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Abstract

Background Traumatic brain injury (TBI) is a leading cause of disabilities resulting from cognitive and neurological
deficits, as well as psychological disorders. Only recently, preclinical research on electrical stimulation methods as a
potential treatment of TBI sequelae has gained more traction. However, the underlying mechanisms of the antici-
pated improvements induced by these methods are still not fully understood. It remains unclear in which stage after
TBI they are best applied to optimize the therapeutic outcome, preferably with persisting effects. Studies with animal
models address these questions and investigate beneficial long- and short-term changes mediated by these novel
modalities.

Methods In this review, we present the state-of-the-art in preclinical research on electrical stimulation methods used
to treat TBI sequelae. We analyze publications on the most commonly used electrical stimulation methods, namely
transcranial magnetic stimulation (TMS), transcranial direct current stimulation (tDCS), deep brain stimulation (DBS)
and vagus nerve stimulation (VNS), that aim to treat disabilities caused by TBI. We discuss applied stimulation param-
eters, such as the amplitude, frequency, and length of stimulation, as well as stimulation time frames, specifically

the onset of stimulation, how often stimulation sessions were repeated and the total length of the treatment. These
parameters are then analyzed in the context of injury severity, the disability under investigation and the stimulated
location, and the resulting therapeutic effects are compared. We provide a comprehensive and critical review and
discuss directions for future research.

Results and conclusion We find that the parameters used in studies on each of these stimulation methods vary
widely, making it difficult to draw direct comparisons between stimulation protocols and therapeutic outcome.
Persisting beneficial effects and adverse consequences of electrical simulation are rarely investigated, leaving many
questions about their suitability for clinical applications. Nevertheless, we conclude that the stimulation methods
discussed here show promising results that could be further supported by additional research in this field.

Keywords Traumatic brain injury, Transcranial magnetic stimulation, Transcranial direct current stimulation, Deep
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Background

Most recent epidemiological surveillance reports indi-
cate around 223,000 traumatic brain injury related hos-
pitalizations in 2019 and more than 64,000 TBI-related
deaths in 2020 in the USA alone [1]. Recent analysis of
data from the European Union in 2017 shows a much
higher number of TBI-related hospitalizations, although
there are less TBI-related deaths [2]. Despite substan-
tial differences among countries, TBI remains a leading
cause of mortality and morbidity, particularly amongst
the younger population. Decades-long accumulation of
clinical and experimental data has set the path to consid-
erable achievements in the clinical management of TBI,
which brought a remarkable and gradual reduction in
mortality due to head injury [3, 4]. Nevertheless, neuro-
logical deficits, cognitive and motor impairments, psy-
chiatric disorders or other morbidities remain among the
major sequelae of TBI [5]. Whilst these disabilities render
TBI survivors dependent on assistance for daily activities,
they also cause severe psychological and economic bur-
den on families due to lifelong patient care.

A modest list of major pathophysiological changes
after TBI includes dysregulated cerebral blood flow [6]
and impaired cerebral oxygenation leading to ischemic
insult [7], glutamate excitotoxicity [8, 9], blood brain
barrier breakdown [10], cerebral edema [11, 12], oxida-
tive and nitrosative stress [13, 14], cerebral inflammation
[15, 16], hypo- and hyper perfusion [17], mitochondrial
dysfunction [18], hemorrhage [19] and hyperemia [20].
The cascade of these pathophysiological changes starts
within minutes to hours and days following the primary
injury, and may directly or indirectly induce secondary
damage to brain tissue, resulting in impaired connectivity
and a delayed loss of neuronal cells. Moreover, chronic
microglial activation and axonal damage may persist over
much longer periods, leading to connectivity loss even
years after trauma [21]. Based on the order of appear-
ance of those pathologies, the post-TBI period can be
roughly divided into the acute phase lasting minutes to
hours after trauma, the subacute phase that lasts several
days and is connected to the beginning of the secondary
injury, and the chronic phase covering the weeks, months
or even years following TBI [22, 23]. Decades of immense
clinical and preclinical research were dedicated to deci-
phering the mechanisms of secondary damage and cell
loss. Nevertheless, the continuously increasing knowl-
edge in this field has not yet yielded the desired clinical
applications for targeted pharmacological therapies to
prevent or attenuate these mechanisms and stop further
progression of tissue damage.

Neuromodulation by means of electrical and magnetic
stimulation has been used to promote neuroplasticity and
connectivity. Although the limited capabilities of nervous
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tissue to self-repair hinders complete regeneration of
damaged brain tissue, processes involved in neuroplas-
ticity can at least partially restore neuronal connectiv-
ity. Promising results observed in preclinical and clinical
studies with electrical stimulation provide a good basis
for the exploitation of neuroplasticity for functional res-
toration to alleviate trauma-induced disabilities [24, 25].
Hypo- or hyper-excitability, for instance, provide suitable
targets for neuromodulatory interventions such as tran-
scranial magnetic stimulation and deep brain stimulation
[26, 27]. Supportive treatment of post-traumatic depres-
sion using electrical stimulation has also been subject to
an immense interest [28, 29]. Preclinical studies, however,
which are required to corroborate findings on underlying
mechanisms of electrical stimulation and reveal neuro-
biological correlates of these stimulation techniques, are
disproportionately sparse and appear to have attracted
increased interest only over the last decade.

In the first part of this article, we give an overview on
what is known about the effects of stimulation on neu-
ronal cells and the state-of-the-art of the most commonly
used electrical stimulation methods for therapeutic
applications. In the second part we present a critical
review of the available literature on preclinical studies
using electrical stimulation in animal models of trau-
matic brain injury. The aims are (1) to assess the efficacy
of these stimulation methods as post-TBI treatments in
preclinical research across several selected studies, (2)
to critically compare stimulation protocols as well as
treatment time after traumatic insult and (3) to infer the
translational value of the reported outcomes for clinical
applications.

State-of-the-art

Effects of electrical stimulation on neurons

The excitability of neuronal cells facilitates modulation of
their firing activity using external stimulation to enhance
or suppress endogenous activity [30]. This modulation
can be utilized for therapeutic or diagnostic purposes
in several neurological diseases or injuries to nervous
tissue [31-34]. To better understand the advantages of
therapeutic electrical stimulation following TBI, it is nec-
essary to gain extensive insights into how and to which
extent stimulation influences neuronal physiology and
morphology.

Artificial electrical stimulation may change the elec-
trical potential of the surrounding extracellular region
through anodic as well as cathodic protocols [35-37]. In
cathodic stimulation, a negative current pulse is deliv-
ered to the extracellular area, which in turn depolarizes
the cellular membrane with the aim to elicit an action
potential. Anodic stimulation instead hyperpolarizes the
region near the site of interest and thus decreases the
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membrane potential [38]. This results in a flux of positive
ions towards the stimulation site from surrounding areas,
which leads to a depolarization of the cell membrane fur-
ther away from the site of stimulation, possibly triggering
an action potential at the nearest Ranvier node [39, 40].

The effect of electrical stimulation on the brain
depends on the inherent characteristics of the tissue.
At the cellular level, it is easier to excite an axon than a
soma, and myelinated axons are the most excitable part
of the cell [41, 42]. Induced voltages differ between nodes
and internodes due to the drastic differences in voltage-
gated ion channel density [43, 44]. Activated axons pro-
gress the signal antidromically to the soma [45, 46] and
orthodromically to the synaptic terminals [47, 48]. Bend-
ing, branching and significant changes in the diameter
of an axon determine the effective site and threshold of
the stimulation [43]. Generally, it is easier to elicit action
potentials with negative currents in almost all cell com-
partments, except for some types of dendrites that are
more prone to stimulation with positive currents [43, 49,
50].

Long-term potentiation (LTP), long-term depression (LTD)
and plasticity

Electrical stimulation deeply influences brain electro-
physiology through modulation of neuronal signaling not
only in the short-term, but also in facilitating or attenu-
ating long-term modifications on a cellular level [51,
52]. Activity-dependent synaptic plasticity can either
strengthen or weaken the development of synapses [53,
54], which is crucial for post-traumatic regeneration and
recuperation of high-level cognitive abilities like learn-
ing and memory formation, loss of which is a typical out-
come of TBI [55, 56]. Long-term potentiation (LTP) and
long-term depression (LTD) are highly complex and piv-
otal processes of synaptic plasticity, which may be heav-
ily modified as a consequence of TBI, possibly leading to
severe cognitive impairments [56].

LTP is a form of synaptic enhancement resulting in a
lasting facilitation of signal transduction. Classically, LTP
is elicited through brief high frequency stimulation [57],
although it may also be triggered successfully with theta-
burst stimulation protocols [58] or chemical compounds
[59]. Initiation of LTP requires the activation of post-
synaptic N-methyl-D-aspartate (NMDA) receptors with
glutamate. Subsequent rapid increase of calcium concen-
tration within the cell initiates multiple metabolic cas-
cades and the modulation of gene transcription, resulting
in long-term changes to receptor expression, synaptic
vesicle transport and other cytoskeletal interactions
[55, 60]. LTD is a process analogous to LTP, but leads to
reduction of synaptic efficacy. It is usually induced by
low frequency stimulation, leading from low to moderate
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influx of calcium into the neuron mostly through voltage-
gated calcium channels and, to a lesser extent, through
the activation of NMDA receptors [60, 61].

During a head trauma, mechanical forces applied to
nervous tissue disturb ionic fluxes and the concomitant
depolarization [62]. This leads to excessive glutamate
release from presynaptic axon terminals in the acute
phase of the injury that may result in neuronal hyperex-
citability and changes in synaptic plasticity. In general,
TBI attenuates synaptic LTP responses, while its effect
on LTD may vary [56]. LTP deficits and overall increased
neuronal excitability were observed soon after injury in
in vivo and ex vivo TBI models [63, 64], while the ability
to induce LTD was left unchanged [64]. In a controlled
cortical impact model in rats, LTD was enhanced as long
as 2 days after the initial injury [65]. Considering all of
the above, pertinent electrical stimulation protocols to
effectively modulate LTP and LTD could be advantageous
in the recovery of physiological neuroplasticity mecha-
nisms and the recuperation of impeded motor and cogni-
tive functions following TBL

Spike timing-dependent plasticity (STDP)

Timing of the activation of presynaptic and postsyn-
aptic cells plays a pivotal role in synaptic plasticity
[66, 67]. Spike timing-dependent plasticity (STDP)
is considered a biologically plausible model for syn-
aptic modifications occurring in vivo [68, 69] and its
occurrence has been reported in several brain regions,
such as the corticostriatal pathway [70-72], the bar-
rel cortex [73, 74] and the visual cortex [75, 76]. It is
determined by the temporal order of action potential
initiations and the narrow time between subsequent
action potentials. In general, activation of the presyn-
aptic cell immediately before activation of the post-
synaptic cell leads to timing-dependent LTP, while
activating the presynaptic neuron immediately after
the postsynaptic cell elicits timing-dependent LTD
[68, 69]. The time window between these activations
needs to be in the order of milliseconds, is specific
for each synapse and depends on receptor kinetics,
current densities and the release of retrograde mes-
sengers such as endocannabinoids [69]. Spontane-
ous spiking as well as changes in the spike frequency
can further modulate the strength of plasticity, e.g.
higher frequency stimulation has been described to
increase the effect of timing-dependent LTP [69].
STDP was observed in both excitatory and inhibi-
tory neurons and could be further modified by cho-
linergic, dopaminergic and adrenergic signaling [68],
enabling prospective pharmacological modulation. It
offers an alternative to frequency-dependent stimula-
tion in clinical settings and has already been deployed
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in human studies to successfully modulate the force
of the long-latency stretch reflex in healthy volun-
teers [77], while overall lower limb motor output was
improved in patients with spinal cord injury [78].

Electrical stimulation methods

The most prevalent electrical stimulation methods used
in post-TBI treatment studies, which are in the focus
of this review, are transcranial magnetic stimulation
(TMS), transcranial direct current stimulation (tDCS),
deep brain stimulation (DBS) and vagus nerve stimula-
tion (VNS) [25, 79]. TMS and tDCS are amongst the
most commonly used non-invasive brain stimulation
techniques [80, 81]. They are effective in the treatment
of a wide variety of neurologic impairments, but their
efficiency and precision is limited by the distance of
the stimulator to the target region. Invasive stimulation
methods, such as DBS or VNS, may achieve higher preci-
sion and efficiency by bringing the stimulation electrodes
closer to the desired area. A schematic overview of these
four stimulation methods and their preclinical usage is
depicted in Fig. 1.

Page 4 of 29

Transcranial magnetic stimulation

TMS is a non-invasive method that utilizes magnetic
fields to inhibit or enhance the electrical activity of brain
tissue with the aim to improve various neurologic dis-
abilities [82, 83]. This technique utilizes the physical
principle of electromagnetic induction by running a high
alternating current through a magnetic coil positioned
tangentially to the skull of a subject, leading to the for-
mation of a magnetic field that is able to penetrate the
skull. When stimulation is applied in the form of pulses,
the rapid changes in the magnetic field create electrical
currents in the brain, which in turn leads to excitation
or inhibition of electrical activity, depending on the fre-
quency of stimulation [84].

The main limitation of this method is that the electro-
magnetic field created by the coil rapidly decreases in
strength with increasing distance. Thus, TMS is mainly
used to stimulate cortical areas near the surface of the
brain; however, functionally connected regions deeper in
the brain can be stimulated indirectly through projecting
axons [24]. The depth that the magnetic field penetrates
into the brain as well as the size of the stimulated area
can be adapted to specific requirements by selecting

d)

Fig. 1 Simplified overview on preclinical applications of the four stimulation methods in the focus of this review: a Transcranial magnetic
stimulation (TMS) uses magnetic fields to stimulate neurons in the brain non-invasively. b Transcranial direct current stimulation (tDCS) delivers
low intensity electrical currents to the brain via scalp electrodes in order to modulate neural activity. ¢ Deep brain stimulation (DBS) involves the
implantation of a device that delivers electrical impulses to specific areas of the brain. d Vagus nerve stimulation (VNS) uses cuff electrodes to
deliver electrical stimulation to the vagus nerve. Figure created with BioRender.com
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different coil types with various geometries, materials
and designs. Circular coils, for example, can be used to
uniformly stimulate a larger volume of neuronal tissue,
resulting in greater penetration depth. Figure-of-eight
shaped designs, comprising two circular coils positioned
next to each other, allow for more selective stimulation
at the cost of penetration depth [85]. The area where the
two electromagnetic fields produced by this arrangement
overlap is characterized by an increased current density
compared to the surrounding regions [84]. TMS can
be applied in a wide variety of different protocols, most
commonly in the form of repetitive pulses, which is usu-
ally referred to as repetitive TMS (rTMS) [86].

The therapeutic potential of rTMS is widely recog-
nized, particularly in the field of psychiatry, and it is
applied as a treatment option for depression [87, 88] and
obsessive—compulsive disorder [89, 90]. Its efficacy was
further tested as a treatment for a number of different
neurological conditions, such as neuropathic pain [91,
92], epilepsy [93], stroke [94], multiple sclerosis [95] and
post-traumatic stress disorder [96], as well as Parkinso-
nian movement disorders [97, 98].

Transcranial direct current stimulation

In contrast to other stimulation methods that employ
pulsed protocols for neurostimulation, tDCS uses direct
current to influence the cell membranes of neurons in the
desired cortical area [99, 100]. A current of several mil-
liamperes is applied via a pad electrode, called the active
electrode, attached to the pericranium near the area of
interest, which leads to changes in cortical excitability
and neuronal activity [101, 102]. A second, larger refer-
ence electrode is usually placed further away from the
stimulation site. During anodal tDCS, a positive current
is applied between the two electrodes, leading to a hyper-
polarization of the area near the active electrode, whilst
cathodal tDCS depolarizes the tissue with the use of neg-
ative currents. The resulting excitation or inhibition of
neurons may lead to neuromodulation in affected areas
[99, 103]. The current density is crucial for the efficacy
and propagation depth of the stimulus [104].

This method is painless, non-invasive and used as a
treatment for depression and a variety of cognitive dys-
functions [105, 106]. However, lack of precision is a lim-
iting factor in cases where targeted neurostimulation
would be necessary, such as post-traumatic tremor [107].

Deep brain stimulation

DBS is an invasive approach that requires the implanta-
tion of a stimulation electrode directly into the targeted
brain area [108, 109]. The stimulation setup comprises
an implanted stimulation electrode and a connected sub-
cutaneous wire that forwards signals from an external

(2023) 20:51

Page 5 of 29

stimulating device. Stimulation electrodes are often
implanted bilaterally and commonly have multiple metal
contacts, which can be used both as anodes and as cath-
odes [110]. In bipolar configurations, an electrical field
is generated between two adjacent contacts, allowing
for a concentrated electric field and thus a higher pre-
cision [110]. The optimal electrode position is usually
determined beforehand with the help of neuroimaging
via computed tomography (CT) or magnetic resonance
imaging (MRI), which can also be used to guide the sur-
geon during implantation. Throughout the procedure,
electrical activity is continuously measured to ensure
correct electrode placement. Afterwards, the efficacy of
the implanted device is verified by applying initial stimu-
lation pulses [111].

This method is approved for the symptomatic treat-
ment of Parkinson’s disease, essential tremor, obsessive
compulsive disorder and some cases of severe epilepsy in
humans [112, 113]. Thanks to its versatility and high spa-
tial resolution, DBS has potential use in the treatment of
higher-order cognitive dysfunction and disorders of con-
sciousness in patients with TBI [114].

Vagus nerve stimulation

VNS is an indirect brain stimulation method that excites
the afferents of the vagus nerve to modulate activity of
the central nervous system. While vagal afferents pro-
vide sensory information to the brain stem from multiple
internal organs, efferents mediate the parasympathetic
control of various bodily functions. Thus, VNS results in
a wide range of different effects caused by the stimula-
tion of medulla and brainstem including the modulation
of neurotransmitters: notably epinephrine, serotonin and
gamma-aminobutyric acid [115]. Other potential modes
of action include changes in blood flow in several brain
regions [116—118], upregulation of neurotrophin produc-
tion [119], reduction of damage to the blood brain barrier
[120-122] and anti-inflammatory effects [123, 124]. VNS
systems are approved for treatment of drug-resistant epi-
lepsy [125] and severe, recurrent unipolar and bipolar
depression [126], both of which are common disorders
developing as a consequence of TBI [127-129].

Most commonly, VNS is used as an invasive modality,
employing helical cuff electrodes in monopolar, bipo-
lar or tripolar configurations. These electrodes are usu-
ally wrapped around the left cervical vagus nerve [130]
to indirectly stimulate distant brain regions. Stimulation
of the right vagus nerve might lead to severe bradycar-
dia and is therefore generally avoided [130]. Monopolar
electrodes are comparatively cheap, but require an addi-
tional ground electrode. Bipolar configurations allow the
induced current to flow between two electrodes, ena-
bling a much greater control of the current path. Tripolar
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electrodes are more expensive, but have the advantage
of preventing leakage currents to the surrounding tissue
since the stimulating electrode is positioned between two
common counter-electrodes.

Stimulation waveforms and protocols
The selection of suitable protocols is an important factor
for efficacious stimulation, but also for the prevention of
damage to the stimulating electrodes and the surround-
ing tissue [35]. This is particularly relevant for invasive
approaches, such as DBS and VNS, where implanted
electrodes need to last for longer periods of time and
are in direct contact with neural tissue [131]. Unwanted
electrochemical reactions at the electrode-tissue inter-
face include corrosion and oxygen reduction reactions,
which can be minimized by selecting appropriate stimu-
lation protocols and waveforms [132, 133]. While mono-
phasic pulses are more efficacious for stimulation than
biphasic pulses, they potentially result in greater tissue
damage, since all injected charge creates electrochemical
reaction products and result in greater negative overpo-
tentials over time [35, 134]. Biphasic stimulation, on the
other hand, has the potential to reverse electrochemical
processes at the electrode-tissue interface, but may also
reverse some of the desired effects necessary for effica-
cious charge induction. Introducing a short interphase
delay reduces the suppressing effect of the reversal phase,
as long as the delay is short enough to prevent excessive
accumulation of electrochemical reaction products [35].
Another important part of the stimulation protocol is
the timing of the treatment application after injury, which
depends on the selected treatment modality, the severity
of the trauma and the goal of the treatment [135]. The
onset of stimulation in preclinical studies varies from
immediately to several weeks after trauma [25]. In clini-
cal settings, these techniques are usually applied at later
stages as a support to traditional rehabilitation methods
for treating disabilities that persist after TBI [114, 136].

Additional stimulation methods

In addition to the methods mentioned above, there are
several other promising electrical stimulation modali-
ties that may be effective in the treatment of TBI seque-
lae. Electrical cortical stimulation, an invasive method
where electrodes are implanted near the cortical surface,
can be used to modulate brain plasticity to treat sensori-
motor and cognitive deficits in rats [137]. Similarly, epi-
dural electrical stimulation utilizes pulsed stimulation
protocols applied to electrodes implanted in the epidural
or subdural space to enhance motor recovery and brain
activity [138—140]. Promising non-invasive TBI treat-
ment methods include electroconvulsive therapy, which
finds use as the treatment for mood disorders such as
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depression [141], but has not yet been investigated in
preclinical TBI models.

Temporal interference stimulation is another novel
treatment modality that can be used to stimulate deep
brain regions non-invasively, exploiting a well-known
acoustic phenomenon [142]. By applying two sinusoidal
stimuli in the kilohertz-range with slightly differing fre-
quencies through electrode pairs placed on the head of a
patient, interference patterns can be generated inside the
brain [143]. The effect of stimuli in the kilohertz range
on the underlying tissue is only small due to the filter-
ing properties of cellular membranes [144, 145], and the
amplitude of the individual signals is comparably low.
Constructive interference of these two signals in the tar-
get area leads to an electric field oscillating with an enve-
lope frequency equal to the difference between the two
individual signal frequencies. This method has success-
fully been applied to mouse motor cortex, leading to the
elicitation of movements [146].

It is also possible to implant passive components in
the brain that convert an external impulse from a source
outside the skull into an electrical stimulus. An exam-
ple for this would be photocapacitors [147-149], which
charge up when they are irradiated by light pulses, creat-
ing an electric field at their surface, leading to the depo-
larization of adjacent neural cells. These photocapacitive
devices can also be used in combination with temporal
interference stimulation protocols [150].

Systematic literature review

To gain further insight into the methods and protocols
used for TBI therapy in preclinical studies, an extensive
systematic literature search was conducted. The arti-
cles included in this survey were found in PubMed and
Web of Science. The scientific integrity of the review was
ensured by closely following the PRISMA 2020 guidelines
[151]. A flow diagram detailing the literature assessment
process is given in Fig. 2.

Search terms: literature identification

To cover the most commonly used variations that
describe the stimulation methods selected for this review
as well as TBI, the search query consisted of the following
MeSH terms:

(“transcranial magnetic stimulation” OR ‘“tran-
scranial direct current stimulation” OR ‘deep brain
stimulation” OR “vagus nerve stimulation” OR
"vagal nerve stimulation”) AND (“traumatic brain
injury” OR “tbi” OR ‘concussion”)

The search was conducted in the PubMed and Web of
Science databases. To obtain as many relevant records
as possible, the query was searched in all fields of the
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Fig. 2 PRISMA 2020 flow diagram depicting the selection process of the studies for this review [151] (TB/ traumatic brain injury, S electrical
stimulation, TMS transcranial magnetic stimulation, tDCS transcranial direct current stimulation, DBS deep brain stimulation, VNS vagus nerve

stimulation)

respective databases, which includes titles, abstracts
and keywords of publications, among other infor-
mation. The list of search results was last updated on
the 8th of September 2022 and the search yielded 358
results in PubMed and 524 in Web of Science, amount-
ing to a total of 583 different records after removing
duplicates. The results were sorted by publication date
from oldest to most recent and the titles, authors and
publication years of these records were exported from
the respective databases and collected in a Microsoft
Excel spreadsheet to organize further screening.

Inclusion criteria: literature screening
The abstracts of all 583 individual search results were
screened by one investigator for five different criteria

of interest to this review. This was done manually with-
out the use of any advanced automation tools except for
a simple text search function. First, the abstract needed
to mention TBI as the underlying cause of the disabil-
ity under investigation. Next, an electrical stimulation
method had to be utilized in the study and third it had
to be used for a therapeutic purpose or as a treatment,
as opposed to a diagnostic application. The record also
needed to consist of original research, which excluded
other review articles and excerpts from larger studies,
such as meeting abstracts and conference papers. Finally,
only preclinical studies were included, where an animal
model was utilized to investigate certain parameters of
interest.
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These five criteria were assessed in the order described
above, and when an article did not contain that criterion,
it was immediately excluded from the review. A total of
543 records were excluded, 93 of which did not investi-
gate TBI sequelae, 60 were not about electrical stimula-
tion, 97 used these methods for an application other
than therapy, 162 were not original research and 131 of
the remaining articles were not preclinical studies. This
abstract screening resulted in 40 articles for the following
full-text assessment step.

Eligibility: full-text assessment

Out of the 40 articles selected for full-text assessment,
another six were excluded. Four of the excluded articles
used electrical stimulation not for the therapy but for the
assessment of stimulation effects on healthy animals. One
study was not original research, which was not imme-
diately apparent in the abstract, and another article did
not utilize electrical stimulation altogether. Ultimately,
literature screening led to a total of 34 articles that were
reviewed in this study. Eight separate studies used TMS
and VNS respectively, seven employed tDCS, and eleven
utilized DBS for the treatment of TBI sequelae.

Results

During full-text assessment, multiple parameters were
collected from the 34 selected articles for further analy-
sis and comparison. The first two columns list general
information about the respective study, such as its main
focus and the impairment under investigation. The next
column describes the animal model used in each study,
which includes the number and type of animals, the
applied TBI model, and if animals were anesthetized
during stimulation. After that, the technical aspects of
the applied stimulation are summarized, such as the
stimulation protocol that was used, the time frame of
the stimulation, and the location that was stimulated.
The last set of parameters focuses on the assessment of
the study results, namely the tests that were conducted
with the animals, the parameters that were studied, if
they observed any long-term effects of stimulation, and a
short summary of the main findings of the paper. All this
information was collected in four individual tables, one
each for TMS, tDCS, DBS and VNS, which are displayed
below (Tables 1, 2, 3, 4).

Transcranial magnetic stimulation

Most of the included TMS studies listed in Table 1 inves-
tigated the loss of motor functions after TBI [138, 152—
155], while some also used it as a potential treatment
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for detrimental changes in brain metabolism [152, 156],
behavioral impairments [157], and to prevent cell death
[152, 156]. A recent study also investigated the mecha-
nisms of rTMS treatment without considering any spe-
cific disability [158]. Animals were usually immobilized
and awake during stimulation, except for two studies,
where TMS was applied during temporary anesthesia
using volatile anesthetics [153, 154]. In four of the studies
stimulation was done at the ipsilateral side [138, 152, 157,
158], in one at the contralateral side [153], and in two at
the medial alignment to the injury site [154, 156]. Stim-
ulus intensities are rarely given as absolute values, such
as a magnetic field strength, but as a percentage of the
maximum output of the stimulator [138, 153, 156, 157] or
of the experimentally determined resting motor thresh-
old of the animal [152, 158], while two studies do not
specify the intensity of the stimulation [154, 155]. Many
protocols employed rTMS in the form of pulse trains at
frequencies ranging from 2 to 40 Hz, some of them hav-
ing applied the stimulus for 9 to 20 min [138, 153, 155—
158], while others stimulated for 3 min or less [152, 154].
In half of the studies TMS treatment was started 1 day
after injury [138, 154, 156, 157], and the other half started
stimulation several days later [152, 153, 155, 158]. Stimu-
lation sessions were usually administered daily and con-
tinued for 1 week or longer. The target of TMS was often
a nonspecific area of the cortex, apart from one study
where the primary sensory region on the non-injured
side of the brain was stimulated in pediatric animals
[153] and another study that specifically targeted sub-
cortical areas [155]. Persisting effects of TMS were rarely
investigated, but one research group claims to have found
a long-lasting increase of excitability in the non-injured
cortex [153], while another found functional improve-
ments lasting for up to 6 weeks after stimulation when
TMS was combined with environmental enrichment
[154]. Three studies observed a neuroprotective effect
and the prevention of cell death [152, 155, 156], while
two each determined that TMS could be an effective
treatment to improve motor function [138, 155], induce
neural plasticity [153, 158], or help with the recovery of
brain activity [138, 152]. It was also shown that TMS led
to histologic improvements after TBI, meaning that the
expression levels of relevant proteins changed towards
a positive outcome [155, 157, 158]. Individual studies
determined that TMS could decrease hyperactivity [153],
improve cell metabolism and at the same time induce cell
proliferation and neurogenesis [156], help with the recov-
ery from behavioral impairments [157], improve cortical
excitability [154], or enhance cognitive function [155].
Only one study did not observe any improvements in
motor function after applying TMS [152].



Page 9 of 29

51

(2023) 20

ng and Rehabilitation

Ineeri,

Ziesel et al. Journal of NeuroEng

NEET
Jad sawln aAY ‘sseam ¢ oy ‘Ajlep
90U0 ‘Ainful-isod sAep  bupeig

{7 Kep uo aouo pue skep ¢
1049 Ja)ye xaya1 Buluaybu woly
K1an0da1 buimol|oy ‘Aep sad aouQ

skep 9
104 ‘Ajiep ‘Ainfulsod Aep | Buinels

SAep dA1IIN23SUO0D
£ 10} ‘Kinfusod Aep | Buipeis

[(TRE L
sKep 8¢/¥1//) PaOULIES 310Jq
Aep | |nun Ainful-sod sAep ¢ woi4

SY99M 1 40y ‘Ainful
-150d 6 Bunels eam Jad adim|

Ainfui-sod Aep Y, uo
Bujuulbaq ‘$HIM 7 JISA0 SUOISSIS 0|

Ainfuisod 71— | Aep ‘Aep 1ad 221m|

S|eAIRIUIS G| UL'S | JO sule)
0¥ ‘ZH OF 'PIOYS3IY1 1010W JO 9%0€

UIW 07 10} ‘Ul 7 AI9A9 1Ud

-IpeJb Jeaul| PUB WOHUN U3aMIS]
sabueyd pjay ‘ubew ‘asned s g

's 7 4o sulen 0g ‘sasind sw 9 ‘zH of

(teajpun Ausuaiul
‘ws) 102 1yb1a-jo-ainby ‘sap2Ad
U93M13Q S 97 'S 17 J0 S92Ad £ ‘ZH 01

1102 1yb19-J0-a2inby

"ep 1od UIW 1 ZH 7 (LAY JO
0507 L) ININO 9DIASP XBWI JO 905
1103 3yb1a-jo-ainby

‘Kep/sasind 006 ‘|eAIDIUL UlRII-1a3Ul
S G| ‘sasind Gz Jo sulen o€ ‘zH §
INdIN0 32IASP Xeuwl JO 9509

Ul 6 104 ‘|eAla1ul Ulel}
-121U1's GG ‘sasind 00| JO sulesl 6
‘ZH 07 'INdINO 9DIASP "XPWI JO %ST

|eAJ9IUI Uled)-I21ul s |
'S ZJosurell §L'ZH 0L ‘LAY 4O %08

ulw Q| 104 ‘@sned s g pue wins s €
‘ZH Q1 “INdIN0 2DIASP XeW JO 906

SN Bunnp
qowwl pue axeme ‘(g S1els
-pou ‘9210 10edWl WD OE X D 07)

doip 1yblam s,Asusa4 ‘siel
Ao|meq-anbeids ajew G

SWL Bbuunp

pazI|IqowW| pue 9yeme ‘(1espun
A1ISASS 'SABP SAIINDISUOD € 4O}
Ajlep aouo ‘|g| aAinadal ‘ewinesy
peay pasold ‘w | wouy b gg) doip
yBIam ‘921w 9/18/6D 9eW 8y
aueinyos|

95 JOPUN SN LI ‘UONPPaS Japun
|YIA4 ‘SUBYIRIN JSpun sBUIPIOdaI
|ed1b0ojo1sAydoidale ‘duein|josi
J9pUN 1UBWISSSSE dI ‘(249yds
-lwiay ybu ‘|g1 91elapoUl ‘S/W +)
|DD ‘s1es Asimeg—onbeids sjew /6

(uonezijigowwi

10} paulel) sjewliue) S| buunp
PaZI|IOWIWI pue axeme ‘(g1
21935 ‘X21102 Joyoul) doup 1ybram
SNOJRLIBA ‘SRl IRISIM SeW /6
SN L Buunp pazijigowiw

pue axeme ‘(iaydsiway 3ybu ‘|91
a1esopoul) doip 1ybram s Auss-
‘syel Aopmeg—anbeids ynpe g¢

QURIN|JOS! 9% Japun
SINL‘(4ea]oun A111aASS) X2110d K10S
-Usolewos Arewd Y3 J9A0 DD
'syel A9|meg-anbeids ajjuaanf 9z

SWL Buunp paz|

-IGOWWI pUR 9eME ‘(|g | 913A3S
‘ainssald wie $-5°€) |d- [esale| ‘'siel
Aaimeg-anbelds sjew 3npe 0z
SIALL Bulinp pazijigoww

pue sxyeme ‘(1dedw [eIpaw ‘|9
pliw ‘asnyip ‘w | woly b 0G) doip
1yBiam snosewle ‘(g1 woij paip
1 7) s1eJ Aoymeg-anbelds sjew |

MBIAIDAO [BIBUSD)

SUOJIdUNY J0I0W pue dA}IUBOD

uonouny Jjojow

sabueyd
|pJOIARYSq [R12USD ‘AlI[ELION

Jusuredw
[e2160]0IN3U “WSI|OgeISW Uleiq
paonpai ‘ewAyoualed uleiq Jo sso7

uonouny JI010N

yeap |12
‘WISI|0GeISW Ueid] ‘UonDdUNy J0J0|A

uonsuny J01oN

JUaWIIRRI] SN AQ pasned swisiu
-eydaW JejN||9d JO UoebISaAU|

|gL1o1e
Juswiieal) (JuUeLeA SN L ‘SINET)
uole|NWNS dllubew play-mo

JUSWIYDHUS [PIUSW
-UOIIAUS pue SIA1J Yyum Adelay |

SIN1J Aousnbaiy
91eIPAWLIAIUI YHM JUSUIIeD |
sisauaboinau

pue UOI1BINPOWOIN3U IO} SIA L

191 o13eipad 10 SN 1

KISA0D31 [BIOINRYS] 1O SN L

191 UO S33 pue SN1 JO S15943

[851] e 18 URID

[SSL][e 1= Jexes

[vSL]'e1s uys

[/ 1] |e 19 zeig-obnpiap

OS] e X M

[€SL]RIRHM

[ZS1] 71219 3 UOOA

[8E1] e 12 SA UOOA

swieJy Swi) uonenwng

|030304d uone|NWNS

|opow [ewiuy

Juswiredw)

SNd0j uley

REMIVERET |

S3IPNIS (SIALL) Uonejnwins diaubew [eluesdsuel} [edjuldaid Jo MaIAISAQ L dlqel



Page 10 of 29

51

(2023) 20

ng and Rehabilitation

Ineeri,

Ziesel et al. Journal of NeuroEng

9DU.1INJ20 ¢ |7 01 patejal suldoid
Jo uolIssaidxa sy Bundaye pue uon
-dnJsuodal dndeuds syouwoid 01 52
-A9] u1R101d NAS Pa2uURyUS ybnoiyl
siel |g] Ul suonouny [es1bojoinau

0 A19n0d31 310woid Aew SIA 1

S103)J9 9A12310Jd0INSU PaMOYs
pue ‘s|aAs] NNSN Pasealdul ‘s|ans)
dV4D Paseaidap ‘WYIAUJ UeIpedID
YlIM pa1eIdosse sulaoid paseaidsp
‘|9A3] 2did Palo1sal ‘g aAadal
J9)Je 921W Ul uolduUNy SAINUbOd pue
Jo10W paroiduwl 1uswiean SN

SWLUeyriaiyier 33

01 anp A|geqoid s109)J9 Wwia1-buo)
‘uoneziuefioal pue AjIgeUdXS
[B21140D PIA A|qIssod ‘syuswanosdul
|euonouNy 03 speaj |9 Joye 33

pue SAL yum Adesayy pauiquiod
|9 Joye A1anodal

51600351y puUe [eioineyaq sajouwoid
Aybi|s Sy Aousnbaiy-aielp
-auI1Ul ‘1g1 Aq pasned abewep
S1USARId UOIIDLIISS) JUSWSAOIN

P3103)4E JOU SEM 3)IS |BI1e|RIIUO0D
au ut Auanoe dljogelaul ‘ZAS ayp ul
sisauaboinau pue uonesayold |23
'K19A0231 [eJOIARYDQ 9A0Id W ‘SISOY
-dode ‘ss0| uoInau ainjew ‘Alije1iow
9s5ea109p Aew SN 1 Aousnbaiy-ybiy
5159 [RJOIARYR]

ur AjanoeladAy paseainap ‘siaxiew
Aypnseidoinau Jo uojssaldxa pue
BulIy [BUOIN3U PIXOAS ‘ANAIDR
JideuAs pasyoAs ‘asuodsal [ed1310d
[YIN-PIYOAD Ul SaSeRIOUI JURDYIUDIS

e3JR [PUOIS
-9|11ad ul asuodsal oinoydode-jue Jo

JUSWISDURYUS AISA0D31 JOJ0W UO
S1294J2 |e2YaUS] SARY 10U PIP SIAL

G373 JO S1993 Isnqoi Ajejnoped
UM ‘1Y Ul JuswisAoidwi pate
-13[9228 pue [YdS Ul Juswanoidull
JuedyIubIs Ul paYNsal §33 pue SIAL

pa1e61359AUI 10N

pa1ebi1sanul 10N

SeaM g 01 dn bunse
UoIIdUNY JOJOWIIOSUDS Ul SIBUS]
01 P3| SWL PuUe 33 JO UoneuIquioD

pa1eb1saAUl 10N

pa1ebsanul 10N

Ade1ay L JO Syoam
J19)J8 X2110D painful-uou ui Ajige
-IDX3 Jo 3sealdul bunse|-buo

pa1ebsanuUl 10N

paiebisanul 10N

S|9A3| UoIssaidxa YNYW

‘(NAS '934D-d ' LYYANN ‘@HL
4NQ@g) uoissaidxa ujaioid ‘a1
-onajsesyn dndeuAs ‘Auanss Ainful

HELE]
TAYD pueyDOTD ‘s|PAd] uteold
2did pue NNaN dy4D ‘ewseid u
|9A3] 2did ‘UonduUNy aARIUBOD ‘A1l

-Al}DB JOJOWOD0| ‘POIRIOI UO U]

sdew uoneAnoe

[4IA Spniubew 447 ‘spnijdule
dIW 1oppe| wiouy sdijs pue paads
uesW AoUs1e| [eSIoNRI] WISy
2In10311y2.e anssiy jedwedoddiy
Ul suondnusip ‘sabueyp |ed160)
-oydiow Jejn||a3 ‘21025 [eJoIARY
-9goJnau ‘Ajijeyow pue buipasiq
|g1-150d ‘@xeiul pooy ‘1yblam Apog

AlIAIDE

dljogeiaw ‘sisordode 192 ‘uon
-29104d UOINAU ‘sIsaUabOIN3U pue
uonesajijoid |32 ‘sso| ewAyduased
uleiq dA1e|R4 ‘A19A0D31 |elolreyDg

(An

-AI3oRIadAY pue AbojoisAyd) sise1
|RIOIARYDQ ‘S9SUOTSDI [BD11I0D YN}
P%0AS ‘apniubew 447 ‘sasuodsal
YN ‘(d17) uoissaidxa [13AeD
Huieubis onordode

‘WSI|0gPISW UlRIg ‘DWIN|OA dLayds
-IUdY PAUOIS3| pue 1oeIUl ‘Aljige
9DUe|(Eq ‘UOIIBUIPIO0D JOJON

UoIssaIdxa s04-2 ‘184 swp
2ouewWIORd | Yy ‘D3Rl $S922NS
14dS ‘sabueyd uswade|d qui

UoND13P Y d-1Y
10|q UI2ISaM "A11S|LWLUBYD0ISIYOU
-NWIWL ‘I L TUSWSSSSSe SSNWI

109 UIR1saM ‘AlIsiuuayd
-03sIyounwWi 153} UoHUBOD3I
UOI1D0] [2A0U 1531 play uado ‘| Yy

X9110D |I91e|RIIUOD
OUI UL 1N} IUSWSSISSe dIN dT
pa%oAa ‘ABojoisAydoiidss ‘sisal
19ppe| 9BUS|[eYD pUE 3j|eM Uleag

ABojoisiy ‘ajeds [ed1bojoinau
-|eJoineyaq ulod-| 7 SNy

uoljeuruexa
13d “Ansiuaypoisiyounwwi ‘buj
-UIB1S UISOS pue Ul|Ax01euwsy
‘(uonenieAs SSNWI) S1sa1 |riolARYSg

Buuresounwiwl

1591 Xa|§21 qUUIjpUIY PUE qUlI|210}
1591 p|ay uado |y ‘sbulpiodai
[ea160jo1sAydoi1dale Jejn|j2ex3
A13SILUBYD03SIYOU

-NuW| 10| u1sam ‘Adodso.rdads
2oUBUO0SI ddUbRW ‘YN Ulelq
51591 9JUB|RQ WESQ PUE POIRIOY

Ansiwaypoisiyounwull
‘LYY 1YdS 1591 uawade|d quur]

djess ay1 03 350>
‘9pIs [esa1eisdl aroge padeid 10D

Seale [BD[110DgNS pue [BD1I0D)

pa1edo| [eipaw ‘ewbalq
pue epague| usamiaq Julodpipy

211s Aunfuy

(urelq ay) Jo Jo1uad
3U1 JOAO "WIS Xew) play disubew
AQ pasuanjjul uleiq JOYan

uoibal
Klosuas Arewd [eiaiejenuod)

(les91e)15d1 A|qeqoud) paieis

10U 3pIS “Ws pjoysaiyresdns
19)4e SLHOWa) sAdadIq) Ja3eaM 3yl 18
apniduwe 43y 1sab61e| yim ealy

a1s Aunful
an0qe pade(d [10D 3y} Jo 191U

(851112 UelD

[SSL]1e e Jexas

[PGLl e 19 ulys

[/S1]e1e NED.O@DUL®>

[OS1] e X N

[€SL]RIRHM

[¢G1]7[e 33 ) UOOA

[8E1] e 12 SA UOOA

sbuipuy urepy

$123))9 Jualsisiad

si91dwesed paiinboy

STETN

uoned0| SNINWINS

S9OUai3j9y

(penunuod) | 3|qeL



Page 11 of 29

(2023) 20:51

Ziesel et al. Journal of NeuroEngineering and Rehabilitation

gL
JO UORINPUI ISE] J3YR Y 7 ‘92U

Ainful-3sod s3oam € ‘9ouQ

Ainful

-150d sy9am g bupess ‘(bupsay
210420 Y 7) sAep / 1o} Aep Jad 9duUQ

Buluonisod apoi1dss Iaye

8¢ 01 € skep wioly Aep Jad aduUQ
Ainful-3sod syoam ¢

10 | buness ‘sjeasaiul Aep-¢ e skep
SAIINDISUOD 4 10} ‘SHIIM {7 1SN

191 J33e Aj3d3u1p '92UQ

AInful-sod syaam ¢ 1o
| Buiness ‘shep g 1oy ‘Aep 1ad adUQ

UIW O 10J ‘(;W>
/YW SST0) YW 0 'SDA} [BpOUY

Ul G| Joj 'yu 1’0 ‘SOl [epouy
Ui QL “(;Wd/vW 80/£0)

w1l 008 'SDA3 [epoyied

ulw Q€ Joy ‘sasind st ooz

'ZH 05 'YW |0 ‘SO [epouy

Ul G| 1oy
YW 10 'SDJ) [epoue aAaday

UIW O JOJ ‘(ANSUSP JUBLIND WD

/YW SST0) YW 0 'SDA} [BpOoUY

Ul Oz o} ‘(Kusuap uaLnd ,wd
/YW Z8°7) 'YW 70 SO} [epouy

$D@1 bulnp paziayisaue ‘(|g 1w
SAIMIadal ‘sAep ¢ 10} A|lep 9oUo
‘WD 0¢ woly b G/ 1) doup 1ybram
‘syel Ao|meg-anbeids sjew g9

SO@1 bulnp xeme ‘(g1
91LJOPOWU 01 P|IUl ‘9DBJINS [eD11I0D
WO WW Z 's/W §) [DD 921w 0T

$O@3 buunp paziy
-2U1saue ‘(g 219A3S) [DD) [0y
‘|eJ1e|lq ‘syes sueA3-buo ajew 07

SD@1 bulnp axeme
‘(19 21elopowl) doip 1ybram
‘syes Aoimeg-anbeids ajew Og

$D@ buunp axeme ‘(gL
91PJOPOWU 0] P|ILd ‘9DBJINS [eD11I0D
WIOJ) WU Z 'S/W G) [DD 921 Of

SUOIBN[RAD pUB
sainpadoud || buunp paziayl
-SaUR ‘(191 PIw 2AlNadaI ‘Saw}
SAIINJISUOD € ‘WD 0 Woky b 6/1)
doup ybram ‘(74 Aep |ereursod)
siel Aojmeg-anbeids sjew | ¢
SO Buunp pazinay

-S9UR (g 91eISPOW) |d4 [eIo1e|
‘syes As|meg-anbeids sjew 9¢

uodun} IOIoN

44w

pue ANAIIDeaI 1B|NJSBAOIGRIDD)

uoluae pue Auaisindull

UoNDUNY 9AIUBOD pue J010)

uonouNy 1010w
‘uoneushAxo anssii pue 4g-Hw

Aujge
-115X9 |ed1110D Alosuas pue JO1oW

AKlowawi |eneds pue [eloIAeYSg

191 Pliw 9ARRda) Ja)je uoiduny
Joj0W aA0ldull 01 SO [epouy

uonenbai

4gDW pue A1IA11DB3I 1B|NJSRAOICD
-192 U0 SO} [PPOUE JO S10343
[gLioye

swoldwiAs a1|-dLrelydAsd Jo
JUSWILaI1 341 Ul SOJ1 [PPOY1eD
Alowaw

pue buiuiea) |eneds ‘Audnse|d
uleiq ‘AI9A0d31 SAIUBOD pue
JO10W U0 SDJ pue $H1 4O S199443
9WO02IN0 21B0J0IN3U SAIUBOD
pue JOloW ‘SH(J} [epOUe J91je
uorUIBAXO 3NSSIY pUB UOISNHI

Aupnseld
-0JN3auU Uo SO} [ePOUE JO 519943
191 obeis
Alea ul Alowaw |eireds pue [eiol
-ABY3Q UO SO} [ePOUE JO S1094)3

[€91] e 19 >ied

[#91] |e 1o euibeig

[591] [e 12 suanepy

[c91] e 19 NA

[191] e 19 eUIbeIg

[091] ueH pue wiy

[651] e 19 UOOA

dwiely Wi} uone|NWNg

|od030.4d uonenwis

|opow [ewiuy

jJuswiedw

sndoy utey

LERTEYETEN]

S3IPNIS (SD(3) UOIBINWIIS JUSAIND 10311 [elURIDSURIY [eD1Ul231d JO MIIAISAQ T d]qel



Page 12 of 29

(2023) 20:51

Ziesel et al. Journal of NeuroEngineering and Rehabilitation

1SD ay3 buneanse Ag asueinpua
JOl0W pue UopeIUSLO [einysod
'|0J3u0d adueeq ‘apniiiduwe 43N
aAoidwil pinod g 1w aAniadal
13)Je B3R | Al 9Y3 1B §D1 [BpOouy
AVEIVIETNe e [WV]]

2160j0INaU 01 SINQLIUOD P|NOD
‘JgDwW Jo uone|nbas pue sa|olLIe
[ewAyousied Jo A1AnDeS) Jejnd
-SBAOICR19D 53101531 SDH(J1 [epouUy

UO[1R[NPOWOINSU WO
1S0W Y3 1yaua(q $123(gns paliedw]
K|219A35 150W 9Y1 ‘AI9A0D31-SD 1
40 931b63p pue 1DYap aAIs|ndwll Jo
spnyubew usamiaq diysuolie|ay

SO} ey suswanoidull aApIU
-602 pue |eioiARYRq J21SE) SIINPU]
$H3 ‘Aupnse|d ujelq pue A19A0021
JO10W 10) SAINDDYD S| SIed |g] 10}
Bujules uopeljigeyal Yyum s3

1uaWwaAoldul D160j0INaU 01
31NQIUOD P|NOD pue Ulelq asnow
UIBYS pue |g] Ul uoljeusbAxo anssn
pue MO} POO|q Je|NdSeACIDIW
ulelg S9se3IDUl §H(JL [PPOUY

AJ2N0D31 JOIOW JUBISUEI}

saj0wold pue A1|Igeloxa [ed130D
JO UO[1B|NPOW S35BDU] ‘'SSUSNOIDS
-U0D JO A1I9A0D31 AJ183 S9ONpUl
|g1WJ 1218 $HQ1 |epoue 3|buIS
Ainfur-asod yoam | paljdde

usym Alowaw |epeds sanosdull
Ajuo ‘Ainfur 1sod syoam ¢ pajjdde
Uaym suoiouny AJowaw pue
|eneds Jo A19A0221 SaseaIduUl SO

pa1ebiisanul 10N

pa1e611SSAUL J0N

paddois
uole|NWINS J91je pasesddesip
'DAAIISCO S1D2y9 Bullabul| ON

pa1ebisanul 10N

POPUS SBM UONE|NWIAS J9)e
yoam | sanljiqe Jojouw pue bul
-uJea| Ul Juswarolidwi paniasald

SIVENY
-anoidul] 3URDYIUBIS OU Pamoys
‘UOIIRINWIS J9YJR SABP 7| PaWLIO)
-13d Al3sIwayd0IsIyouNUIw|

SY9aM ¢ J9)je S10ay9
PaUIEISNS OU ‘UOIe|NWINS Ja)je
SYOIM | 3|qISIA S1DaYD [e1DyaUdg

suoljesae
9DUE[EQ ‘U0IIdUN) JOJOWIIOSUSS
‘UOIRUIPIO0D J0JOW ‘ADUIE|
pue apnijduie 43N ‘1 LW A1
-nnadal Jaye uollen|eas abeweq

(9ousdsalony
-01ne HQAVYN) MO} USDAXO anssiy
ulelq ‘(Je1awelp Jejolianie) 4gou

K19A0231 pue usuwliedw! Jo
spniubew ussmiag diysuolelal
‘uonpuanie ‘AuAisindwi JI010N

UOISS31dX3 S04-2 'SIURLUSSISSe
UOIS3| ‘| YY JO sd1es dbeIaAR ‘S)Sa)
9ZBWI-A PUB |YdS JO 31eJ $5930NS

Alowaw

Buliom pue [ereds ‘Buiuies)
'S)DYap JOj10W ‘MOJ} poo|q [eiga
-13D 1e|NDSEAOIDIW pue [euoibay
uols

-521dX2 dy4D ‘sabueyd d11SWN|OA
uteiq ‘@pniijdwe pue Aousie|

43S ‘opniujdwe pue A>uaie|

dIW xaa1 bunybu jo A1anoday

uolssaldxa 4NQg ‘sa1jogeIaw
‘eWSPa UleIq ‘SWIN|OA UOISS)
‘Alowswi |eieds ‘Ay1jige |eioineyag

1S9] polelol

1591 1|NBJ-100} ‘(S9P0.I1D3|2
9|Pa3U PUE SIAL PIA) UOIIEN|EAS
daw ‘ABojosiy Ty ureig

(eludedsadAy) 1591 A1iAIIDRI
1B|NDSPAOIQGRIDD ‘(UOHRINWINS JS1e
pue 21042q) ST uooyd-om|

Aanas Linfur Ajuian
01 5321|S Ulelq JO SISA[eue “{se)
3WI} UOIIDRSI [BLISS 9DI0YD-IAI4

Alsiwayo

-03slyounuwi ‘Abojoisly ‘uoly
-eujwexs [p21H0j0INAU ‘(9ZBW-A
"LYY "14dS) Buiurely uoneyigeyay

Bululels [SSIN 1591 9Zew-A
1521 9dueplone aAIssed ‘| 1Y ‘NS T
uoloyd-oMm1 ‘DS PRW-WOoISND

SISA[eUR [BDILIRYD0ISIYOUNWWI
‘[dIN ureiq 1583 43S pue dIw

sisAjeue
[BOILUSYD0ISIYOUNWIWI ‘SHIA
‘YAl UleIq ‘1591 SZeW sauleg ‘| ¥y

}unJ1 uo
9pOY1ed ‘B3Je | |\ 13| JOAC dpOoUY

XeI0U] uo
2poy3ed ‘AW0I0IURID Je3U 3POUY

ae|ndeds uaamiaq
Spoue ‘ewbaiq Jeau SpoyIeD

yuni
18 9POY1L ‘UOIS3| SA0Ce SPOUY

XeI0U1 UO SP0IId3D
J31UN0D ‘AWO10JURID JBSU SPOUY

X2J0U1 UO 9POIID3|3 12IUNOD
'X3}102 J0JOW 13| pUNo.e 3pOouy

153D U0 dpoyIed
'eale [euoIsa|lad 190 Spouy

[€91] 1812 ed

[¥91] |e 1o euibelg

[591] [e 19 suanepy

[coll e nA

[191] e 3o euibeig

[091] ueH pue wiy

[651][2 32 UOOA

sbuipuy urepy

$31293 JudIsISIdd

si19)dwesed paisinboy

5159

uoled0| snjNWNRS

S9JU49)9Yy

(panunuod)  3jqey



Page 13 of 29

51

(2023) 20

d Rehabilitation

Ineering an

Ziesel et al. Journal of NeuroEng

Klowaw

Bunpiom [eneds ssroidull sjen 210599

Aj21eIpawiwl uone|nwiis Aousnbaly elayy
NS ‘21241 [edwedoddiy se1enuane |44  PaAlasqo s1daye bunsisiad oN

(Ulw G| Jaye pue ‘wns buunp)
Jomod eayy jeduwedoddy iz ‘dxa
‘ABa1ea3s yoJeas ‘Kiowaw Buryiom
[eneds quawade|d apoi1daa | dx3

S7eWl sauleg 'HD33-03pIA

snapnu [edas [elpajy

[991] |p19 937

sbuipuy urepy

S3103443 JUdISISIDd

si91owesed pasinboy

5159

uoled0| SNINWINS

sdUIRRY

SH9IM 17 10} ‘A|lep

y z1 ‘Ainfur-isod syeem g buiiels
sAep G 1o} ‘Aep Jad Sawi IOy ‘S G 10}
SS9IDNS J9YJR S G ‘9ZeUl J21BM SILLIOIN
Bunnp ‘Linfui-isod syeam ¢ buiels

(uoneueidwi oposn
-39 Jaye Yy |) Ainful-isod y g ‘9duQ

P|OYsaIy} Papaadxa ainssaid
J9ppe|q Usaym A1auwo1sAd buunp
‘AInfur-sod yaam | ‘UoISSas aUQ

ploysaiyl papaadxa ainssaid
Jappe|q uaym A11awo1sAd buunp
‘Ainfu-1s0d ¥2am | ‘UoIsSsas U

OW3I-SNT Ag pa1abbil ‘A11ow01sAd bul
-Inp ‘AInful-1sod 3aam | ‘Uo|ssas aUQ

SHOIM §
10 ‘Ainful-isod syeam 1, Buiels

Kep/xe
‘Ainful-sod skep /-G ¢ pue 7 ‘dxa
‘Rep/xg ‘Ainful-isod sAep G pue 1 :| ‘dx3

Aep | Jo 950>
3y31an0 ‘Ainfulasod y 9— Bunelg

S342aM g 10J ‘(dnoib auo ul skep /
J131je 10) Aunfur-isod y 9— buniels

JUsWIIadXa 97ew sauleg 210j9q
Ajpoauip ‘2 01 G skep Ainfur-sod woi4

pasueleg-abieyd ‘sasind s ooy

ZH 0€ 'POYSR141 1010W JO %08
SuUleJ} U9aMIaq

SW 00G ‘sutey sw Qg ‘@seyd uad

st 0g ‘'sasind diseydiq ‘zH o€ L ‘vl 0§

Y | Joj Ui G K193 snuiejeyiodAy
|e1918] JO BPIS IYHBU pUL P3| UM
UPUMS ‘sasind sw 1'0 'ZH 00Z ‘A v—C

SOl Joj
‘sasind srl zg1| ‘zH 06 ‘(@>uanbas
pazIWOpUeN) AST/T/SL/L

S QL 404 ‘sesind
oiseydiq st g8 zH 05 A ST/2/S L/

sosind st 781 ZH 0S ‘A S'L

Kep ad y | ‘sesind s 0oy 'zH 0€
‘Ploysa1y3 J010W [eNpIAIPULJO %608
Ulw 9 J0j ¥{se1 a10joq ulw | bueis
i€ pue 7 'dxa 's 09/0¢/5 | 10} :| "dxd
sasind

sw | 'ZH 00L/£°£ "v1 002/08/0C
(sjeAsmnul 9s|ndianul bul

-K1eA) sulanied [ejodwiay ‘Yip ‘Aep |
J9A0 Y 7 AI9AS UIW Q| 10} ‘ZH ST L
‘sas|nd 2iseydiq s 0oz ‘vl 051
sinoy 1ybikep

71 JSA0 eaiq Ui § YUM paleulsle
ulw G ‘sesind sw | ‘zH ¢ 4o 8 ‘v o€

Z-dxa uruiw G| Joj pue | dxa ul
ulw | 4oy ‘sasind swi | ‘zH £/ 'y 08

Sg@ buunp ayeme ‘(Jeapun
A1I9ASS ‘Yrdap W G'7 's/W G7°7)
|DD ‘siel sueA3 buo sjew €€

590 buunp oxeme ‘(191

21es9pow ‘Yidap WW 597 's/W 7'G)
12D 821w 9/19/5D °jew 1npe 59
Sg@ buunp eisayisaue

1NOYIIM INQ SOIBWOD ‘(Jespun
AIIDASS "W 4 01 O Woly paddoip
6 00v) doip 1ybrem ‘(dewsy /7
‘3lew g) siel Aoymeq-anbelds g

A1312WO01sAD

pue sgg butinp paznaysaue ‘(igL
2I9AS ‘W 7 Woyy b 0Gt) doip 1yblram
‘syel Aojmeg-anbeids ajew gz

K112W0154d pue sgg buunp paznayy
-S9UB ‘(Jes|pun AJI9ASS ‘W 7' pue
T'SL'L 'S0 woy b ogy) doip 1yBram
‘s1el Ao|meg—oanbeids sjew 6t
A1awo1sAd

pue sgqg buunp paznayisaue ‘(191
2I9A35 ‘W 7 woyy b 0Gt) doip 1ybram
‘syel Ao|meg—anbeids sjewsy 7z

Sg@ Buunp ayeme ‘(Jeapun A14aA3S)
quI[2404 JUBUILIOP O} [eJ2)e|RIIU0D
X140 J0JOW Ul |d4 ‘(UMBIPYUM
2I9M /) siey suea3 BuoT ajew ze

S9Q Butinp xeme ‘(gL
21eI9POW) |d4 [eI21e| ‘S1el Ao|meq
—anbeids uejleH ajew ynpe 9¢ |

$ga buunp

XeMe ‘(| 21rIapouUl ‘Sawfl G 0}
dn ‘wd gz woly 6 0g) doip 1ybrem
‘(P10 $29M 6—9) 92IW [9/19/5D ST

sdaa
Buunp axeme ‘(jg] 21e49pow) |d4
‘s1es Ao|meg—anbeids sjew 1npe 6/

sga buunp
MR ‘(|g] S1eIapoWl) |44 [ela1e|
‘syel Ao|meg—anbeids ajew 3npe 95

SIBITETEI[V]ilep)

SIBIIETEI[V]elep)

20d

uonouNysAp Jappelg

uoIdUNISAP Jappe|g

UondUNYSAp 1appelg

S1DY3P 1010

SIBIIEIEINM[V[slep)

|esnole pasealdad

SUDYap SAINUDHOD

DIRIIEEMVep)

|91 Joye
A1an0d31 2A1IUBOD 9dUBYUS 01 S9(

|91 121 A12A033) 9ANIUBOD
anoidw 01 S payd1ew-yse|

19L
J121je ssaujnyaxem ajowoid 03 sgg

|g1 Jone
uonduNy Isppe|g aroiduwl 01 59

|gLoye
UoIdUNYSAP Jappe|q 1eai1 01 Sga

sjewue g ul
UoNOUNY JISPPE|] 21e|NPOW 01 S

S9d Yim A19A0D31 JOION

|91 4916 uonubod sncidwi 01 Sgg

191 9dinw
J1a1je sgg pausened-A|jeiodwa|

lgL1eye
K12A0231 [BDIWIOIRUR PUE [RIOIARYSY

Kiowswi |eneds
anoidw 01 5gg Aduanbaly elay

[0£1] 7 30 ueYD

[691] '|e 38 uosuoiy

[9/1] e 33 Buog

[7£1] e 19 ysoauley usaneld

[€/1] e 12 ysaauley usaneid

[¢s1] e s usr

[LZ1] e 39 URYD

[891] [p19 937

[S/1]1e 13 Aysueqe].

[£91] [e 13 Z3jezu0D

[991] [e19 937

dwiely S} UoHEINWINS

|030304d uonenwng

|opow Jewiuy

Juswredwy

sn>oj urepy

sdUIRRY

SalpN3s (Sg) Uolie|nuis utedq dasp [edjulpaid Jo mMalnIsAQ € dlqel



Page 14 of 29

51

(2023) 20

d Rehabilitation

Ineering an

Ziesel et al. Journal of NeuroEng

suolbal

uleig dlwejeyl pue [ed110d [euoisa|iad
$S0108 A}IAIIDUUOD [euoduNy Budueyus
AQ [9pow el |g] e Ul SHDYap aARIUBOD 0y
JUSWIIBAIY 9AIIDYYD Ue SI Sgd NDT [ela1ejiun

uopessyljoid

pue Huleubis |22 ‘uonelbiu ‘UOIIBIUSIRYIP
|BIN3U UY1M Pa1eIDosse sauab jo uon
-e|nbaidn pue uoneidepe Jejn||ad 01 P3|
UOI1_INWIS ‘[9POW 3SNOW [g] B Ul AJowauwl
|eneds Jo A19A0231 saroidul] susquundde
SN32NU 341 JO SgJ PayDIeW-3Se]
SsaujNjeM 210Woid 03 pasn 3¢

ued §ga-yH1 Aemyied Y | XO/suxa10 syl Aq
pa1eIpawl UoIssaidxe YgygyD JO uonenbal
-UMOP pue UoIssaldxa Yy-| b Jo uonenbaidn
Ul s3nsal uonowioid axem paonpul-sgd-vH1

uonduUNysAp

10} AJeUlN JaMO) 10} saldelayl mau Jo
1964e) Buisiwoid e s 6] dd ‘suonduny isp
-pe|q [0U0d P|NOd 18y} UoieNbal [einau
|ennualod budnpul Jo sjgeded sem sgQ

IgL1eole

S1eJ Ul |01U0D JSPPe|g Pue UoidUNJSAp
BUIPIOA UO Sga-OUd JO 5109443 dlinadesayl
MOYS ‘uondunysAp buipioa yuedyiubis

J10J [opowl | doip 1ybiam paysi|geisd

(Aouaidye buipion paroidul Apuedyiubis
's9]942 BUIPIOA JSppe|q Pa1291ap) AlIjIqIses)
31 panoid pue sies |g] Joj adA10101d
wR1sAs |011u0d dooj-pasop sgg paubissg

$129)J2 A101eW

-wepul-nue pue opoydode-nue buneipsw
pue A3|1ge1DXa [euoinau buneas| Aq |91
J91Je AI9A0D3 JOJOW DUBYUS URD Sgd NI

e19y1 [edwedod

-diy pasealdul uopenuins NS ‘Aouanbaly
sead ul Yiys ‘9duaiayod aseyd ul abueyd
ou ‘e1ay3 [edwiedoddiy saysiuiwip |44

uopenwns
WIOpUERJ 10 PaXy UBYY 210W ANAIIDR JOI0W
$9582JDU] UOIIB[NWIS DII0BYD 'SAep 1| |
10} SYDYP 33Ne Ul synsad g1 d|diniy

SWINJOA X3110D
|endio20-|e1aied pue Alowaw Bupom
'AIOWRW 22UR4343) ‘Bulydeas 210y
2101531 UBD UOIBINWINS YN Al1ed ZH 8

pa1ebiisaAul 10N

uo1essad
UoI1e|NWIS J9Ye SAep Q|
PIAIDSQO S1D9YD JUIISISIDd

pa1ebisaAul J0N

pa1ebiisaAul 10N

pajebsanul JON

pa1ebisanul 10N

pajebisanul JoN

PaAISSqO S109)a Bunsisiad oN

pajebsanul Jo0N

paiebsanul 10N

sixlew (S6-ASd)

ondeuAs-1sod pue (| uisdeuAs) -aid
"(YLNS2d INQg DININED) UoIssaidxa
ura101d ‘1uswade|d 9poid9|e
‘Klowaw uonubod3l ‘uoiUIR)
Alowaw ‘Alowaw [eieds wia1-buo

SISaUabOINBU (E7dVD

pue |-uisdeuAs) yimolb jeuoinau
pue Alsuap dndeuds ‘asuodsal
luopay ‘Aduspyje ulaiied ydiess
‘aduewWIOpad Alowaw [eneds

(4gvgvO pue yy-1o
‘Y1 XO) uolssaidxa uiio.d ‘“AyAnoe
©119p (IA-1) SS2USNOIdSUOD JO 32169

uoliezijedo| din 9ponds|e

$gq ‘(pouad 1uajis pue porsd
aAI2e ‘ponad 15inq) sia1aweled
DINI-SNT ‘si1owieled d11BW0ISAD

uonisod apo.1d3a

‘1oedwl |g1 ‘(uoneinp pue apnyjjdwe
UOI1DeIIUOD 'P|OYSalyl WIN|OA)
si1aweled dLIBWOISAD ‘@181 Al
-|exjow uo 1ybiay 10edwil JO 19943

sbewep anssiy 'uo
-2919 (Aoual
PSPIOA PUE [ENPIS3) ‘UOIIBIND PUP
apn1ijduie Uoneuod ‘Ploysalyl
2WN|OA) si21auweled D11RWOISAD

sio1aweled

Je|Nn||92 pue 2112Ub SNOLIPA 'BUIN|OA
UOIS3| 'UOIIBIO| 9POJIDD|D ‘UOIY
-BU|PJO0D JOJOW ‘@SN medaioy
snoaueuods ‘A111a1xap medalod

(ABo1ei1s yoieas

‘uoljeioldxe 193(qo) sebueyd [eiol
-Aeyaq ‘(Aouanbaly yead ‘9oualayod
aseyd ‘awn Aouanbayy e19y3) 533

sabueyd

|eJoineYaq ‘Ulaled Joineyaq
|_UINIDOU UOIIUSAIDIUI INOYIM
K1910231 'S)12ap ANIAIIDR J0I0W SGQ
JO 5109449 pue (SSN) A1aA3s Ainful

S|9A3] dIAY ‘SSWN[OA UleIGaI0)
‘AIIdWWAse Bulydeal quila1o) ‘fio
-WBW Bupjiom ‘AIowsw 9duI9)9y

Bujulels SSIN 10[q UIRISIN ‘AsSIuIRyYD
-01sIyounuwiUl 4sey uoniuboal 193(qo
|2A0U ‘9ZBW-A palleq ‘9zew sauleg

sisAjeue uojssaidxa auab ‘Ans
-wayo3siyounwwll ‘Aesse axuasajaid
20e|d 9UI3-|BI ‘9ZBW J91BM SO

AJisiwiaydoisiyounww ‘siskjeue
10|g UJ3ISam ‘D33 ‘Uondaful 3sjuobejue
YLXO 'SS2USNOIISUOD JO JUBLUISSISSY

4N ‘(OW3-5N3) AydesboAus
-0J129]9 J210U1yds [eIy1ain [PUIIXD
(DIND) SIUSWSINSEIW DHIBWOISAD

4 ‘Stusw
-2INSeaU DH1RW0ISAD 1ybiay 1oedw|

uonduny buiploa sroidwi

01 2dA10104d SgQ |011U0D dOOJ-pasopd
JO JUBLISSISSE ‘Y| ‘A11DWOISAD
UoISNJUI-SNONUIIUOD ‘DINI-SNT

10|q UJ21SaM ‘A13s|
-wiaypo3siyounuiw ‘Aesse Aesseomiu
VYNY “ABOj0ISIY ‘S159) I9ppe| [eIU0ZII0Y
pue JapulAd 1531 X1ew elsed

Abojoisiy ‘azew
sauleg “yse1 uonelojdxe 1o ‘933

UONBUIWLIDSIP [B1D0S ‘1591 UonJed
‘9zeuwl-| ‘Bujuiea) |eneds jeuswossyd
ues1 yiep-1ybi| ‘azew snid paren

-9|2 ‘aled [eyualed ‘(yjem Wieaq ‘Xa|yal
quliipuly ‘azew uado 1endiId) 1591 SSN

1531 Japul|Ad ‘siskjeue
|BDIWIOIRUROINSU ‘878U JSIBM SILIOJ

[eJa1e)iun ‘N7

einp ay}
MO|2q ISN[ Spoue ‘suaquuindde
SN3PNU B Ul 9pOYIeD ‘[eaie|iun

apIs 1ybu pue
19| ‘ease diwle|eylodAy [eise

(B1dd) snajpnu
|erusWb3) sunuodondunpad

(Oud)
SNapoNU JeINd1IaI auRUod [ensoy

(Oud)
SN3|DNU Jejndilal aunuod [eisoy

NDT [e4218[213UOD

snapnu [edas [eipajy

(A||es21e)1q) Snuiejeyy [eaudD)

aydel esiop
pue aydes UBIPaW UlRIGPIA

(ANREREEED)

[691] '|e 19 UOSuUOIY

[9/1] 13 Buog

[7£1] e 19 ysaauley usaneld

[€/1] ]2 18 ysaauley usaneld

[[/ARNERENE)

[L£1]"[e 3= uRYD

[891] [p19 937

[S/1] 1813 Aysueqel.

[£91] 213 Z3jezU0D

sbuipuy urepy

$103J)J9 Jualsisiad

si91owesed pasinboy

s1s9)

uoed0| SNINWINS

S9dUa19j9Yy

(Panunuod) € ajqey



Page 15 of 29

(2023) 20:51

Ziesel et al. Journal of NeuroEngineering and Rehabilitation

191 4318 Apdauip ‘82u0

191 491 Apd2u1p ‘92U

uonel|igeyal apisbuole
‘S|BlI3 |NJSSIDNS JO SW G UIYIM
‘Ainful-1sod g Aep uo buieig

uiw oz oy ‘Aunfursod y | Bundels

Y 8¥ 10} ‘Ainfurasod y z buiniels

skep v|
104 ‘Ainfuisod Y 7z bunieis

shep 171
1oy ‘finfui-asod y g buiels

sAep | 10} ‘Kinful-sod y z buiiels

ulw G| 10}
‘Yipim asind sw G0 ‘zZH 0€ ‘YW |

Ui gl
10} ‘s35|nd SW G0 ‘ZH 0 'YW |

uoneinp
aseyd s oo ‘sasind diseydiq G|
JO sules} sw 00§ 'ZH 0€ 'YW 80

ulw Qg oy ‘sasind swi G ‘ZH G ‘A 0L
SjeAI1Ul

ujw o€ ‘sasind oiseydiq sw S0
JOsulel} S 0€ 'ZH 0T 'YW S0
SjeAI1Ul

ulw og ‘sasind oiseydiq sw 0
JOsulen s g ‘zZH 0z 'YW S0
S|eAlaul

ulw o€ ‘sasind oiseydig sw S0
JOsulei} s ¢ ZH 0¢ 'YW G0
SjeAI1Ul

ulw Qg ‘sasind oiseydiq sw Q
Josulel} s 0€ 'ZH 0T 'YW S0

SNA

Buunp paziiayisaue ‘(Jeappun
AYIBASS "W 147 O O WO
paddoup b 0ot) doip 3ybram
's1el Asjmeg—anbelds ajew Oz |

SNA Buunp pazi

-9UISaue ‘(1e3DUN AJASS ‘WD Hi
01 Ot woly paddoip b 0op)

dolp 1ybram ‘(3jeway ey ‘sjew
Jjey) sies A9jmeg-anbeids 0z |

SNA
BuLINp ayeme ‘(1eapun A1LISASS

‘1oedW S/W €) X2110D 0} [DD) ‘siel
A3|meg—anbeids sjewsy 3npe gz
(SNA 1oy Jeajpun)

AJnfu) BulnNp sNoIDSUOD ‘(Jespun
AI9A3S Japmod 3oe|q bul G F 05
Jo Aynuenb abieyd yim Jaxoenn
-a1y) Ainfur anisojdxa uteiq ‘sug
-qjeJ pue|ea7z MIN 9[eW 3npe 87
SNA Buunp axeme

‘(19.L @12J9pOWI) |44 [BJa18|Iun ‘siel
papooy sueA3z buoT sjew 6|
SNA Bulnp axeme

‘(1e3jpun A1IaASS) |44 [BIS1e|IUN
'S1el papooYy sueA3 buoT ajew {77
SNA

Buunp axeme ‘(jg] 21eI9powl)

Id4 ‘sies papooy sueaj buo gy
SNA BuLnp axeme ‘(jg1 a1e1
-pow ‘a1aydsiway Ya3)) |d4 [elaig|
's1el papooy suen3-buo sjew /g

o0d

ood

UoIdUNY JOION

PWaPS Ulelg

eUISPS [IgAIDD

suoIN3aU dIBIYgYD JO UORINPaY

S1DYap SAINUBOD pue JOJO

uonodung 2AIIUB0D pue Jolon

191 J9}je UOIOWIOId-2¥eM IO} SNA

1gLioue
ssaujnyaxem ajowold 0} SNA

ISEIXoRE)] 2oueyus O}
uopeiqeyal [eaishyd Lpim SNA

SNA JO S10242 dAl101d0oINSN

eUIDPS [RIGDIDD
40 1usWdO[RASP UO SNA JO S109443

|91 Joye suol
-nau 216IaYgyD 199101d 01 SNA

gL
J12)4e AI9A0D3J [BUOIIDUN JOJ SNA

|g.L Jo3e A19A0D31 JOJ0W
pue aAIIUB0D 35e310Ul 03 SNA

[181] e 18 buog

[081] Bua4 pue buog

[6£1] 1212 1n1g

[€81] e 19 noyz

[z81] e 32 ybno>

[#81]°|e 19 9S9aN

[8£11718 12 yuwis

[££11 71219 yuws

Quwielj sawl} uonjeinwinis

Jod0j0.d uonenWng

|[opow [ewiuy

Juswaredw|

sn>o0y urepy

S9OUa.i9j9Yy

SAIPNIS (SNA) UOIBINWIAS 9AIDU SNHBRA [edjulpald JO MIAIBAD ¥ 3lqeL



Page 16 of 29

(2023) 20:51

Ziesel et al. Journal of NeuroEngineering and Rehabilitation

191 Aq pa12aye sienpiapul
9501eWOD 10} JUsWiesl} _m_pcopOQ
‘| J9}4. SS2USNOIDSUOD dA0Id Wl
pue [esnole 30w oid pjnod SNA

eWOoD
pa2Npul-|g] Woly syuaied axem

01 poyiawl buisiwold e st SNA
’X91102 |eruodyaid ul uoissaldxe

Y1 XO pue y-Uixaio jo uonejnbaidn
ybnolyi s1el |g] 9501ewod Ul
ssaujnyadem arowoid 1ybiw SNA

191 J2ye yibuans ||nd pue uonouny
QuJI[2104 JO AIDAOD3I S9DURYUD UOI
-eljigeyal [ed1sAyd yum paited SNA

Ainfur aa1sojdxa 1surebe s109yo
9A1109101d0INAU 13X ABW SNA
‘LIPS BRI JO 92163p padNpal
pue 0L-11JO S|aA3] paseanul ‘gL-|
pue D-4N | JO S|9A3] PNPAI SNA

ewspa [eiqa
-132 JO Juawdolandp sarenualie
S1eJ Ul SNA JUSIWIRIUL DlUoIyD

suoinau dIbIsYgyD) Uo

103442 2A1122104d [[BISAO UB SBY GNA
's||92 dAIdR3IOUNWIWI I-QYD

O $50] 3URdYIUBIS B S9NPUl |d

Ainfusod Y 17—z buinieis pajdde
3q Ued ‘|44 buimoyjjoy aduewlIoyad

SAINUBOD puUe JOI0W JO [9A3] [BUY
pue AI3A0D31 JO 3181 $3181[1DB) SNA

51591 9AIUDOD pue |eIOIARYS]
a|dinw Ul UMOYS Se [9poWl |d4

e Ul S1el JO 9duewlopad pue
A19A0231 JO 9181 Y1 SaA0IdUI SNA

pa1ebpsanul 10N

pa1ebiisanul J0N

parebpsanul 10N

pa1ebisanul 10N

pa1ebiisanul 10N

pa1ebIsaAuUl 10N

pa1ebisanul J0N

pa1ebIsaAUl JON

UO1eZI[eNSIA UO[123S Ujelq
'(s101d223J Ja1IWsue0IN3U
A101QIyul pue A101e31DX3) aNssi
uleig Ul UofIelIuaduod upRlold
‘(IA-1) sS2USNOoSU0d Jo 93163

191 491Je Y ¢ pue 7| 9 1B X91I0D
[eauonid Ul uoissaidxa YL XO
puB \/-UIX240 | Ja1e Y | S|oA3)|
$SOUSNOIDSUOD pue JoIARYSg

3215 UOIS9| 'AId
-AOJ3J J010W ‘92104 |INd [eWIXeW
ueawl ‘aduewiopad ysel |nd

(3U31U0D J23EM

ulelq ‘'suoneisajiuew (ed160o|
-oyied) sio12weled [ed160j01s1Y
'SUOIIRJIUSOUOD WNJSS O L-]| pUe
g1 'p-4NL 's9beuwl) | [elued
1US1U0D

191eM Ulelq [euoibal ‘buideid quui|
JO UOI1BUIPIOOD ‘UOIIRUIPIOOD
JO10W ‘UOIIdUNJ JOJOWIOINGISIA

snjiy [ed
-wedoddiy pue $321110D [eigalad
Ul |19 aAsod QD Jo JaquinN

(dperoion|4) uonelauab
-9p0oINaU ‘(AInfu] Jeau SSo| aNSS[)
sisAjeue UOIS3| ‘A12A0DI dAIUOOD

pUE |BIOIABYS] ‘SS9USNOIDS
-uodun pue eaude Jo uoneing

(s1501

-A20115B 9A11083] ‘U1ESp UOIN3U
lepiwelAd [edwedoddly ‘uoiels
-uabapoinau ‘azis A1AeD UOIS3|)
sabueyd 2160[01s1Y ‘K190
9AINUDBOD ‘A19A0D31 [RIOIARYDg

A11SILIDYD0ISIY

-ounwiwl ‘sisAjeue 10|q UI21sam
'SS9USNOIDSUOD JO JUDUISSISSE
‘uonosful isiuobelue ¥ x0

Ansiuayoois|younuu]
‘sisAjeue 10|g UJ21Sam S| 713
'SS9USNOIISUOD JO JUBUISSISSe
‘uondaful 1siuobeiue Y X0
ABOJ0ISIY ‘(S99M 9

10} ‘uoiieiuedwil GNA Jo1e

skep / Bunels yeam 4ad skep )
Kep 1ad (yse1 ||nd) suoIssas
Bujulesy [e1oInBYSqg UIW O OM |

Abojoisiy
‘siskjeue poojq ‘Buibew | D

Buloe|d 1010WOD0| jem weag

AKBo|01SIH

ABojo1s1Y ‘Dzew Ja1em

SLIOW\ ‘Buideld J010Wod0| ‘UoIX3|)
QuUUII10} Sjjem wiesq ‘bulydeal
QU104 P3||IXS ‘“A1IaAas Ainfu)

ABojo1s1y ‘Dzew Ja1em

suuol ‘buideld J0I0W00] ‘UoIX3|
quii2104 ‘aueld paulpul yjem
wieaq ‘buiydeal quilia1o4 pa||iys

1ied [eDIAIDD '9AIBU SNBRA 1497 [181] e 12 BuoQ

1ied [eDIAIDD ‘9AJU snbeA Yo7 [081] Pua4 pue buoQg

1ied |BDIAIDD ‘BAISU SNBRA Yo [6/1]72 19 ninig

9AI3U snbeA 1By [€81] Je 3@ noyz

1ied |ed1AI9D ‘DAIRU SNHeA 1Y

[¢81] e 12 ybno|

1ied |ed1AI9D ‘DAIRU SNHRA 1] [781] |8 19 993N

92U snbea 1] [8/1] € 38 YUWS

1ed [e21AI9D ‘aAIRU SnbeA 1o [£/1] 1€ 38 yuws

sbuipuy urepyy

S17949 JUBISISID

si919weled pasinboy

s1s9]

uoned0| sNiNWNS S9dUIRYRY

(panunuod) ¢ a1qey



Ziesel et al. Journal of NeuroEngineering and Rehabilitation

Transcranial direct current stimulation

The studies shown in Table 2 used tDCS mainly to assess
improvements in motor function, excitability and cogni-
tive impairments [159-163], but also its effects on cer-
ebral blood flow (CBF) and tissue oxygenation after TBI
[161, 164]. Only one study examined tDCS as a treatment
for psychiatric-like symptoms such as impulsivity and
attention [165]. Animals were anesthetized during tDCS
in four of the seven studies [159, 160, 163, 165] and stim-
ulation was applied for 10-30 min in all studies. In four
studies, sessions were repeated for several days and lasted
up to 4 weeks [159, 161, 162, 165], while three stud-
ies applied the stimulation only once in either the acute
[160], subacute [163] or chronic phase [164] after TBI
respectively. In six of the seven studies [159-164] anodal
tDCS with an amplitude between 0.1 and 0.2 mA was
applied. Nevertheless, the surface area of the employed
electrodes varied considerably, resulting in widely differ-
ent current densities between 0.255 and 2.82 mA/cm?,
which is a critical factor for effective stimulation [104].
The anode was usually placed near the lesion or motor
cortex, and the cathode at the thorax or trunk of the ani-
mal. Only one study [165] employed cathodal instead of
anodal tDCS with a higher amplitude of 0.8 mA, result-
ing in a current density of 0.708 mA/cm? whereby the
cathode was placed near the bregma and the anode
between the scapulae. One group observed a persisting
increase in local cortical CBF in response to tDCS in TBI
and control animals, as well as improved motor and cog-
nitive outcome 1 week after the end of the stimulation in
one of the stimulation groups [161]. However, all other
studies in this scope that investigated long-term changes
after stimulation [159, 160, 165] found that the beneficial
effects of the treatment were no longer apparent after
longer observation periods, over which non-treated ani-
mals reached a similar level of recovery.

Deep brain stimulation

With the possibility to target small and specific areas
as well as deeper regions of the brain, DBS can be used
to treat a wide variety of different impairments, such
as the loss of cognitive [166—170] and motor function
[171], as well as bladder dysfunction [172-174] and dis-
orders of consciousness [175, 176]. Whilst the stimula-
tion protocols differ greatly with respect to the targeted
region and TBI sequelae, as shown in Table 3, the ana-
lyzed studies invariably reported positive results. Ani-
mals were generally kept awake during DBS, unless the
stimulation was applied simultaneously with cystometric
assessments [172—174]. Some studies utilized a current-
controlled approach with amplitudes ranging from 20 to
200 pA [166-169, 175] or at 80% of the individual rest-
ing motor threshold [170, 171], while others applied
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voltages between 1 and 4 V [172-174, 176]. A stimulation
frequency of 50 Hz seemed to be effective in the treat-
ment of bladder dysfunction [172-174], while lower fre-
quencies were used to treat motor [171] and cognitive
deficits [166—168, 170], and higher frequencies of up to
200 Hz can be employed to increase arousal [175, 176].
Task-matched stimulation at 130 Hz for 5 s after each
successful trial in a spatial learning test was also used to
treat cognitive impairments after TBI [169]. In two stud-
ies, stimulation was applied directly before cognitive tests
[166, 168], while, in the treatment of bladder dysfunction,
stimulation was only triggered during cystometry when
the measured bladder pressure exceeds a certain thresh-
old [172-174]. Three studies applied stimulation over 12
daylight hours over several consecutive days to improve
spatial memory [167, 170, 171], and two others investi-
gating the potential of DBS to increase arousal started
their continuous stimulation protocols directly after TBI
over the course of 2 h to 1 day [175, 176]. The targeted
brain area and stimulation onset highly depend on the
treatment application in question, since DBS can be used
to stimulate relatively small brain regions—compared to
other stimulation methods—without affecting the sur-
rounding tissue. Long-lasting effects of DBS were only
reported in [169], where researchers observed improved
recovery of spatial memory 10 days after cessation of
stimulation compared to untreated animals; meanwhile,
other studies reported that they did not find persisting
effects on hippocampal theta power after stimulation was
terminated [166, 168].

Vagus nerve stimulation

VNS has been used in the preclinical studies listed in
Table 4 to improve motor and cognitive impairments
[177-179] as well as disorders of consciousness [180,
181] after TBI, but also in the treatment of cerebral
edema [182, 183] and to prevent cell death [184]. Animals
were usually awake during VNS, except in two studies
where researchers intentionally anesthetized animals to
investigate the effect of VNS on disorders of conscious-
ness [180, 181]. One study does not state clearly whether
animals were anesthetized during the VNS or not [183].
Four studies applied stimuli at an amplitude of 0.5 mA
and a frequency of 20 Hz [177, 178, 182, 184], while three
other studies used currents between 0.8 and 1 mA with a
frequency of 30 Hz [179-181, 183], all of which chose to
stimulate the left vagus nerve at the cervical level. Stimu-
lation was often applied for 30 s in 30 min intervals over
a period of up to 2 weeks, starting within 2 [177, 182]
or 24 h after injury [178, 184], while two studies applied
the stimulation only once, directly after induction of TBI
[180, 181]. In one of the studies, stimulation was applied
for 500 ms within 45 ms after each successful trial in a
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pull performance task, with the aim to improve motor
function [179]. Only in one study stimulation was applied
to the right vagus nerve at a frequency of 5 Hz with 5 ms
pulses and an amplitude of 10 V, once for 20 min, in an
effort to alleviate brain edema [183]. Most of the studies
in this scope did not investigate any possible persisting
effects, since VNS is mostly used as a continuous treat-
ment after injury. The study conducted by Pruitt et al.
measured persisting effects 1 week after the completion
of VNS treatment; nevertheless, animals underwent fur-
ther rehabilitation [179]. Two studies each observed that
VNS attenuated the development of brain edema [182,
183], that it is effective for the treatment of cognitive
[177, 178] or motor impairments [178, 179], had neuro-
protective effects [183, 184], and promoted wakefulness
after TBI [180, 181].

Discussion

Transcranial magnetic stimulation

Experiments with TMS in preclinical models of TBI
attracted interest rather recently with the oldest study
dating back to 2015. All of the analyzed TMS studies in
this scope employ rTMS protocols for effective treat-
ment. Given that the early phases after TBI are associated
with cortical hypoexcitability [185, 186], high frequency
rTMS has been the major focus of interest in the studied
publications. This is in line with the treatment window in
these studies, which often starts relatively soon after TBI.
On the other hand, low frequency rTMS induces inhibi-
tory effects, rendering neurons less likely to fire [82], and
is mostly utilized in epilepsy research [187]. It should be
noted that post-TBI hyperexcitability is also observed,
though after some time with an onset after approximately
2 months in preclinical models [188] and it is associated
with trauma-induced epilepsy. Notwithstanding, pre-
clinical experiments with low frequency rTMS for the
prevention of TBI-induced epileptogenesis are currently
quite underrated and further research is needed.

The inclusion of appropriate control groups in TMS
studies deserves critical emphasis. Verdugo-Diaz et al.,
for instance, showed that movement restriction alone,
which is necessary for stimulation in awake animals, sig-
nificantly reduced post-traumatic bleeding and mortal-
ity, and improved neurobehavioral scores to the same
extent observed in the rTMS group [157]. Similarly, com-
bination of rTMS with environmental enrichment (EE)
reportedly led to improvements in sensorimotor func-
tion lasting up to 6 weeks compared to the rTMS alone
[154]. However, in this study rTMS was applied for only
1 week post-TBI, whilst EE lasted for 6 weeks. Unfortu-
nately, both untreated TBI and TBI+EE controls were
not included in the beamwalk tests, leaving the question
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unanswered whether rTMS itself had any long-term con-
tributions to the observed improvement.

Large variabilities in the used stimulation frequencies
(2—-40 Hz), stimulation durations (3—-20 min), treatment
periods (a few days to 4 weeks), as well as heterogene-
ity in the used protocols for pulse trains, make a direct
comparison between these studies difficult. Stimula-
tion parameters were either taken from previous studies
investigating modes of injury other than TBI [152, 155—
158], from clinical studies [153], or the choice of parame-
ters was not mentioned [138, 154]. No two studies utilize
comparable stimulation intensities, thus, a correlation
of the stimulation parameters to different outcomes is
hindered. Nevertheless, several studies with different
TBI models, namely weight drop and controlled cortical
impact (CCI), showed functional improvements upon
rTMS starting 1 or 2 days after TBI, [138, 154—157] with
daily sessions usually administered for 1 week or longer.
However, in a rat model of lateral fluid percussion injury
(FPI), rTMS starting 4 days after induction of severe TBI
did not show any improvements in motor behavioral out-
come [152], whilst in a CCI model of pediatric TBI ben-
eficial effects were reported after starting rTMS 9 days
post-injury [153]. Similar improvements in neurologi-
cal scores were also reported after moderate TBI using
Feeney’s weight drop model, when rTMS was started
4 days post-injury [158]. Reported cellular and molecular
biological readouts suggest that the observed functional
improvements could be the result of neuroprotection,
thus a critical time window for the treatment after TBI
can be presumed. However, the existence of such a ther-
apeutic window, and whether it is influenced by factors
such as age, gender, and trauma severity, is unclear due
to the limited number of published preclinical studies on
this topic as well as the large variability in used param-
eters and treatment regimens.

Biological correlates of observed functional improve-
ments could include mitigation of apoptotic signal-
ing and cell death [152, 156], as well as reduced loss of
mature neurons [155, 156] and astroglial activation
[155] together with increases in cell proliferation and
neurogenesis in the neurogenic niches such as the sub-
ventricular zone of lateral ventricles [156]. Moreover,
upregulations in the expression levels of brain-derived
neurotrophic factor (BDNF), tropomyosin receptor
kinase B (TrkB, neurotrophin receptor), N-methyl-
D-aspartate receptor 1 (NMDARI, glutamate receptor)
and phosphorylation of cyclic AMP response element
binding protein (CREB; induced by neuronal activation)
[158] support the presumption that restoration of corti-
cal excitability early after TBI has a critical role not only
in attenuation of delayed loss of cells that survived the
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primary impact, but also in the enhancement of regen-
erative responses. These results are of peculiar impor-
tance for a better understanding of underlying biological
correlates of improvements that were detected in clini-
cal applications, as most of these readouts are devoid of
any possibility of direct assessment in the clinical prac-
tice. Whilst the positive results are per se encouraging—
despite large variabilities in injury type, trauma severity
and stimulation parameters—the translational value of
preclinical studies is invariably dependent on their power
in delineating correlative and causative relations between
the applied stimulation parameters and observed bio-
logical readouts. Therefore, maturation of preclinical
research on post-TBI rTMS from the current exploratory
phase towards standardized procedures that allow for
systematic comparisons is highly desirable.

Transcranial direct current stimulation

Similar to TMS, tDCS has only been under investiga-
tion in preclinical studies as a possible treatment for
TBI sequelae in recent years, starting in 2016. Several
of the selected studies investigated the same TBI seque-
lae and how tDCS could be used to treat them in a pre-
clinical setting. Two studies from the same research
group assessed the effect of tDCS on microvascular cer-
ebral blood flow (mCBF), starting in the chronic phase
3 weeks after trauma induction using either repeated
or single stimulation sessions [161, 164]. They could
observe a restoration of impaired cerebrovascular reac-
tivity to hypercapnia, improved cerebral blood flow
and tissue oxygenation, which is a key factor in brain
metabolism associated with brain damage in the acute
phase. A decrease in blood flow regulation together with
decreased tissue oxygenation is suspected to cause dam-
age in the early phase post-injury. Moreover, a chronic
reduction of local brain perfusion in patients with TBI is
known to cause persisting effects on brain function [189]
and is thus suspected to play a crucial role in long-term
outcome. An improvement in motor function and excita-
bility could be observed in response to a single tDCS ses-
sion directly after TBI induction [160] or in the subacute
phase 24 h after the injury [163]. The beneficial effect
of the stimulation was apparent from the day after the
stimulation in both experiments and up to 12 days later,
where the experiment ended. In two other studies, the
improvement in motor function in response to repeated
tDCS over 4 weeks in the chronic phase was examined.
The first of these studies, where stimulation was started
3 days after trauma, observed a significant difference to
the sham-stimulation group from day 8 to day 26 post-
injury [162]. In the second study, two groups with differ-
ent time points of stimulation onsets, 1 and 3 weeks after
injury, were compared [161]. The group with later onset
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of stimulation made a better recovery than when stimula-
tion started 1 week after TBI, showing that tDCS led to
a significant decrease in neurologic impairment and an
increase in motor function, memory and learning. This
finding was in part supported by another study, where
tDCS was started either 1 or 2 weeks post-injury and
lasted for 5 consecutive days [159]. Here, the results of
the Rotarod test in the 2-week group were slightly bet-
ter than in the 1-week group. However, the observed
improvement in spatial memory was comparable in both
groups. Long-lasting or persisting effects after the end
of stimulation were assessed in four studies. The first
showed a beneficial effect on motor function and spatial
learning directly after tDCS sessions ended, however,
2 weeks later the animals in the other groups had recov-
ered to a similar level [159]. The second study could show
a persisting effect of the stimulation 1 week after the
end of the treatment [161]. The third study investigated
structural brain damage in MRI 12 days after the trauma
immediately after tDCS, but did not find any significant
volumetric changes such as hydrocephalus or cortical
thinning in either of the groups (sham, repetitive mTBI,
and repetitive mTBI with tDCS). Immunohistochemis-
try did not show any evidence of neuronal degeneration
in sham, TBI or stimulated group. Immunohistochemi-
cal study with glial fibrillary acidic protein (GFAP) stain
showed a slight hypertrophy of cell bodies and a minimal
extension of cell processes in both the TBI and anodal
tDCS group compared to the sham group 12 days after
the trauma [160]. Another study, where stimulation was
applied for 7 days starting 6 weeks after TBI, found no
persisting effects after stimulation was stopped [165].

These findings lead to the conclusion that tDCS
decreases the time needed for recovery. From the evi-
dence presented above, it is unclear if tDCS is able to
induce persisting changes in neuronal tissue, although
an improvement of motor function and tissue oxygena-
tion could be observed over several weeks. The effect of
anesthesia on the treatment outcome is not apparent in
the selected studies and the choice of anesthetizing ani-
mals during stimulation is not directly correlated to the
impairment under investigation. Most studies adopted
their stimulation parameters from research papers that
treated impairments caused by something other than
TBI [159, 163, 165] and two gave no specific reasoning
for their choice of stimulation parameters [160, 161] and
later reused them in publications for further investiga-
tions [163, 164].

Follow-up studies could focus on investigating changes
to the established stimulation protocols and how these
changes affect treatment outcome, while using electrodes
with standardized surface areas or adjusting the ampli-
tude of applied currents to reach comparable current
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densities. The timing of stimulation onset seems to be an
important factor for a better treatment outcome, how-
ever, there are no commonalities concerning the optimal
time point for the start of stimulation post-injury among
these studies. Cathodal stimulation is rarely used in tDCS
studies, even though it was shown to be an effective
treatment to decrease impulsivity and increase attention
after TBI [165], and there may be additional applications
for it. Most of the studies in this scope assessed the histo-
logic changes after TBI and tDCS treatment, which could
serve as a solid basis for further research into the thera-
peutic mechanisms of tDCS.

Deep brain stimulation

DBS first started to find use in preclinical studies about
TBI treatment in 2013. The studies selected for this
review used widely different stimulation protocols and
time frames for each potential treatment application,
which makes a comparison between them difficult.
Almost half of preclinical DBS studies applied electri-
cal stimuli continuously for 2 h [176], 1 day [175], or
several weeks [167, 170, 171]. One research group initi-
ated DBS whenever a signal measured via external ure-
thral sphincter electromyography exceeded a certain
threshold, in an attempt to enhance voiding efficiency
[172-174]. Another group started stimulation directly
before an experimental task in order to improve cogni-
tive outcome [166, 168], while in one study stimulation
was triggered every time a rodent successfully found a
hidden platform in a Morris water maze test, with the
goal to reinforce learning [169]. Most of the time, ani-
mals received stimulation in multiple sessions over sev-
eral days [166, 168, 169, 175] or weeks [167, 170, 171],
with others only applying a single session before the ani-
mals were sacrificed for further analysis [172-174, 176].
For the treatment of decreased arousal and disorders of
consciousness, stimulation was usually initiated shortly
after injury [167, 176], while treatment of bladder dys-
function started 1 week after induction of TBI [172-174].
Therapy of cognitive deficits was shown to be effective in
the acute [167], subacute [166, 168] and chronic phases
of TBI [169, 170].

Two studies used higher frequency stimulation of
100 Hz or more in the thalamic region to increase excit-
ability in animals suffering from decreased arousal [175]
or disorders of consciousness [176]. Stimulation fre-
quencies as low as 7.7-8 Hz were applied in the mid-
brain or medial septal nucleus to treat cognitive deficits
[166—168], while 30 Hz stimulation in the lateral cerebel-
lar nucleus was used for a similar purpose [170, 171]. All
three studies investigating DBS as a treatment for blad-
der dysfunction in this scope originate from the same
research group and used identical stimulation parameters
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[172-174]. Their triggered approach consists of 10 s of
50 Hz stimulation at amplitudes between 1 and 2.5 V.
In their most recent study [174], they explored simula-
tion of the pedunculopontine tegmental nucleus instead
of the rostral pontine reticular nucleus to investigate its
neural connectivity with bladder function, resulting in a
similar outcome. Aronson et al. applied 130 Hz bipha-
sic pulses in trains of 500 ms in the nucleus accumbens,
whenever an animal succeeded a given task, leading to
an improved spatial memory in TBI rats [169]. Only one
group reported that they found no beneficial effects after
stimulating the medial septal nucleus at a frequency of
100 Hz [168]. While one study did undocumented pre-
liminary research to find optimal stimulation parameters
[166], others adopted their parameters from previous
studies on different topics [171, 172, 175, 176] or made
the selection and optimization of the stimulation pro-
tocols part of their study [167, 168, 173, 174]. Jen et al.
found an ideal stimulus length and frequency for effective
stimulation for their purpose [172], only to continue with
investigations regarding the optimal stimulation intensity
in further studies [173, 174]. Only Aronson et al. do not
describe how they chose the exact stimulation param-
eters they use, but mention that phasic stimulation in
the nucleus accumbens might be able to promote neural
plasticity [169].

Three studies found that DBS in various locations can
be used to improve motor function after TBI [167, 171,
175] and three others observed an improvement in void-
ing efficiency [172-174]. Two studies found that DBS
improved spatial working memory [166, 167] and attenu-
ated hippocampal theta activity [166, 168]. In one study,
researchers observed a mediation of anti-apoptotic and
anti-inflammatory effects after DBS [171], while another
confirmed that it may promote wakefulness [176]. Most
studies did not investigate any persisting effects of DBS.
However, one study observed that the beneficial effects
of their task-matched stimulation approach on spatial
memory persisted 10 days after stimulation cessation
[169], and several clinical studies have shown before that
DBS leads to long-lasting positive changes in connectiv-
ity [190-192]. Animals were usually awake during DBS,
except in studies involving cystometric measurements
where they were anesthetized [172-174].

Researchers should continue building upon the insights
gained in these studies about DBS as an effective preclini-
cal treatment for TBI sequelae to find out more about the
underlying mechanisms pertaining to precise electrical
stimulation of specific brain areas. It would be desirable
to find a consensus about the most effective stimulation
parameters and time frames for a variety of impairments
by comparing the effects of small parameter changes,
as it was already shown in some studies in this scope.
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Experiments often lasted for less than 1 week, and ani-
mals were often sacrificed directly after an experiment or
shortly after stimulation was terminated, having left no
room for investigations into possible long-term improve-
ments. Since DBS is used as a long-term treatment in
clinical studies [114], preclinical studies should also
address the effects of long-term stimulation. It remains to
be seen if different impairments with related underlying
neurologic causes may be treatable with similar stimula-
tion protocols by stimulating in different brain regions.

Vagus nerve stimulation

Compared to other stimulation modalities, the efficacy
of VNS in the preclinical treatment of TBI sequelae has
been investigated for a much longer time since 2005.
Almost all VNS studies in this scope stimulated the left
vagus nerve at the cervical level, except for one that tar-
geted the right vagus nerve [183]. This consensus may
stem from the fact that the right vagus nerve has more
projections to the sinoatrial node of the cardiac atria and
stimulation could therefore have an undesirable effect on
the cardiac rhythm [130].

In the analyzed publications, most research was
focused on treatment with multiple repeated stimula-
tion sessions [177-179, 182, 184], while a few publica-
tions report the effects of single session VNS treatment
[180, 181, 183]. The onset of the treatment in studies
using repeated stimulation varied between 2 h [177, 182],
24 h [178, 184] and up to 9 days [179] after sustaining
TBI. These time points correspond to different phases
of post-injury pathology: early acute phase, subacute
phase and chronic phase. In a clinical setup, therapy can
be implemented at any point after TBI; however, early
interventions are known to lead to better functional and
psychological outcomes in patients [193-196]. Addition-
ally, the long-term study of Pruitt et al. delivered stimuli
within 45 ms after each successful pull trial [179], which
should lead to strengthening of synaptic connections
according to the STDP model of plasticity. In the studied
publications, an early onset of the VNS treatment led to a
faster recovery of motor skills, which is usually observed
around day 2 [177, 182], as compared to a subacute onset
from day 4 on [178]. Conversely, starting stimulation 24 h
after TBI encouraged a faster improvement of cogni-
tive functions; 13 days for early-onset [177] compared to
11 days for the later-onset study [178]. The study imple-
menting VNS in the chronic phase also showed a posi-
tive effect of VNS on motor recovery [179]. However, it
was sustained for 5 weeks and accompanied by physical
training of the animals. Persisting effects of VNS were
described for 1 week after cessation of the treatment.
Multiple stimulation sessions also proved to have a neu-
roprotective effect on GABAergic neurons [184] and
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limit edema formation in the ipsilateral cortex [182]. In
summary, repeated VNS aids in functional recovery after
TBI and to some extent helps in constraining secondary
damage.

Single stimulation after TBI led to a wake-promoting
effect in free-fall injury animal models [180, 181] and the
promotion of anti-inflammatory cytokine modulation
with lower edema formation in a blast injury model [183].
This might indicate that an isolated VNS session could be
advantageous in early post-injury stages and might lead
to diminishing secondary injury. Nevertheless, clinical
application of single VNS treatment would be plausi-
ble in the form of non-invasive stimulation, rather than
during surgery. Transcutaneous VNS has already been
proven feasible and was well tolerated in humans with
severe TBI [197]. Pre-clinical studies employing this
kind of VNS treatment for TBI are not available at this
moment, but have been described for models of inflam-
mation [198, 199], ischemia [200] and seizures [201].

Unlike in the case of TMS, the VNS studies in this
scope use comparable stimulation protocols. Four publi-
cations coming from one research group report using the
same stimulation parameters, which authors described
that they were adapted from a previous study [177, 178,
182, 184]. This leads to a better reproducibility of the
experiments and facilitates comparability of the results.
Other studies mention implementing the same stimula-
tion protocols as previous publications where the respec-
tive impairments had a different underlying cause than
TBI [179-181], while one study does not mention how
stimulation parameters were selected [183].

Since VNS is an established method and was FDA-
approved for drug-resistant epilepsy and depression
[202], there is an abundance of commercially available
devices for human patients. However, similar devices
for rats are currently not accessible and only some of the
publications [177, 178, 182, 183] describe the electrodes
they were implanting. Post-experimental re-testing of the
electrodes is reported in only three of them [177, 178,
184]. None of the studies mentions pre-surgical evalu-
ation of the devices, which might be crucial to ensure
proper functionality. Similarly, observed side effects were
also not reported in any of the analyzed publications,
which could lead to insights into safety of VNS applica-
tion in patients.

Since VNS is usually used as a long-term treatment in
awake patients, the effect of anesthesia on the stimulation
outcome is not investigated, unless it is specifically used
as a treatment for disorders of consciousness [180, 181].
However, these studies report usage of a chloral hydrate, a
drug considered not suitable for anesthesia of laboratory
animals [203], and mention inducing anesthesia three
times during 1 day in some of the experimental groups,
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which is a considerable burden for animals. Therefore,
these results should be interpreted with caution.

Compared to the other stimulation methods pre-
sented above, there is more consensus between different
VNS studies. This method proved to be advantageous
for therapy of different conditions associated with TBI,
regardless of the temporal window of its implementation
and the amount of stimulation sessions. Further studies
aimed at different modalities of VNS, e.g. transcutaneous
VNS, and combination with other therapeutic agents,
such as physiotherapy and pharmacotherapy, as well as
life-long studies might lead to additional insights into
better applications of VNS in humans.

Comparison between different methods

All of the methods discussed here can be used to treat
motor and cognitive dysfunctions and lead to significant
improvements in TBI animal models [138, 153-155, 159,
160, 162, 163, 166—171, 177-179]. Only one study found
that their TMS protocol did not induce any beneficial
effects regarding motor improvements [152], which was
likely due to the relatively short stimulation duration
they used compared to other studies. At the same time,
there are a variety of other TBI sequelae that benefit from
treatment with different electrical stimulation modali-
ties. Neuroprotective effects can be induced with TMS,
DBS and VNS to prevent further cell-death after injury
[153, 155, 171, 183, 184]. Both TMS and tDCS are able
to modulate cortical excitability leading to plasticity and
increased brain activity [153, 154, 160, 165]. Suppres-
sion of cortical excitability can be achieved with TMS
and tDCS as well, leading to a decrease in hyperactivity
and impulsivity in animals [153, 165]. After stimulation
with TMS and DBS, researchers discovered beneficial
changes in histological assessment [157, 158, 168-171],
while some tDCS and VNS studies show positive effects
on protein expressions after treatment [159, 160, 162,
180, 183]. Finally, the studies in the scope of this review
show that tDCS, DBS and VNS may effectively be used
to promote wakefulness and treat disorders of conscious-
ness caused by TBI [160, 175, 176, 180, 181].

While these stimulation methods have many treatment
opportunities in common, each of them have possible
applications that have not yet been observed with the
other modalities in TBI animal models, giving them a sta-
tus as some sort of “specialization”. TMS has been used
to improve brain metabolism and potentially induce cell
proliferation and neurogenesis [156], while tDCS stud-
ies showed that it can be used to increase microvascular
flow and tissue oxygenation [161, 164]. This likely stems
from the fact that these two methods both activate large
parts of the cortex, therefore having a higher impact on
the metabolism and oxygenation of the brain. Exclusively,
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DBS studies explored the application of electrical stimu-
lation to improve voiding efficiency in animals with blad-
der dysfunction [172-174], since DBS can be used to
specifically target diseases whose etiology is connected
to single brain regions. Only VNS, which is known to
decrease the disruption of the blood—brain barrier [120],
has been used in preclinical studies to attenuate the
development of cerebral edema after TBI [182, 183].

Translatability of the results

There are several aspects of pre-clinical studies that
should be taken into consideration while analyzing their
translatability into a clinical environment. Among them
worth mentioning are: the relevance of the animal model,
appropriate treatment, the temporal window, and side
effects.

All of the analyzed studies were performed with well-
established mammalian model species: rat, mouse and
rabbit. The most frequently used model species was rat
(28/34), with Sprague—Dawley as a leading strain (19/28),
followed by Long Evans rats (7/28) and a single instance
of Wistar rats used. A minor portion of analyzed stud-
ies was performed on mice (5/34) and only one publica-
tion reports experiments on New Zealand rabbits. The
dominance of the rat model stems from a relatively big
size of the brain in these animals, as compared to mice.
This translates to convenience during surgery, especially
when small electrodes are implanted, but is also impor-
tant for a better spatial resolution when targeting specific
brain regions [204], for instance with TMS. Common use
of Sprague—Dawley rats ascertains comparability of the
results within and between neurostimulation methods.
However, Sprague—Dawley rats were reported to reach
a faster motor skill recovery as compared to Long Evans
rats [205]. Therefore, caution is recommended when
comparing the two strains with each other. Moreover,
all of those species are lissencephalic and display differ-
ent geometry, craniospinal angle and grey-to-white mat-
ter ratio than humans [206], which is a further limitation
of the translatability of results to human patients. Only
one publication [153] used juvenile rats as a model for a
TMS study. Since TBI is the disease with one of the high-
est incidences in children and youth below 19 years old
[207], it is of utmost importance to further encourage
studies employing neurostimulation methods as a post-
traumatic therapy in young animals, with special focus
on non-invasive methods.

Sex-dependent differences in the outcomes of TBI pre-
clinical studies have been widely reported and reviewed
in multiple studies [208—210]. In general, animal studies
report better outcomes in females than in males, which
might stem from the neuroprotective effects of estrogen
and progesterone [208, 209]. The desire to determine
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treatment efficacy independent of hormonal status leads
to the selective inclusion of males in pre-clinical studies,
unless the study is specifically designed to address the sex
difference itself [208, 209]. Likewise, only a small propor-
tion of publications analyzed here reports use of female
animals (2/34) [172, 179] or both sexes (2/34) [176, 180],
which restrains the translatability of the results into
human patients. Inclusion of female animals in experi-
mental post-traumatic neurostimulation research is
recommended for a better representation of the clinical
situation.

Methods of inducing TBI varied: 15/34 studies used a
weight-drop method, 10/34 fluid percussion injury, 8/34
controlled cortical impact and 1/34 performed blast
injury. Except for blast injury, which is not fully consist-
ent, these models are highly standardized and cover dif-
ferent types of injury, from focal to diffuse and mixed
[206], corresponding to lesion diversity in patients who
have survived head injury. The reported severity of the
TBI model also varies: mild TBI was induced in 3/34 of
studies, mild-moderate TBI in 2/34, moderate TBI in
13/34 and severe in 5/34. This does not fully mirror the
clinical situation in humans, where approximately 80% of
TBI is categorized as mild [211]. Nevertheless, moderate
and severe TBI constitute approximately 50% of hospi-
talizations [212] and lead to higher mortality [213, 214].
Regrettably, a significant proportion of studies (11/34)
does not report the severity level of the injury, substan-
tially limiting their translatability. It is also worth noting
that, due to anatomical and coil size differences, TMS
may be able to stimulate deeper brain regions in small
rodents that could otherwise not be effectively targeted
in human patients [25].

Appropriate treatment requires a suitable method and
stimulation protocol for the disability under investiga-
tion in the respective study. This is especially an issue
for the clinical applicability of the TMS, tDCS and VNS
studies in the scope of this review, since they use widely
different stimulation parameters and time frames, even
for the treatment of similar disabilities. In case of VNS,
stimulation protocols were comparable; however, studies
performing acute VNS intraoperatively might not be as
clinically relevant.

The temporal window of applied stimulation meth-
ods varies highly. Early onset of the stimulation protocol
was reported in 9/34 of publications analyzed, subacute
in 13/34 and chronic in 13/34 of studies. Interestingly,
individual methods seem to be applied at specific time
points: TMS almost exclusively in the subacute stage,
tDCS mostly in the subacute and chronic stages, and
VNS in the acute and subacute stages, while only DBS
finds application in all stages after TBI. This distribution
of the time points may correspond well to the clinical
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situation, in which onset and duration of the therapy are
highly variable [215-217].

Finally, possible adverse effects of the treatment are
an important factor as well. The presence of side effects
during pre-clinical studies might indicate plausible
future problems in the clinical setting and should not be
underestimated. Review articles on side effects caused
by therapeutic application of TMS, tDCS and VNS in a
clinical setting report only mild side effects [218-220],
while adverse effects of DBS require more investigation
in closer cooperation of scientists and clinicians [221]
and are prone to bias [222]. Very few of the studies in this
scope investigated possible side effects of any of these
four stimulation methods and not a single one reported
that they found any negative implications, which simi-
larly hints to a possible bias and would be an important
aspect in further research on this topic.

Conclusion

This literature review was conducted in order to give a
comprehensive overview on the most commonly applied
electrical stimulation techniques used in conjunction
with preclinical models to investigate their potential for
rehabilitation after TBI. Our approach focused on the
specific stimulation parameters and time frames used in
the analyzed studies with the goal to help optimize treat-
ment applications. One limitation of this review is the
fact that it focuses specifically on the treatment of TBI
sequelae, leaving it blind to stimulation protocols used
for similar impairments with different underlying causes.
Nevertheless, TBI treatment is one of the main applica-
tions for electrical stimulation paradigms, which is why
this review showcases a large portion of the research
conducted in this field.

We found that for some stimulation methods, spe-
cifically tDCS and VNS, researchers have started using
comparable protocols over the recent years, increasing
their focus on the specific cellular mechanisms leading
to an improved outcome. TMS and DBS, however, are
used for the treatment of a diverse group of TBI seque-
lae, employing widely different stimulation parameters
and starting at various time points after injury. This
makes it difficult to find optimal treatment solutions
and leaves a lot of questions about further improve-
ments that could be achieved through small adjustments
to these parameters and time frames. Further research
in this field should focus on building upon the insights
documented in previous publications by using compa-
rable experimental models and varying parameters such
as stimulation frequencies, amplitudes, duration, onset
after injury and how often it is repeated, while looking at
cognitive and behavioral improvements, as well as bene-
ficial changes occurring at the cellular level. Researchers
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should look at the long-term effects of electrical stimu-
lation methods in TBI therapy, which were rarely inves-
tigated in the publications analyzed herein. However, it
is clear that all four of the stimulation modalities in the
focus of this review show promising results and have
the potential to shape the future of clinical treatment of
patients following TBIL
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