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Abstract

Background: Many post-traumatic epilepsy (PTE) patients become resistant to medications. Nervous
stimulation as a treatment for drug-resistant epilepsy (DRE) is an active area of clinical investigation.

Objective: To summarize methods, reported seizure control outcome measures, and adverse events from
blinded, randomized control trials (RCTs) for selected invasive brain stimulation (IBS) and non-invasive
brain stimulation (NIBS) treatment options in patients with DRE.

Methods: PubMed was searched for articles from 1995-2014, using search terms related to the topics of
interest. Available relevant articles reporting the outcomes of interest were identified and data was
extracted. Articles in the reference lists of relevant articles and clinicaltrials.gov were also referenced.

Results: Eleven articles were analyzed with a total of 795 patients identified. Studies showed that select
nervous stimulation treatments significantly reduced seizure frequency in patients with DRE.

Categories: Neurology, Neurosurgery

Keywords: post-traumatic epilepsy, vagus nerve stimulation, deep brain stimulation, anterior nucleus thalami,
responsive cortical neurostimulation, transcranial direct current stimulation, repetitive transcranial magnetic
stimulation, drug-resistant epilepsy

Introduction And Background

Epilepsy affects more than 65 million of the worldwide population and 2.2 million people in the United
States [1]. In the general population, up to 20% of acquired symptomatic epilepsy results from traumatic
brain injury (TBI) [2]. The risk of developing post-traumatic epilepsy (PTE) has been described as being up to
a 30-50% after a TBI; a 30 times greater risk of epilepsy when compared to the general population [3-4].
Shortly after the TBI, there is a cascade of events which include contusions, cytotoxic edema, axonal
shearing, inflammatory responses, free-radical generation, mitochondrial dysfunction, neurotransmitter
release, and angiogenesis [5]. These changes cause an imbalance between excitatory and inhibitory
processes and lead to an increased risk for the formation of spontaneous epileptic foci due to excessive
excitatory stimulation [6]. Post-traumatic seizures can occur as soon as one week after injury or up to ten
years or longer post-TBI [7]. For patients who have a single late seizure (>7 days TBI), more than 80% will
have their second seizure within two years and will then have up to a 90% chance of progressing to PTE [7-8].
Antiepileptic drugs (AEDs) have only been demonstrated to prevent the occurrence of early seizure onset but
do not prevent the late development of PTE, and their use should be discontinued after seven days if no
seizures occur [9]. Currently, there are no known effective therapies to prevent PTE and no way for clinicians
to accurately predict who will develop PTE. A majority of these patients will also develop drug-resistant
epilepsy (DRE)--defined as a failure of an adequate trial of > 2 tolerated, appropriately chosen, and used
AED regimens (monotherapy or combination) to achieve seizure cessation [10-11].

In general, AEDs result in seizure control in two-thirds of epilepsy patients, and another 7-8% of patients
can be cured with surgery [5, 12]. PTE is complicated by diffuse epileptogenicity, which makes it difficult to
locate areas for resection on the basis of sensor-space EEG analysis [13]. However, localization has been
improved with the use of “inverse” EEG techniques that have only recently become available and are out of
the scope of this review [5]. PTE is further complicated by frequently present, wide-spread encephalomalacia.
The surgical removal of these damaged areas can be effective, but the inability to consistently localize
seizure foci in PTE patients continues to be a barrier for complete surgical resection. Thus, there continues
to be an unmet need for additional antiepileptic treatment options, as some PTE patients will not be
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operative candidates, and up to one-third will remain drug-resistant.

Nervous stimulation as a treatment for DRE is an active area of clinical investigation. This article will
summarize the methods, reported seizure control outcome measures, and adverse events from blinded,
randomized control trials (RCTs) for several invasive brain stimulation (IBS) and non-invasive brain
stimulation (NIBS) therapies that have been applied to the treatment of DRE, including vagal nerve
stimulation (VNS), deep brain stimulation of the anterior thalamus (DBS-ANT), responsive cortical
neurostimulation (RNS), transcranial direct current stimulation (tDCS), and repetitive transcranial magnetic
stimulation (rTMS). Currently, the IBS methods are the only therapies approved for clinical use. The purpose
of this review is to highlight the use of the described nervous stimulation therapies for the treatment of DRE
and to encourage further attention and funding be given to advance the clinical care and patient outcomes
for patients presenting with post-traumatic, drug-resistant epilepsy (PTDRE). To the authors' knowledge, no
such studies have been conducted.

Review
Materials and methods

Literature Search

Studies were identified via a PubMed search for articles from 1995-2014, using search terms related to the
treatment method: VNS, DBS, RNS, tDCS, and rTMS; and in conjunction with the keywords “seizure or
epilepsy”, “frequency”, and decrease or reduction”. The reference lists of these articles were then examined
for additional resources that fit the selection criteria. An ongoing clinical trial from clinicaltrials.gov was

also included in the review. One article was discovered incidentally during the full-text review of articles.
Selection Criteria

The following criteria were utilized for article selection: (1) articles in English, (2) human trials, (3) > 12 years
of age, (4) controlled trials, (5) blinded, and (6) randomized. Articles selected for full-text review were
further excluded if our detailed review revealed that the above criteria were not met.

Data Extraction

The primary author (MBL) identified relevant articles reporting the outcomes of interest. Two authors (MBL,
RMM) extracted relevant data independently. Each author’s data was cross-reviewed by the other, and any
discrepancies, if necessary, were resolved by a third author (MAS). Standardized tables were utilized to
extract the following variables: (1) seizure frequency reduction, (2) seizure frequency risk reduction, and (3)
percent responders. The primary author collected the reported demographic characteristics, study design,
stimulation parameters, and adverse events.

Results

In total, 370 articles were identified. After applying the selection criteria, 11 relevant articles were identified
with a total of total of 795 patients (Figure I). In general, studies showed that select nervous stimulation
modalities significantly reduced seizure frequency in select DRE patients.

PubMed Literature Search
(n=370) Non-Clinical Trials (266)
Non-Human (23)
l ey | NOD-English (9)
Based on title (43)
Could not locate (3)

# of Full-text Assessed

(n=26)
. . Non-Controlled (8)
1 Article found on review > l » | Non-Blinded (6)
(n=1) Retrospective (1)

Age (1)

# of Relevant Articles
(n=11)

FIGURE 1: Search Flow Diagram

Discussion

Vagus Nerve Stimulation
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In 1997, the Food and Drug Administration (FDA) approved VNS for adjunctive therapy for DRE in patients
greater than twelve years old [14]. VNS devices (Figure 2) generally consist of an implantable pulse generator
that is placed in the left sub-clavicular fossa with electrodes that are wrapped around the left vagus nerve
distal to the take-off of the cardiac branch [15]. Typically, the right vagus nerve is avoided due to the
increased potential for negative effects because of its greater role in cardiac function [16]. The exact
mechanism for reduced seizure activity in VNS remains unknown. The majority of vagus nerve fibers are
afferent, and the antiepileptic properties of VNS are thought to be related to these afferent effects on the
brainstem reticular activating system, the central autonomic network, the limbic system, and the diffuse
noradrenergic projection system; all of which have connections to numerous forebrain structures involving
multiple neurotransmitters (norepinephrine and GABA) [17-20].

FIGURE 2: Vagal Nerve Stimulator

Case courtesy of Dr. Jayanth Keshavamurthy; Radiopaedia.org, rID: 26836

Three, double-blinded, randomized controlled trials have been published for the use of VNS in the treatment
of DRE [15, 21-22]. Significant changes in seizure frequency from baseline in the high stimulation groups of
the E03, E05, and Amar, et al. studies when compared to the low stimulation groups as well as participant
demographics and stimulation parameters are summarized in Table /. The rates of responders in the
treatment groups (defined as those participants with a > 50% decrease in seizure frequency) were 31%,
23.4%, and 57%, respectively.
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# Age Stimulation Current Pulse Time Freq ON Time Duration of % %
Study #AEDs Time SFRR*
Pts (yrs) Group (mA) (usec) (H2) (sec) (i) BEP (weeks) SFR* Resp*
min
VNS
0.25-
High 500 20-50 30-90 5-10
VNSSG 1995 (E03) 3.0
114 333 =<3 14 245 184 31
[15] 0.25-
Low 130 1-2 30 60-180
2¥75
Amar et al., 1997 High <35 500 30 30 5
17 38.8 2.6 12 7 65 57
(22 Low 35 130 1 30 180
Handforth et al., High <3.5 500 30 30 5
33.1 1-3 12-16 279 127 23.4
1998 (E05) [21] Low <3.5 130 1 30 180

TABLE 1: VNS Demographics and Outcomes

AED: antiepileptic drugs, BEP: blinded evaluation period, %SFR: percent seizure frequency reduction, SFRR: seizure frequency risk reduction,
%Resp: percent responders.

*High stimulation group results.

In the two largest trials, 352 adverse events were reported among 149 treatment group participants. The
most common adverse events were current dependent and transient (occurring only during stimulus
delivery), which included hoarseness, cough, and pharyngitis/throat pain accounting for 55.7% (196/352) of
all reported events [15, 21]. Only one patient was found to withdraw from treatment as a result of an
unspecified adverse event(s). Infections were only reported in the EO5 trial and occurred in 11.6% (23/198)
of the patients [21]. However, a 2012 clinical practice guideline update endorsed by the American Epilepsy
Society reported infections in only 3-7% patients [23]. In general, VNS is a low-risk procedure with minor
and transient adverse post-surgical events.

Deep Brain Stimulation

In 1972, seizure frequency reduction was first reported with the direct implantation of stimulators in the
cerebellum [24]. The mechanism of action of DBS-ANT in epilepsy is still being investigated, but authors
have suggested that the reduced seizure activity with the stimulation of the anterior nuclei of the thalamus
could possibly be related to its diffuse projections to the temporal lobes and its participation in the circuit of
Papez [25-26] (Figure 3).
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FIGURE 3: Deep Brain Stimulation

Case courtesy of A.Prof Frank Gaillard; Radiopaedia.org, rID: 2743

Recently, the double-blinded Stimulation of the Anterior Nucleus of the Thalamus for Epilepsy (SANTE) trial
showed a significant decrease in seizure frequency for the treatment of DRE as shown in Table 2 [26].
However, the seizure reduction effect was found to be only significant in patients whose seizures originated
from one or both temporal lobes but not in patients with frontal, parietal, occipital, or multifocal/diffuse
seizure foci. In addition, the number of responders during the blinded evaluation period (BEP) was not
significantly different between the groups [26]. In the 25-month, unblinded follow-up period, there was a
statistically significant seizure frequency reduction from the baseline of 56% and a responder rate of 54%
[26]. This suggests that longer-term treatment could improve outcomes to DBS-ANT in patients with DRE.
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# Age Stimulation ~ Voltage Pulse Time Freq ONTime OFF Time Duration of BEP % %
Study #AEDs SFRR*

Pts (yrs) Group V) (usec) (Hz) (min) (min) (weeks) SFR* Resp*
DBS-ANT
Fisher et al., Active 5 90 145 1 5

110 36.1 1-4 12 404 259 29.6"
2010 [26] Sham 0 Not set in control group

TABLE 2: DBS-ANT Demographics and Outcomes

AEDs: antiepileptic drugs, BEP: blinded evaluation period, %SFR: percent seizure frequency reduction, SFRR: seizure frequency risk reduction,

%Resp: percent responders.

*Active stimulation group results.

ADifference between groups were not significant.

Eight hundred and eight adverse events were reported among 109 participants following surgical
implantation [26]. Device-related events occurred in 29.5% (238/808); 6.8% (55/808) were considered serious
as most required hospitalization [26]. The most common device-related events were paresthesias (18.2%),
pain at implantation site (10.9%), and infection (9.1%) [26]. Five participants had hemorrhages that were
neither symptomatic nor clinically significant and were detected incidentally. Six (5.6%) participants
required complete removal of the device secondary to infection, and 18 participants (16.7%) withdrew from
the trial as a result of adverse events after surgery [26].

Another potential DBS target for reducing epileptic activity is the hippocampus, also a part of the circuit of
Papez. Currently, the large Controlled Randomized Stimulation Versus Resection (CoRaStir) trial is
underway to assess if hippocampal stimulation will produce a greater reduction in mean monthly seizure
frequency when compared to medial temporal lobe resection [27]. At the time of this review, demographics
and stimulation parameters were not available to report.

Currently, DBS-ANT has been approved for use in Europe, but the FDA has not approved it for use in the
United States. Should the FDA approve either DBS-ANT/hippocampal stimulation, this may provide a
method for the preservation of cognitive function by allowing bilateral temporal treatment compared to
patients otherwise requiring lobectomy.

Responsive Cortical Neurostimulation

In 2013, the Neuropace® RNS® System (Neuropace, Mountain View, CA) was approved by the FDA (Figure 4).

Unlike VNS, which is an open loop system that delivers a preprogrammed stimulus, the RNS system is a
closed-loop system and is able to detect abnormal epileptiform activity and deliver an appropriate stimulus
to prevent seizure onset [28]. Permanent subdural or depth electrodes are implanted at the seizure focus area
and connected to a stimulation device embedded under the scalp. The mechanism by which RNS leads to
seizure frequency reduction remains unknown, but multiple mechanisms of action are hypothesized. Acute
effects are thought to include the release of neurotransmitters, local cellular inhibition/excitation, as well as
cerebral blood flow changes [29]. The long-term therapeutic effects may be the result of changes in neural
networks secondary to synaptic plasticity, neurogenesis/cortical reorganization [29].
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FIGURE 4: Responsive Neurostimulation

The double-blinded trial data results were published separately with the initial results including the intent-
to-treat analysis and first-year, open-label period (OLP) data in 2011 [30]. This was followed by a per-
protocol analysis and final clinical results in 2014 [29]. Patient demographics, stimulation parameters, and
seizure frequency reduction results are summarized in Table 3. There was a significant difference in seizure
frequency reduction--independent of seizure onset location--between groups. There was no significant
difference demonstrated in the number of responders during the initial, blinded period. However, during the
OLP the median percent reduction (53%) and responder rate (55%) at two years were significantly different.
Again, similar to DBS-ANT, this suggests improved efficacy with an increased duration of treatment.

2016 Larkin et al. Cureus 8(8): e744. DOI 10.7759/cureus.744 7 of 14


https://assets.cureus.com/uploads/figure/file/6316/lightbox_8b5fa7b03bda11e69d72b5ab05ec2265-RNS.png

Cureus

Study

RNS

Morrell et al.,
2011 [30]

Heck et al.,
2014 [29]

#
Pts

191

Age
(yrs)

34.9

Stimulation  Current Pulse Time Freq ON Time OFF Time Durationof BEP % %
#AEDs SFRR*
Group (mA) (usec) (Hz) (min) (min) (weeks) SFR* Resp*
Active 0.5** 160 200 5.9 -
12 37.9 206 297
Sham off - Not set in control group-----
2.8
Active 0.5** 160 200 59 -
12 415 321 -
Sham Off  —emeeee Not set in control group-----

TABLE 3: RNS Demographics and Outcomes

AED: antiepileptic drugs, BEP: blinded evaluation period, %SFR: percent seizure frequency reduction, SFRR: seizure frequency risk reduction,

%Resp: percent responders.

*Active stimulation group results.

**Titrated upward as tolerated to 12mA.

ADifference between groups not significant.

There were 206 adverse events reported among 191 participants, with the most common being implant site
pain (15.7%) and headaches (10.5%) [30]. Five participants experienced lead damage, four of which were due
to complications with lead securement at the burr hole; the other was the result of inadvertent cutting and
damage to a separate strip lead that was between the skull and the titanium plate. Postoperative intracranial
hemorrhage occurred in 3.1% (6/191), and four of these patients required hematoma evacuation [29-30].
Postoperative, device-related implant site infections were reported in seven participants (3.7%), requiring
device explantation in four patients [29-30]. The reported infections were of soft-tissue only and did not
involve the brain or cranium [29-30]. Five participants withdrew from the study, none of which were the
result of adverse events [29-30].

Transcranial Direct Current Stimulation

tDCS is a non-invasive application of direct current to the scalp that subsequently causes stimulation of the
cerebral cortex (Figure 5). The exact mechanism of tDCS in DRE is not completely known, but it is thought
to be related to the hyperpolarization and depolarization of neurons that cause cortical inhibition at the
epileptic foci with an anode-to-cathode direction of current [31]. Pharmacologic and magnetic resonance
spectroscopy studies have demonstrated that the mechanism for tDCS could be the result of local neuronal
effects secondary to NMDA receptor modulation, and reductions in glutamate and GABA activity [32-33].

FIGURE 5: rTMS Device (Left), tDCS Device (Right)

There has been only one double-blinded RCT published; the results of which are summarized in Table 4 [34].
No statistically significant reductions in seizure frequency were found, but the treatment group showed a
reduction in epileptiform discharge up to four weeks post-treatment.
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Study

tDCS

Fregni et al.,
2006 [34]

Pts

Age
(yrs)

24.2

Stimulus Stimulation Current ON Duration of % %
#AEDs ) . SFRR*
Location Group (mA) Time BEP SFR* Resp
. 20
Active 1 .
2.3 Seizure Focus min 30 days 44 32.9 -
Sham 1 30 sec

TABLE 4: tDCS Demographics and Outcomes

AED: antiepileptic drugs, BEP: blinded evaluation period, %SFR: percent seizure frequency reduction, SFRR: seizure frequency risk reduction,
%Resp: percent responders.

*Active stimulation group results.

ADifference between groups not significant.

Adverse events with tDCS are minimal as a limited number of minor adverse events reported at the site of
stimulation; four patients (21.1%) reported mild itching [34].

Currently, tDCS is not FDA approved for clinical use. The current data for tDCS may support the idea that it
may be safe, but is insufficient to make any clinically relevant conclusions regarding its therapeutic use for
DRE, and further studies are needed.

Transcranial Magnetic Stimulation

r'TMS is a repetitive, electrical, non-invasive brain stimulation (NIBS) method that has been shown to be
effective in some psychiatric and neurologic disorders (Figure 5). In rTMS, an alternating current is run
through a wire coil to create a fluctuating magnetic field that is then focused on the area of interest in the
brain, inducing intracranial electrical currents [35]. Excitation of the cortex is enhanced by high-frequency
stimulation (>1Hz), while low stimulation rates (<1Hz) reduce cortical excitation [36-37]. Different coils are
designed to stimulate either superficial and smaller foci or deeper and broader foci [38]. The exact
mechanism of action is still unknown. It is thought to be related to the currents generated by the magnetic
field, which lead to changes in the concentration of neurotransmitters (primarily glutamate and dopamine),
and has been shown to be related to stimulation intensity and frequency delivered [36, 39-40]. Clinical
effects of rTMS are related to the temporal spacing and duration of the stimulation, and it is believed that
induced cortical plasticity may be the result of NMDA receptor modulation [41-42].

The use of rTMS as a non-invasive, antiepileptic therapeutic option for patients with DRE has had mixed
results based on the four published, randomized controlled trials summarized in Table 5. In two trials--
Theodore et al., and Cantello et al.,--no significant differences in seizure frequency reduction were found
[43-44]. In contrast, two studies have demonstrated significant reductions in seizure frequency in patients
with a predetermined location of cortical seizure foci [41, 45]. Both of these studies included patients with
cortical dysplasia or superficial epilepsy origin, which had been excluded in previous trials [43]. A significant
decrease in seizure frequency, eight weeks after stimulation, was demonstrated suggesting that the initial
r'TMS treatment had a longer-lasting effect on seizure frequency reduction, even after the scheduled
treatment was completed. Additionally, Sun et al., (a single-blinded trial) demonstrated that 35.5% of
patients remained seizure free, and 22.6% of patients had a complete abolishment of epileptiform discharges
at the end of the blinded evaluation period (BEP).
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Study

Pts
rTMS
Theodore et al., 2002

24
[43]
Fregni et al., 2006

21
[41]
Cantello et al., 2007

43

[44]

Sun et al., 2012 [45] 60

Age

(yrs)

40

21.9

36.9

20.5

Coil Stimulus Freq Duration of BEP % %
#AEDs Group  Strength #Pulses Schedule SFRR*
Type Location (Hz) (weeks) SFR* Resp*
Figure 120% BID for 1
Seizure Focus Active 1 900 9 4.5% 4.9 -
8 RMT week
Figure QD for 5
Seizure Focus  Active  70% MO 1 1200 9 58 - 83
8 days
100% 2 x 500; 30 sec QD for 5
Round Vertex Active 0.3 7 132+ 33 14.7
RMT apart days
90% 3 x 500; 600 sec QD for 2
High 0.5
N RMT apart weeks
Figure
1to=23 Seizure Focus 10 79.8 77.5 -
8
20% 3 x 500; 600 sec QD for 2
Low 0.5
RMT apart weeks

TABLE 5: rTMS Demographics and Outcomes

AED: antiepileptic drugs, BEP: blinded evaluation period, %SFR: percent seizure frequency reduction, SFRR: seizure frequency risk reduction,
%Resp: percent responders, MO: maximum output, RMT: resting motor threshold, BID: twice daily, QD: daily.

*Active stimulation group results or High Stimulation Group.

“Difference between groups not significant.

Other authors have noted that the reason for the non-significant results for Theodore et al., may have been
secondary to their recruitment of subjects with deep epileptic origin [39]. This results in a decreased applied
magnetic field whose strength is a cubic function of the distance between the rTMS device and the seizure
foci being stimulated [43]. A greater, but still non-significant, improvement was observed among study
participants who had a more lateral temporal seizure foci compared to those with deeper mesial temporal
foci [39, 43].

The Cantello, et al. trial randomized patients to treatment with stimulation from a circular coil, based on
previous reports of efficacy [44]. The authors attributed their poor results to the unpredictable variability in
seizure frequency in relation to their sample size [44]. However, round coils have been shown to provide a
more diffuse and deep effect compared to the focused and superficial effects seen with figure-eight coils [38].
For successful application of rTMS in the treatment of DRE, stimulation at the exact location of the seizure
focus is critical [41]. This explanation offers a better reason for the lack of significant seizure reduction
difference between groups in this particular study.

Among all rTMS trials reviewed, the vast majority of adverse events were minor, occurring in 19 (12.8%) of
the collective 148 participants [41, 43-45]. The most commonly reported events included headache,
dizziness, and tinnitus. One patient on two occasions experienced a typical complex partial seizure, and as a
result did not complete the entire week of stimulation but remained a part of the trial [43]. Patients should
be cautioned that rTMS could induce seizures in those who are already seizure-prone versus non-epileptic
individuals. However, a literature review of rTMS in 280 DRE patients found only four patients who had a
seizure during treatment, only one of whom had an atypical seizure whose focus was different from their
previously noted seizure origin. Importantly, this event occurred in a participant who was receiving a high-
frequency (16Hz) stimulation, which has been shown to cause cortical excitation [46]. The risk of additional
seizures with rTMS stimulation in patients with DRE was nearly as safe to those without epilepsy [46].

Primary outcome reporting

All studies included in this review reported mean/median seizure frequency reduction as the primary
outcome and measure of clinical improvement. However, in some trials no significant differences were
found in the reported number of percent responders, those participants with a > 50% seizure frequency
reduction, suggesting that a majority of patients who benefited during this time may have had only modest
results [26, 30]. A reasonable alternative might be to report percent responders as the primary outcome. This
would correlate better to consecutive seizure-free days in patients. Additionally, reporting of seizure
frequency risk reduction (SFRR)--synonymous with absolute risk reduction, calculated as the difference in
seizure frequency between both groups--would allow reporting of the number needed to treat (NNT). The
same method could be applied to percent responders. The authors suggest that increasing the reporting of
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SFRR and percent responder data would improve the quality of clinically relevant outcome data available.

Limitations of non-invasive stimulation studies

Sham Protocols

The design of nervous stimulation trials, both IBS and NIBS, can be complicated by the difficulty of
reproducing sham conditions that replicate active treatment and maintain participant blinding in order to
minimize placebo effect. A reliable sham protocol for tDCS has been described as giving a short (30 sec)
stimulus, which gives the initial sensation of treatment but maintains blinding because of the fast
attenuation of the stimulus in those with a sustained stimulation [47]. Sham is a much greater concern in
r'TMS trials because the stimulation is accompanied by a loud sound, with strong scalp sensations and
muscle twitching. Thus, patients can become unblinded during titration of the resting membrane threshold
(RMT). Fregni, et al. based their stimulation rTMS protocol on the maximal output of the device and the use
of a replica that produced a similar sound artifact, which required no titration to RMT avoiding this
limitation [41]. Other rTMS studies have utilized sham procedures that included rotation or increased
distance of the device from the scalp [43-44]. Sun et al., used a low-intensity RMT stimulus protocol for
sham, and neither group received 100% RMT. This suggests blinding may have been preserved. However,
there was no discussion of the differences, if any, in sensations among the groups. The use of focal electrical
stimulation and personalized titration to simulate rTMS stimulation has also been investigated and
described in a small study as a possible alternative sham protocol, but further validation is needed [48].
Nonetheless, a measure of the sham effect for three out of the four rTMS trials in this review was shown to
have a minimal effect on seizure frequency reduction and responder rates [49]. The use of “active control
groups” (in VNS and rTMS) differs from truly blinded patients, and this difference in data quality can affect
the comparison of IBS and NIBS protocols. Future RCTs for nervous stimulation should include participants
who are naive to therapy, crossover study designs should be avoided, and care should be taken to ensure
participants receive therapy separately from other study participants.

Stimulation Variability

The standards for stimulation parameters between brain stimulation trials are very heterogeneous with
respect to applied current, frequency, strength, duration, and the number of treatment sessions. Ziemann, et
al. discussed the further complicating issue of inter-subject and inter-session variability of plasticity
induction among NIBS studies and suggest that researchers design experimental and stimulation-priming
protocols that are carefully standardized by collecting EEG recordings during stimulation [50]. This would
allow for the continued investigation and determination of the underlying causes of inter-session and inter-
subject variability in order to develop techniques to limit such variability and improve clinical efficacy.

Conclusions

Despite improvements, the localization of surgically amendable seizure foci remains difficult due to diffuse
epileptogenic foci and the presence of encephalomalacia in post-traumatic DRE (PTDRE) patients. For
affected service members, this makes identifying alternative therapies that are efficacious a worthy
undertaking. To the authors' knowledge, no such studies have been conducted specifically investigating the
efficacy of nervous stimulation in the PTDRE population. As described in detail above and summarized in
Table 6, the evidence for the efficacy of NIBS for DRE in the general population has been growing, but
primary outcome results are still far less convincing than that seen with IBS or surgical resection in eligible
patients. The use of tDCS and rTMS for the treatment of DRE are still investigational, and there are currently
no FDA-approved indications for their use. The IBS therapies for the treatment of DRE have been shown in
multiple, large, blinded, randomized controlled trials to be effective options for reducing seizure frequency
and are currently in clinical use. The authors’ hope is that this review encourages future funding for research
investigating the role of NIBS and IBS therapies for PTDRE. Research and treatments should focus on
improving data reporting, improving sham protocols, and reducing stimulation response variability in order
to determine practical and clinically effective alternative treatment options where surgery is either not an
option, has failed, or for patients who prefer a non-invasive approach.
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Study FDA Approved % SFR* SFRR* % Resp*
VNSSG 1995 (E03) [15] Y 24.5 18.4 31
Amar et al., 1997 [22] Y 7 65 57
Handforth et al., 1998 (E05) [21] Y 27.9 12.7 23.4
Fisher et al., 2010 (SANTE) [26] N 40.4 25.9 29.67
Morrell et al., 2011 [30] Y 37.9 20.6 297
Heck et al., 2014 [29] Y 41.5 32.1 -
Fregni et al., 2006 [34] N 44 32.9 -
Theodore et al., 2002 [43] N 4.57 4.9 -
Fregni et al., 2006 [41] N 58 - 83
Cantello et al., 2007 [44] N 13.2% 3.3 14.7
Sun et al., 2012 [45] N 79.8 77.5 -

TABLE 6: Summary

%SFR: percent seizure frequency reduction, SFRR: seizure frequency risk reduction, %Resp: percent responders.
*Active stimulation group results.

“Difference between groups not significant.
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