would take 3 to 6 mg/day twice 

a day or a placebo for 12-weeks

Cambridge Neuropsychological 

Test Automated Battery Rapid 

Visual Information Processing 

(CANTAB-RVIP) A’ subtest and 

the Hopkins Verbal Learning 

Test (HVLT)

There were no significant 

differences in CANTAB-

RVIP and HVLT scores 

between treatment and 

placebo groups.

Experimental: 

79.9 ± 78.7 months

Amitabh (2008) 51 adults with TBI Group A: 

5.61 ± 4.76 years

Modafinil: Subjects were in a 

10-week treatment or placebo 

phase followed by a 4 week 

washout period and then 

switched groups for 10 weeks. 

The treatment consisted of 

taking 100 mg/day for 3 days, 

then 100 mg twice a day for 

11 days, followed by 200 mg 

twice a day for 8 weeks.

Fatigue Severity Scale (FSS), 

and Epworth Sleepiness Scale 

(ESS)

No significant differences 

were found between 

modafinil and placebo in 

FSS at week 4 or week 10. 

Modafnil improved ESS 

score (less sleepy) at week 4 

compared to placebo, but no 

group difference in ESS at 

week 10.

Initial severity:

Mild: 25.5%

Moderate: 23.5%

Severe: 51% Group B: 5.95 ± 5.29 years

High (2010) 23 adults with 

moderate/severe TBI

Con: 5.1 ± 3.6 years RhGH: Participants took a 

starting dose of 200 μg/d and 

increased 200 μg every month 

up to 600 μg for a year or took a 

placebo.

Neuropsychological measures: 

language, visual/spatial 

functioning, upper extremity 

motor functioning, information 

processing efficiency, working 

memory/attention, learning and 

memory, executive functioning, 

intellectual functioning, and 

emotional functioning

Improvements were found 

in the treatment group 

compared to placebo in 

dominant hand finger 

tapping test, Wechsler Adult 

Intelligence Scale III-

Information Processing 

Speed Index, California 

Verbal Learning Test II, and 

the Wisconsin Card Sorting 

Test (executive function)

Experimental: 

11.0 ± 9.2 years

(Continued)
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TABLE 2 (Continued)

Authors 
(and year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome findings

Kaiser (2010) 20 adults with mild to 

severe TBI

Treatment: 1.8 ± 0.9 years Modafinil: Experimental group 

took 100 mg/day or twice a day 

if dose was effective and 

without side effects for 6 weeks, 

or placebo

Excessive daytime sleepiness 

(EDS), Epworth Sleepiness 

Scale, Fatigue Severity Scale

EDS improved significantly 

when taking Modafinil. 

There was no difference in 

posttraumatic fatigue 

between groups.

Control: 2.0 ± 1.2 years

Giacino (2012) 184 adults with severe 

TBI

Experimental: 36–

66 days

Amantadine: 100 mg doses 

were provided twice a day for 

2 weeks, doses then increased to 

150 mg for week 3, and 200 mg 

for week 4 if DRS scores did not 

improve by 2 points in the 

experimental group. The 

control group did not receive 

Amantadine treatment.

Disability Rating Scale (DRS) Recovery was significantly 

faster in the treatment group 

during the 4-week treatment 

period. However, after the 

2-week washout period, the 

DRS scores became similar 

between groups.

Con: 37–65 days

Johansson (2013) 24 adults with mild/

moderate TBI

Patients: 8.6 ± 0.5.1 years Methylphenidate: Participants 

underwent three 4-week trials 

in one of three sequences: (1) 

no medication, low dose, 

normal dose, (2) low dose, 

normal dose, no medication, or 

(3) normal dose, no 

medication, low dose.

Mental Fatigue Scale (MFS) Normal dose of 

Methylphenidate led to the 

greatest improvement in 

MFS score compared to low 

and no dose. Low dose also 

showed modest, but 

significant improvement in 

MFS compared to the no 

dose condition.

Theadom (2013) 60 adults with mTBI Group A: 

7.1 ± 2.66 months

Group B: 

8.04 ± 2.46 months

Enzogenol: 1000 mg of 

Enzogenol or placebo for 

6 weeks, then Enzogenol for 6 

additional weeks for all 

participants followed by 

placebo for 4 weeks

Cognitive Failures 

Questionnaire (CFQ), digit 

span subtest of the Wechsler 

Adult Intelligence Scale-III, 

Arithmetic and Letter Number 

Sequencing of the Wechsler 

Adult Intelligence Scale-IV

The treatment condition 

showed a significant 

reduction (improvement) in 

self-reported cognitive 

failures of the CFQ at week 

6 compared to the placebo 

condition. No other 

outcomes showed significant 

result.

Menn (2014) 117 adults with severe 

TBI

1–10 years Armodafinil: Participants 

received 50, 150, or 250 mg/day 

or a placebo dose for 12 weeks.

Multiple Sleep Latency Test 

(MSLT), Epworth Sleepiness 

Scale (ESS), Clinical Global 

Impression-Change (CGI-C) 

TBI-Work Instability Scale 

(TBI-WIS), Clinical Global 

Impression-Severity Illness 

(CGI-S), and tolerability

Mean sleep latency was 

significantly improved in the 

group taking 250 mg/day 

compared to placebo. ESS 

and TBI-WIS scores did not 

show any significant 

differences between any 

group comparison.

Ripley (2014) 55 adults with 

moderate/severe TBI

Experimental: 

8.2 ± 6.1 years

Atomoxetine: Experimental 

group took 40 mg twice a day 

for 2 weeks compared to a 

placebo pill for the control 

group.

Cognitive Drug Research 

(CDR) Computerized Cognitive 

Assessment System

There were no significant 

group differences in any of 

the cognitive metrics.Control: 6.6 ± 5.5 years

Hammond (2015) 168 adults with 

moderate/severe TBI

>6 months Amantadine: 100 mg doses 

were given twice a day for 

60 days for the treatment group, 

and an equivalent placebo was 

given to the control group.

Neuropsychiatric Inventory 

(NPI-I) Most Problematic 

Item—a scale for irritability 

assessment

There were no significant 

improvements seen in either 

group for NPI-I Most 

Problematic item.

(Continued)
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observed in adults with mild to moderate TBI after a 6-month 
treatment with NeuroAiD II, which has been shown to promote 
neurite repair and outgrowth (36). Methylphenidate, which is a 
stimulant medicine typically used to treat attention deficit 
hyperactivity disorder, has been used in three RCTs (10, 37, 38). 
Four-week treatment with Methylphenidate was effective in treating 
mild to moderate TBI patients who suffered from mental fatigue 
syndrome (10), whereas acute treatment (1 to 2 days) resulted in 
transient improvements in working memory, attention, and reaction 
time, yet the beneficial effects disappeared after 2 days (37, 38). 
Furthermore, fatigue and daytime sleepiness are common lingering 
symptoms after TBI, and partial improvements in these symptoms 
were observed in all levels of TBI after several weeks of treatment 
with Modafinil (neurostimlant) (11), Armodafinil (neurostimlant) 
(12), or Monoaminergic (neurotransmitter-inducing medicine) (13). 
Alternatively, doses of Dextroamphetamine (neurostimlant) (39), 
Atomoxetine (neurostimlant) (40), or Rivastigmine 
(neurotransmitter-modulating medicine) (41) did not result in 
improvements in cognitive function or sleep.

3.3 Stimulation-based interventions

The current review yielded 14 articles focusing on stimulation 
interventions (Table  3), with TMS as the most popular approach 
(n = 8), followed by transcutaneous and cutaneous stimulations (n = 4) 
and optical stimulation (n = 2). As with the pharmacological 
interventions, all studies set outcome measures on cognitive function, 
sleep, or mental symptoms including fatigue, except for one study 
examining electrical muscle stimulation effects on urine retention 
post-TBI. rTMS intervention demonstrated mixed results. Two studies 
demonstrated improved outcomes after a 2-week treatment of rTMS, 
with significantly improved depression symptoms, working memory, 
processing speed (17) as well as decreased headache burden (15) in 
patients with mild to moderate TBI. Others demonstrated no 
discernible positive impact on mental health symptoms and 
demonstrated negligible effects on cognitive function (19) reducing 
headaches (20). Similarly, transcranial direct-current stimulation 
(tDCS), despite receiving consecutive treatments for 15 days, did not 
result in any improvements in cognition, sleep, and fatigue (42, 43).

TABLE 2 (Continued)

Authors 
(and year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome findings

Lequerica (2015) 13 adults with mild/

moderate TBI

62.1 ± 91.5 months Ramelteon: nightly dosage of 

8 mg or a placebo for a 3-week 

period followed by a 2 week 

washout and underwent 

alternative intervention for 

3 weeks.

Sleep/wake patterns, mood, 

daytime sleepiness, fatigue, and 

Neurocognitive Index

Total sleep time and 

executive functioning had a 

significant increase in the 

treatment group compared 

to placebo.

Berginstrom 

(2017)

64 adults with mild/

moderate TBI

Treatment: 

8.58 ± 6.84 years

Monoaminergic: Experimental 

group received 5 mg of 

-OSU6162 twice a day in week 

1, 10 mg twice a day in week 2, 

15 mg twice a day in week 3 and 

4 compared to placebo group.

Fatigue Severity Scale, Mental 

Fatigue Scale

Both groups showed 

significant improvements in 

both outcomes at follow-up 

and reported no between 

group differences.

Control: 8.10 ± 7.43 years

Hart (2017) 32 adults with 

moderate/severe TBI

Experimental: 

53.6 ± 25.1 days

Dextroamphetamine (DEX): 

10 mg or placebo daily for 

3 weeks

Rate of functional recovery, 

attention, engagement in 

therapy, and mood

DEX did not lead to 

significant improvement in 

any functional and cognitive 

outcomes.
Control: 60.2 ± 37.4 days

Dorer (2018) 14 adults with 

moderate/severe TBI

23.43 ± 12.25 months Methylphenidate: Participants 

took 30 mg or a placebo 75 min 

prior to an MRI in 

counterbalanced order. Scans 

were on average 2 weeks apart.

Sequential finger opposition 

fMRI paradigm

Methylphenidate resulted in 

faster reaction times in 

patients but was not 

significant compared to 

controls. fMFI also found 

the left inferior frontal gyrus 

to be activated significantly 

more compared to when on 

the placebo.

Theadom (2018) 78 adults with mild/

moderate TBI

Treatment: 98 days NeuroAiD II: Participants took 

MLC901 0.8 g capsules 3 times 

a day for 6 months or took a 

placebo.

Cognitive function assessed by 

the CNS Vital Signs online 

neuropsychological test.

The treatment group showed 

significant improvements in 

executive functioning and 

complex attention at 

6 months compared to the 

placebo group.

Control: 94.5 days
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TABLE 3 RCT using brain stimulation interventions.

Authors (and 
year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome findings

Schoenberger 

(2001)

12 adults with mild 

to moderate TBI

7.71 ± 5.47 years Flexyx Neurotherapy System: 25 

sessions over 5–8 weeks with 

6 min of stimulation via LED 

strobe frequencies in the range of 

+5 to +20 Hz to a max of 30 Hz, 

or control condition without 

Flexyx treatment.

Individualized Symptom 

Rating Scale, Beck Depression 

Inventory (BDI), 

Multidimensional Fatigue 

Inventory,

Following treatment, 

participants had an 

improvement in reports of 

depression, fatigue, and 

other symptoms related to 

TBI.

McFadden (2011) 42 adults with mild/

moderate TBI

Experimental: 

23.07 ± 3.41 months

Acupressure: Both groups 

received eight treatments over 

8 weeks. The treatments last 

40 min. The control group 

received treatment in placebo 

acupoints.

Cognitive impairment and 

state of being through event-

related potentials (ERPs) 

during Stroop and auditory 

oddball tasks

Treatment group showed a 

significant difference 

compared to the placebo 

group by having a larger 

reduction (improvement) in 

P300 latency and amplitude, 

as well as a reduced Stroop 

interference effect. The 

treatment group showed 

significantly better 

performance in working 

memory task – the digit 

span, compared to the 

control group.

Control: 

25.83 ± 4.24 months

Kang (2012) 9 adults with TBI (no 

initial severity was 

specified)

216.9 ± 52.5 days tDCS: (cross-over design) 

Experimental: transcranial direct 

current stimulation of 2 mA for 

20 min was applied to the left 

dorsolateral prefrontal cortex. 

Sham: a dose of 2 mA for 1 min. 

Participants were tested directly 

after intervention, 3 h post, and 

24 h post.

Level of attention, fatigue, task 

difficulty, and sleep quality 

using a numeric scale from 0 

to 10.

No statistically significant 

group differences were 

found in rating for 

attention, fatigue, task 

difficulty, and sleep quality 

at any post-intervention 

timepoint.

Zollman (2012) 24 adults with TBI 

(no description of 

the initial TBI 

severity)

Experimental: 

2.17 ± 1.27 years

Acupuncture: Both experimental 

and control groups met twice a 

week for 5 weeks with each 

meeting last 20 min. 

Experimental group received 

acupuncture in locations relative 

for management of insomnia.

Insomnia Severity Index (ISI), 

Actigraphy, Hamilton 

Depression Rating Scale 

(HDRS), Repeatable Battery 

for the Assessment of 

Neuropsychological Status 

(RBANS), and Paced Auditory 

Serial Addition Test (PASAT)

There was no difference in 

sleep time between groups 

but there was a significant 

improvement in cognitive 

functioning tested by 

RBANS and PASAT in the 

experimental group, 

whereas no improvement in 

the control group.

Control: 3.00 ± 1.85 years

Lesniak (2014) 23 adults with severe 

TBI

18.1 ± 19.2 months tDCS: Experimental participants 

received a tDCS of 1 mA for 

10 min to the left dorsolateral 

prefrontal cortex followed by 

cognitive training for 15 

consecutive days. Control 

participants received a tDCS for 

25 s followed by the same 

cognitive training for 15 days.

Battery of memory and 

attention tests

Test scores showed no 

group differences 3 weeks 

prior to and immediately 

before treatment. Following 

tDCS treatment, the 

experimental group showed 

no significant improvements 

in cognitive outcome 

measures compared to the 

controls.
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TABLE 3 (Continued)

Authors (and 
year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome findings

Sinclair (2014) 30 adults with self-

reported TBI (no 

description of the 

severity)

Overall sample: 96 days to 

13.35 years 

(1,106 ± 993 days)

Blue Light: Experimental 

participants underwent either 

blue light therapy of 465 nm or 

yellow light therapy of 574 nm 

pulses compared to the control 

group who received no 

treatment. The treatments lasted 

for 45 min a day for 4 weeks.

Fatigue Severity Scale (FSS) 

and Epworth Sleepiness Scale 

(ESS)

The blue light group showed 

improvements in fatigue 

compared to yellow light 

and placebo. Daytime 

sleepiness was significantly 

reduced by the blue light 

treatment. Self-reported 

depression using ESS 

reported no significance.

Choi (2018) 12 adults with mild 

TBI

Sham: 14.3 ± 7.2 months rTMS: Experimental group 

underwent 10 sessions (5x a 

week for 2 weeks) of TMS at 

10 Hz with an intensity of 90% of 

motor threshold and duration of 

5-s, for a total of 20 trains 

separated by 55-s intertrain 

pauses to the abductor pollicis 

brevis muscle area of the 

precentral gyrus on the affected 

side. The sham group underwent 

the same stimulation, but the coil 

was held perpendicular to the 

skull, preventing any stimulation.

Therapeutic effects and clinical 

outcomes including central 

pain which used the numeric 

rating scale

The rTMS group showed 

significantly lower pain 

scale compared to the sham 

group after 2 week 

intervention.

Experimental: 

17.0 ± 7.5 months

Lee (2018) 13 adults with mild/

moderate TBI

Sham: 3.88 ± 1.94 months rTMS: Each session for the 

experimental group consisted of 

50 trains of 40 pulses on each 

train separated by 25-s pauses 

applied at 1 Hz to the right 

dorsolateral prefrontal cortex. 

Sham group underwent same 

protocol without any stimulation 

to the brain. Participants 

underwent 30-min sessions 

5 days a week for 2 weeks.

Depression using 

Montgomery-Asberg 

Depression Rating Scale 

(MADRS) and cognitive 

function using the Trail 

Making Test (TMT) and the 

Stroop Color Word Test 

(SCWT)

The experimental group 

showed significant 

improvement in MADRS, 

TMT, and SCWT measures 

after 2-week intervention. 

While no group difference 

in all measures at baseline, 

the experimental group 

showed significantly better 

scores in MADRS, TMT, 

and SCWT compared to the 

sham group.

Experimental: 

3.85 ± 1.67 months

Hoy (2019) 21 adults with mild-

to-severe TBI

Con:22.11 ± 13.59 years rTMS: Experimental group were 

induced repetitive TMS 

stimulation to the right and left 

dorsolateral prefrontal cortex. 

Right sided treatment included a 

single train of 1 Hz at 110% of 

resting motor threshold where 

left sided treatment was 30 × 5-s 

trains of 10 HZ with 25-s train 

intervals at 110% of resting 

motor threshold. Treatment last 

for 4 weeks for a total of 20 

sessions. Sham group underwent 

the same stimulation but the 

TMS coil was held away from 

skull to prevent stimulation.

Montgomery Asberg 

Depression Rating Scale 

(MADRS), Inventory of 

Depressive Symptomatology-

Clinician Rated version (IDS-

CR) and Self-Rated version 

(IDS-SR)

rTMS group showed a 

significant improvement in 

working memory and 

executive function 

compared to sham group. 

All participants showed 

improvements in depressive 

symptoms regardless of 

experimental or sham 

group.

Experimental: 

14.73 ± 10.83 years
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Optical stimulation therapy, in a form of a 4-to-6 week blue light 
therapy, has produced significantly reduced daytime sleepiness, 
fatigue, and depression symptoms compared to controls undergoing 

yellow or amber light therapy (44, 45). Another type of stimulus, 
acupressure and acupuncture, for durations of 5 to 8 weeks produced 
significant improvements in cognitive function, including working 

TABLE 3 (Continued)

Authors (and 
year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome findings

Moussavi (2019) 18 adults with mild 

TBI

Con: 1.6 ± 1.2 rTMS: A total of 13 treatment 

session over the course of 3 weeks 

were delivered at a frequency of 

20 Hz in trains of 30 pulses with 

an interval of 10 s at 100% of 

resting motor threshold to the 

left dorsolateral prefrontal cortex. 

A total of 25 trains were given at 

each treatment. Sham group 

underwent the same treatment 

length but with no stimulus to 

the brain.

Rivermead Post-Concussion 

Symptoms Questionnaire 

(RPQ3 and RPQ13)

Significant differences were 

found using the RPQ13 in 

the group with injuries 

occurring less than 

12 months prior compared 

to the sham group.

Experimental: 1.8 ± 1.4

Neville (2019) 30 adults with severe 

TBI

Experimental: 

17.62 months

rTMS: Experimental: Stimulation 

was applied for 10 consecutive 

days to the left dorsolateral 

prefrontal cortex at 10 Hz for 5-s 

and separated by 25-s of no 

stimulus for a total of 2,000 

pulses each day (50 stimuli/train, 

40 trains). The sham group 

underwent the same protocol but 

with a sham coil producing no 

stimulus.

Change in executive function 

using the Trail Making Test 

(TMT) Part B

There was no difference in 

TMT Part B test from 

baseline to after the 10th day 

or at 90-day follow-up 

timepoint between groups.

Con: 18.3 months

Siddiqi (2019) 14 adults with mild/

moderate TBI

Con:8.1 ± 11.3 years rTMS: Experimental: Treatment 

consisted of 20 daily sessions of 

bilateral rTMS using high-

frequency left-sided stimulation 

of 4,000 pulses at 10 Hz with 5-s 

trainings and 20-s inter-train 

intervals followed by a low 

frequency right sided stimulation 

of a single train of 1,000 pulses 

with 1 Hz frequency. Sham 

treatment consisted of using a 

coil producing very weak pulses 

not strong enough to cause 

stimulation.

Montgomery-Asberg 

Depression Rating Scale 

(MADRS), temperament and 

character inventory (TCI), 

NIH Toolbox Cognitive 

Battery, Headache Impact Test

There was no improvement 

in MADRS, TCI, cognitive 

battery or headache 

symptoms in the 

experimental group after 

the intervention. No group 

difference was found.

Experimental: 

8.4 ± 8.2 years

Zhang (2019) 86 adults with TBI 

(no initial severity 

was specified)

Treatment: 

8.9 ± 2.4 months

NMES: 50 Hz frequency, 250 ms 

pulse duration, 10 s on and 30 s 

off, 30 min once a week for 

8 weeks or placebo

Post voiding residual urine 

volume

There were no significant 

differences between the 

treatment and placebo 

groups.
Control: 9.1 ± 2.7 months

Killgore (2020) 32 adults with mTBI Blue light: 6.8 ± 4.4 months Blue Light: Experimental 

participants underwent blue light 

pulses at 469 nm compared to the 

placebo group of 578 nm of 

amber light pulses. Both groups 

treatment was 30 min a day for 

6 weeks.

Actigraphically measured sleep 

and circadian phase shift, 

subjective sleepiness, and 

objective sleepiness. Cognitive 

function was evaluated by 

self-evaluated questionnaires 

and Tower of London (TOL).

Blue light reduced daytime 

sleepiness and improved 

executive functioning 

compared to Amber light 

treatment.

Amber light: 

6.7 ± 3.6 months
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TABLE 4 RCT using exercise-based interventions.

Authors (and 
year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome 
findings

Jensen (1990) 19 adults with post-

traumatic headache

>1 year Cold Pack: Participants 

received either manual 

therapy or cold pack 

therapy which consisted of 

2 rounds of cervical and 

thoracic mobilization or 2 

treatments of a − 14° C cold 

pack to the neck for 15–

20 min. The study lasted 

12 weeks.

Pain index for post-

traumatic headache

The pain index of the 

mobilization group at 

week 5 was significantly 

lower when compared 

to the groups using 

cold packs, as well as 

pretreatment baseline 

levels. By week 12 the 

difference was no 

longer significant.

Gemmell (2006) 18 adults with mild-to-

severe TBI

8.7 years (no SD or range was 

given)

Tai Chi: Participants 

attended a 45-min class 

twice a week for 6 weeks. 

Controls were placed on a 

wait-list for a Tai Chi 

course.

Medical outcome scale 

short form 36 (MOS SF-

36), Rosenberg self-esteem 

scale (RSES), and Visual 

analog scales (VAMS)

Tai Chi led to 

significant 

improvements on all 

VAMS scores on 7 

mood states (e.g., 

sadness, energetic, 

tense) after 6 weeks, as 

well as between group 

difference in VAMS. 

There were no 

significant differences 

between groups on the 

MOS SF-36 or RSES.

Wilson (2006) 38 adults with gait 

problems due to TBI (No 

description of the initial 

TBI severity)

Experimental: 

4.0 ± 3.50 months

Ambulation: Both 

experimental and control 

group received physical 

therapy twice daily for 

8 weeks. The experimental 

group additionally 

performed 1 h of partial 

weight baring training 

twice a week.

Functional Independent 

Measure (FIM), 

Functional Assessment 

Measure (FAM), Standing 

Balance Scale (SBC), 

Functional Ambulation 

Category (FAC), 

Rivermead Mobility Index 

(RMI), and Gross Motor 

Subscale (GMS)

Significant 

improvements were 

found in FIM, SBC, 

FAC, and RMI in both 

the treatment and 

control group, with no 

group difference after 

8 weeks.

Control: 2.8 ± 1.80 months

Blake (2009) 20 adults with mild-to-

severe TBI

Con: 14.89 ± 13.62 years Tai Chi: Intervention 

participants attended a 

Qigong exercise class for 1 

h per week for 8 weeks. 

Control participants 

engaged in non-exercise 

based social and leisure 

activities.

General Health 

Questionnair-12, Physical 

Self-Description 

Questionnaire, Social 

Support for Exercise 

Habits Scale

Improvements in mood 

and self-esteem were 

found after the 

intervention in the 

exercise group 

compared to control at 

8-week timepoint.

Exercise: 16.4 ± 9.04 years

Driver (2009) 16 adults with TBI Treatment: 

40.75 ± 14.67 months

Exercise: Experimental 

group had 1-h aquatic 

program 3 times a week for 

8 weeks compared to 

controls 1-h vocational 

training 3 times a week for 

8 weeks.

Profile of Mood States 

(POMS)

Significant 

improvements were 

found between the 

treatment and control 

groups for tension, 

depression, anger, 

fatigue, vigor, 

confusion, and 

friendliness.

Self-reported TBI (no 

description of the 

severity)

Control: 36.25 ± 14.17 months

(Continued)
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TABLE 4 (Continued)

Authors (and 
year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome 
findings

Hoffman (2010) 76 adults with a history of 

severe TBI

6 months–5 years Exercise: supervised 30-

min aerobic exercise once a 

week and unsupervised 

30-min aerobic exercise 4 

times a week for 10 weeks 

(treatment) or control

Beck Depression Inventory 

(BDI)

No significant between-

group differences in 

BDI were found at 

10 weeks

Wise (2012) 40 adults with TBI Total: 2.1 ± 1.4 years Exercise: Treatment 

condition (supervised 

60-min exercise sessions 

x1/week, plus unsupervised 

30-min aerobic exercises 

x4/week for 10 weeks).

Beck Depression Inventory 

(BDI), Medical Outcomes 

Study 12-Item Short-Form 

Health Survey (SF-12), 

Perceived Quality of Life 

Scale

Exercise treatment led 

to significantly 

decreased BDI 

(improved) from 

baseline to 10 weeks 

and from baseline to 

6 month-follow-up 

compared to the 

control condition. 

SF-12 mental scores 

improved significantly 

from baseline to 

10 weeks and baseline 

to 6 months compared 

to the control 

condition.

Self-reported TBI (no 

description of the 

severity)

Control condition with no 

prescribed exercise session.

Jacoby (2013) 12 adults with moderate 

to severe TBI

Experimental: 

126 ± 85.33 days

Virtual Reality: 

Experimental participants 

received ten 45-min Virtual 

Reality (VR) treatments 

3-4x per week. Total 

duration of the 

intervention varied 

between participants. The 

control participants 

received 10 sessions of 

occupational therapy.

Multiple Errands Tests-

Simplified Version (MET_

SV) and the Executive 

Function Performance 

Test (EEPT)

No improvement was 

shown in MET-SV and 

EEPT in either group.Con: 100 ± 16.76 days

Bellon (2014) 69 adults with TBI 100.5 ± 119.9 months Cross-over design: 

Walking: 12-week walking 

program with a pedometer, 

weekly goals, and an 

assigned coach. Control 

condition includes only a 

nutritional control coach 

call without walking 

program.

Perceived Stress Scale 

(PSS) and Center for 

Epidemiological Studies-

Depression (CES-D)

The 12-week walking 

intervention led to 

significant 

improvements in PSS 

and CES-D, and such 

improvements were 

significantly greater 

compared to a 

nutrition-based control 

group.

Initial severity:

Mild: 15%

Moderate: 15%

Severe: 52%

Unknown: 19%

Kolakowsky-Hayner 

(2016)

123 adults with TBI (no 

initial severity was 

specified)

97.6 ± 113 months Walking: 12-week walking 

program with a pedometer, 

weekly goals, and an 

assigned coach. Control 

condition includes only a 

nutritional control coach 

call without walking 

program.

Global Fatigue Index 

(GFI), Barrow 

Neurological Institute 

(BNI) Fatigue Scale 

Overall Severity Index 

Score, Multidimensional 

Fatigue Index (MFI)

No significant 

improvement was 

found in GFI, BNI 

Total and MFI scores 

after 12-week walking 

program.
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memory, comprehension skills, and processing speed, but not 
sleep duration.

3.4 Exercise interventions

Twelve RCTs using exercise-based therapy investigated the 
effectiveness of various interventions that aim to promote the healing 
process by increasing circulation and changes in body temperature 
(Table 4). There were independent and dependent activity programs 
(n = 8), virtual reality-based activity (n = 2), and temperature therapy 
(n = 2). Patients with all severities of TBI and having lingering 
symptoms for many years benefited from Tai Chi, where 6 to 8 weeks 
of Tai Chi lessons significantly improved all domains of mood states, 
such as sadness, energy, happiness, and tension (46, 47). Exercise 
classes that lasted at least 1 h 3 times a week for 6 to 8 weeks resulted 
in improvements in symptoms, such as depression, anger, fatigue, 
vigor, and friendliness in patients with mild to moderate TBI (48, 49). 
Conversely, a 30-min aerobic exercise for 10 weeks did not alter 
mental health symptoms in patients with a history of severe 
TBI. Interventions such as cold-pack therapy, virtual reality, and 
walking did not improve cognitive function, sleep, or mental health 
symptoms (50–52).

4 Discussion

Over the past several decades, a vast array of treatments for 
chronic TBI symptoms have been explored. This systematic review 
took a novel approach and aimed to evaluate the effectiveness of 
pharmacological, brain stimulation, and activity-based interventions 
in the chronic phase (>1-month post) of TBI. There are 4 main 

findings. First, while many RCTs have used neurostimulant 
medications to treat physical, cognitive, and mental fatigue, as well as 
daytime sleepiness, inconsistent results were noted, such that some 
studies found improvements in fatigue (e.g., Modafinil, Armodafinil) 
while others failed to realize the improvements after the intervention. 
Second, in terms of brain stimulation techniques, rTMS showed 
effectiveness in improving cognitive function and mental health 
symptoms. Third, blue light therapy induced significant improvements 
in fatigue and daytime sleepiness in patients with mTBI. Lastly, RCTs 
outside our scope (e.g., papers published after the search cutoff, 1 
September 2020, pediatric TBI) have demonstrated that exercise 
interventions (e.g., BCTT) may be effective in expediting recovery 
speed (53–55), especially when an intervention is introduced early on 
(55). However, RCTs included in this review and using aerobic 
exercise intervention focused on patients with a history of moderate 
to severe TBI and indicate that aerobic exercise may not have a strong 
effect, especially for those who have had a TBI many years ago. 
Conversely, group exercise like Tai Chi has been shown to improve 
mental health symptoms.

4.1 Pharmacological interventions

The exploration and characterization of pharmacological 
interventions have remained a dynamic focus in TBI research since 
the early 2000s, yielding several medications that effectively enhance 
cognitive functioning and alleviate fatigue/sleepiness post-TBI. Two 
articles utilized antioxidative treatments consisting of the 
administration of MLC901 (NeuroAiD II) (36) and Enzogenol (56). 
MLC901, rooted in traditional Chinese medicine, exhibited the ability 
to inhibit cerebral inflammation (57) and promote axonal/dendritic 
healing and neurogenesis following a TBI (58). Enzogenol is a pine 

TABLE 4 (Continued)

Authors (and 
year)

Population Time since injury Intervention (type, 
dosage, duration, 
frequency)

Primary outcome 
measures

Outcome 
findings

Chiu (2017) 23 adults with TBI 27.6 ± 34.8 months Warm Footbath: In a 

crossover study, 

participants were asked to 

soak their feet in 41°C 

water for 30 min for 3 

consecutive days or 

continue with usual care 

(control).

Sleep efficiency (SE), sleep 

onset latency (SOL), total 

sleep time (TST), and 

wake after sleep onset 

(WASO)

Warm footbath had a 

significant reduction in 

SOL and suppressed 

WASO. There was no 

difference in sleep 

efficiency and total 

sleep time.

Initial severity:

Mild: 78.3%

Moderate: 13%

Severe: 4.3%

Tefertiller (2019) 63 adults with moderate/

severe TBI

VR: 8.3 ± 9.2 years Virtual Reality: 

Experimental participants 

performed balance 

exercises 3-4x a week for 

30 min for a total of 

12-weeks while receiving 

feedback through VR 

system (Xbox Kinect). 

Control participants 

performed the same 

balance exercise without 

VR system.

Community Balance and 

Mobility Scale (CB&M)

No significant 

differences were found 

between VR and Home 

Exercise Program in 

CB&M.

HEP: 8.5 ± 7.3 years
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bark extract with potent modulatory factors against neurodegenerative 
cell signaling (59). Although MLC901 and Enzogenol have not been 
tested in severe TBI, RCTs in mTBI patients were able to detect a 
significant improvement in executive function and complex attention 
skills, suggesting that these antioxidative compounds may contribute 
to neuronal cellular healing processes at least in the milder spectrum 
of injury. Another pharmacological intervention with positive effects 
on cognitive functioning and sleepiness is Ramelteon (35). Ramelteon 
is an FDA-approved melatonin agonist medication to treat patients 
with insomnia and has also been used to explore the effects after a 
TBI. This drug has an affinity to two different G-protein-coupled 
receptors, MT1 and MT2 in the suprachiasmatic nucleus of the 
hypothalamus, and regulates the circadian rhythm (60). Following a 
3-week nightly dosage of Ramelteon, patients with mild to moderate 
TBI improved their total sleep time and demonstrated improvements 
in memory function, psychomotor speed, and cognitive flexibility 
(35). Of note, in spite of the randomized crossover design, a sample 
size of 13 patients is underpowered to account for appropriate 
confounders and potential modulatory factors, warranting a follow-up 
study with a larger sample size to realize the true effectiveness in 
post-TBI care.

There were several pharmacological interventions with no 
promising results, such as Rivastigmine (41) and Atomoxetine (40). 
Rivastigmine is a cholinesterase inhibitor used to promote mental 
functioning, including memory and comprehension, and has been 
used as a treatment for neurodegenerative diseases like Alzheimer’s 
disease (AD). Silver et al. (41) recruited patients with all severities of 
TBI in the trial; however, 12 weeks of treatment with Rivastigmine did 
not improve any aspects of cognitive function compared to a placebo 
group. This discrepancy between AD and TBI patients is likely due to 
the level of acetylcholine, such that AD patients often have low 
acetylcholine levels and benefit from Rivastigmine, whereas 
acetylcholine levels may not be  as depleted after TBI as 
neurodegenerative conditions. As a result, the RCT by Silver et al. 
failed to realize the effects of Rivastigmine (41). Atomoxetine is a 
norepinephrine reuptake inhibitor, often used in patients with 
attention-deficit hyperactivity disorder (ADHD). This medication is 
used to increase the levels of norepinephrine in the brain by inhibiting 
its reuptake into neurons. The abundance of norepinephrine is 
thought to improve the neural signaling to assist in attention, 
concentration, and impulse control, which are experienced in some 
TBI patients. Ripley et  al. did not observe Atomoxetine’s positive 
effects on cognitive function, perhaps due to either the study was 
conducted in patients who experienced TBI on average 8.2 years ago 
or not all TBI patients having chief complaint of inattention and 
impulse control issues.

4.2 Brain stimulation

Brain stimulation techniques have evolved in the past decade, 
allowing researchers and clinicians to administer magnetic 
stimulations (rTMS) to elicit neuronal signaling. There is a sound 
theoretical basis and clinical utility in treating various neurological 
conditions, including chronic pain and rehabilitation for stroke 
and movement disorders (61). However, this systematic review 
revealed unique patterns and effectiveness of rTMS in TBI care. All 
but one studies using rTMS set the dorsolateral prefrontal cortex 

(DLPFC) as their target region of interest, and seemingly sooner 
the rTMS intervention was conducted post-TBI (regardless of the 
severity of TBI), the greater the benefit may be  for cognitive 
function (17), chronic headaches (15), and overall symptoms (16). 
Conversely, rTMS may not be effective in patients with severe TBI 
(19) and if it is applied years after mild to moderate TBI (avg. 
8.4 years) (20). These rTMS data suggest that rTMS may be effective 
in modulating post-TBI cellular activity, and the effectiveness of 
rTMS may be  influenced by the timing of administration and 
severity of the initial injury. Nonetheless, all RCTs in this domain 
are underpowered (n = 9 to 30) to inform a protocol used in 
clinical settings.

Several therapeutic interventions, such as blue light therapy, 
acupressure, and acupuncture that can impact the connectivity of 
the neurosenal network, have yielded beneficial effects. Following 
30-min blue light therapy sessions for 6 weeks, patients with mTBI 
greatly benefited in the context of their cognitive functioning, 
daytime sleepiness, and fatigue (44, 45). Exposure to blue light, as 
opposed to amber light, has a positive impact on gray matter 
volume in the posterior thalamus and greater structural and 
functional connectivity in the prefrontal cortex and thalamus, 
which has been shown to be associated with improvements in both 
cognitive performance and sleep/fatigue (44, 62, 63). Likewise, 
both acupressure (64) and acupuncture (65) reported significant 
improvements in cognitive function in patients with mild to 
moderate TBI, which was partly attributed to the modulation in 
the limbic-paralimbic neocortical network and subcortical gray 
matter (65), along with an increased relaxation response (64, 65). 
Taken together, non-invasive neurostimulation interventions have 
the potency to facilitate healthy brain network connections, and 
researchers and clinicians should be  encouraged to conduct a 
larger-scale RCT in patients with chronic TBI symptoms.

4.3 Exercise-based intervention

Exercise-based interventions have been spotlighted in TBI care, 
owing to the pioneer works (BCTT) done by John Leddy et al. (66). 
Patients with PPCS often report lingering symptoms including 
depression, anxiety, and decreased quality of life (49). Despite the 
RCTs in this review focused on patients with a history of moderate 
to severe TBI, these RCT results replicated ones from newer RCTs 
focusing on sports-related mTBI and pediatric mTBI. More 
specifically, light to moderate exercise or walking, when it is 
frequent (e.g., 1 h for 3 times a week for 6 to 8 weeks), resulted in 
improvements in mood, stress, and overall quality of life (48, 49, 
67), whereas the shorter duration of exercise (e.g., 30-min per 
session) and self-guided walking without detailed instruction did 
not improve any TBI symptoms. This dose and intensity-dependent 
results may suggest that there is a threshold for inducing positive 
effects. Exercise interventions during recovery from TBI are aimed 
not only to increase systemic and cerebral blood flows and 
regulation of autonomic nerve function, but also to improve cortical 
connectivity and activation and overexpress brain-derived 
neurotrophic factor (BDNF). While it is not recommended to 
engage in high-intensity activity to exacerbate TBI symptoms, 
reaching certain physiological thresholds may be a key to designing 
an effective treatment protocol for patients. Although self-guided 
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movement activity, such as Tai Chi, does not induce the same 
physiological reaction as walking or running, two RCTs using Tai 
Chi have shown consistent improvements in patients’ mood (46, 
47), which is likely through the breathing technique inducing 
participants to relax and relieve tensions.

4.4 Publication bias

It is important to acknowledge the potential publication bias, 
often encountered in systematic reviews. This bias occurs when 
studies with positive or significant findings are more likely to 
be published, whereas negative or non-significant results may face 
difficulty in publication. This bias is particularly relevant for smaller-
scale pilot RCTs using stimulation- and exercise-based interventions 
because double-blinding is often infeasible and relative easiness of 
conducting a pilot RCT due to cost-friendly and less logistical hurdles 
compared to pharmacological-based RCT, which involves additional 
layers of regulatory clearance (e.g., FDA). As a result, higher risk of 
bias was noted especially in the exercise-based interventions 
(Supplementary Table 1).

4.5 Limitations

While there were several promising candidate interventions, 
some limitations should be noted to propel future clinical trials. 
Many, but not all, RCTs had small sample sizes of less than 30 
patients with TBI. This trend was prominent in relatively newer 
interventions (e.g., rTMS, Tai Chi, virtual reality); thus, data from 
underpowered pilot RCTs should be  interpreted with caution. 
Unlike interventions for acute TBI, research focusing on chronic 
TBI includes a wide range of patients in terms of time since injury 
(e.g., 1 month to several years). This introduces other confounding 
factors, such as lifestyle, occupation, and developmental stages after 
TBI. Regardless of these potential limitations, some interventions 
were able to elicit beneficial effects on cognition, mood/mental 
health, and sleep/fatigue. Initial severities of TBI often determine 
the procedures for acute triage and care. However, severities of TBI 
begin to intersect after several months to years, with an example of 
some moderate TBI patients can recover quickly (68), whereas (68), 
whereas mild TBI does not mean patients recover patients recover 
rapidly, in fact some patients can develop lingering symptoms, 
whereas mild TBI does not mean patients recover rapidly, in fact 
some patients can develop lingering symptoms for months to years 
(69). Therefore, initial severities of TBI in the selected RCTs may 
be less relevant when interpreting the effectiveness of interventions 
for chronic TBI cases.

4.6 Future directions

TBI is a complex condition that can lead to persistent chronic 
symptoms lasting for months to even years. Given the high 
prevalence rates of TBI and its potential implications for later-onset 
neurodegenerative conditions, there is a crucial need for continuous 
exploration of effective interventions. Research into candidate 

pharmaceutical interventions, including neurostimulant medications 
and growth hormone, would significantly benefit from a more 
rigorous study design. This entails implementing a more uniform 
inclusion timeline (e.g., within 3–6 months post-TBI), conducting 
multi-center trials, and extending follow-up time points. Moreover, 
gaining a deeper mechanistic understanding through preclinical 
investigations of these medications can provide valuable insights for 
the clinical care of TBI patients. Brain stimulation interventions, 
particularly rTMS and blue-light therapy, necessitate larger sample 
sizes to replicate previous research findings. This approach aims to 
determine optimal dosage, intensity, and duration that effectively 
expedite the recovery process. On a parallel note, exercise-based 
interventions have gained traction across various health domains, 
including concussion and TBI care. Despite the relative ease and 
cost-friendliness of implementing such interventions, there is a need 
for improved research rigor. Standardizing sessions, dosage, and 
duration of exercise, along with incorporating physiological 
parameters to monitor the extent of physiological load, would 
significantly enhance our understanding of the mechanistic link 
between exercise intervention and improvements in cognitive and 
physical symptoms after TBI. While this systematic review focuses 
on the effects of pharmacological, stimulation, and exercise-based 
interventions on the chronic phases of TBI, it remains imperative to 
compare and contrast their effectiveness between acute and chronic 
phases. This consideration is especially crucial in light of a recent 
systematic review pointing to the pharmacological efficacy in acute 
TBI (70).

5 Conclusion

This systematic review revealed several key trends. Several 
hormone-based (growth hormone, melatonin) and anti-
inflammatory/oxidant (Enzogenol, MLC901) medications were 
associated with robust improvements in executive function, but not 
mental state or overall TBI symptoms. A series of neurotransmitter-
modulation medicines and neurostimulants had inconsistent effects 
on outcomes, regardless of initial TBI severity. rTMS appears to be a 
beneficial therapy but its effectiveness is influenced by the timing of 
administration and severity of the initial injury; the milder the TBI 
severity and the quicker TMS is delivered, the higher the likelihood of 
a beneficial outcome. However, given the small sample sizes, a large-
scale RCT using the TMS technique is needed. Despite being in the 
early stages of the investigation, blue light therapy, acupressure, and 
acupuncture show promise for improved outcomes in chronic TBI 
patients, whereas tDCS does not seem to have a benefit in this 
population. Various independent exercise protocols have shown 
potent effects in improving mood, stress, and overall mental health 
well-being, encouraging follow-up larger-scale RCTs to confirm 
previous data from pilot RCTs.
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