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ABSTRACT

Electrical stimulation of the brain could provide a relatively easy and non-invasive way to improve cognitive
and motor functions. The potential benefits of non-invasive brain stimulation for military operational
performance and wellbeing have not remained unnoticed. One of the most widely used techniques is
transcranial direct current stimulation (tDCS). Here, we review some potential effects of tDCS on cognitive
functioning and mental health in military personnel, in particular with respect to the adverse effects of stress
exposure. The assumed working mechanisms of tDCS on cognitive functions and present challenges are
briefly addressed. Increasing evidence suggests that stimulating the prefrontal cortex with tDCS improves
the ability to regulate stress responses. However, effect sizes of current tDCS protocols are still small and
variable. Moreover, major knowledge gaps remain regarding tDCS use in the military context and in
relation to stress-related functioning. Altogether, tDCS could be a promising tool to support stress-related
cognitive performance and wellbeing, but the technique is in its initial phase and requires much more
research to establish applications in military settings.

1.0 STIMULATING MILITARY BRAINS

Stimulating the brain with electrical currents from outside the head is becoming more and more popular in
neuroscientific research and clinical applications. Could non-invasive brain stimulation also provide a
valuable tool in the military context? Several researchers including Davis and Smith (2019) and Levasseur-
Moreau et al. (2013) [1,2] put forward that the enhancing effects of non-invasive brain stimulation on motor
and cognitive performance may help to improve important aspects of military operational performance and
wellbeing. However, others argue against such use of brain stimulation; worries have been raised regarding
the safety, autonomy and responsibility of actions in military personnel undergoing brain stimulation [3].

Whether non-invasive brain stimulation should be used in the military is a discussion beyond the scope of
this paper. In our opinion, the first and foremost question is: Can non-invasive brain stimulation, and in
particular transcranial direct current stimulation (tDCS), provide practically relevant effects on the individual
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level, in the complex, stressful, or even life-threatening military contexts?

Here, we will address several aspects of this question by reviewing the scientific literature from recent tDCS
studies.

2.0 MILITARY OPERATIONS AND STRESS REGULATION

2.1  Adverse consequences of stress

Exposure to stressful situations is inherent to military operations. There is a wide variety of military
operational stressors, including working under constant threat, extreme environments (e.g., heat, high
altitude, time pressure), witnessing severe suffering, and risking physical injury or death [4-6]. These
stressors cause a cascade of physiological and psychological effects, including increases in activity of the
central and peripheral nervous system, and increased alertness to stay attentive to the developing situation
[7]. Stress responses serve to adequately respond to the highly stressful situation. However, severe or chronic
stress can have a maladaptive impact; it narrows perception and attention (i.e., tunnel vision), reduces
cognitive flexibility and increases automatic (stereotypical) behaviours, resulting in declined situational
awareness, less adequate decision-making and worse task performance in military operations, and increased
risk of physical health issues and mental health issues like anxiety and post-traumatic stress disorder (PTSD)
[4,6,8-10]. One way to prevent or effectively mitigate these adverse consequences of stress exposure is to
strengthen the ability to regulate reactions to stress, in order to diminish its impact on cognitive and
emotional functioning [11].

2.2 Stress regulation and cognitive functions

Effectively guiding or managing your own stress-related and emotional reactions in context-appropriate
ways is called emotion regulation or stress regulation. Effective stress regulation depends on several
cognitive functions, and working memory in particular plays a critical role. Working memory comprises the
active process of holding and updating information in mind. Controlling emotional information in working
memory is an essential aspect of reappraisal, the regulation strategy of reinterpreting the meaning of a
situation to change its emotional impact [12]. Accordingly, people with greater working memory capacity
show better regulation of emotional reactions to threat or aversive inputs [12-16]. Another line of studies
showed that training emotional working memory, that is, working memory with pieces of emotionally
negative information, enhances the ability to regulate responses to stress-related stimuli [17].

Besides supporting stress regulation, working memory and related executive functions such as cognitive
inhibition and attentional control, are more broadly implicated in military operational skills. For example,
improving these functions could also support the ability to rapidly evaluate the situation (i.e., achieving
situational awareness) and to formulate judgements and decisions based on the available information to
coordinate action (i.e., formulation of intent) [1]. Therefore, executive functions may play an important role
in stress-related wellbeing as well as stress-related operational performance.

2.3 Stress regulation in the brain

In the brain, stress regulation has a strong link with the frontoparietal cognitive control network. The
dorsolateral prefrontal cortex (DLPFC) is an important hub in this neural network that facilitates top-down
regulation of attention, thoughts and emotions [18,19]. Not surprisingly, the DLPFC also plays a major role
in executive functions including working memory [20]. Importantly, DLPFC-dependent functions are
particularly vulnerable to acute and chronic stress [21]. As Arnsten (2015) [21] put it: High stress levels flip
the balance in the brain from a reflective to a reflexive way of controlling behaviour. Stress weakens higher
cognitive functions that depend on prefrontal regions, including working memory [22], and strengthens
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emotional and habitual responses that depend on more primitive brain circuits including the amygdala and
basal ganglia. These effects of stress in the brain can impair operational performance and stress regulation
abilities, also in extensively trained soldiers [8,23].

The impact of stress exposure can, at least to a certain extent, be controlled. One way to lower stress levels is
by modulating DLPFC activity. A growing body of research shows that increasing DLPFC activity with non-
invasive brain stimulation attenuates the intensity of physiological stress responses [24-35]. Several studies
suggest that this effect is established through enhanced stress regulation capacity. For example, Feeser et al.
(2014) [36] showed that stimulating the lateral PFC only helps to reduce the intensity of stress responses
when participants actively attempted to downregulate their reactions to the stress exposure. These findings
were replicated in subsequent studies by He et al (2018) and Marques et al. (2019) [37,38]. Furthermore,
Schweizer et al. (2013) [17] found that extensive working memory training resulted in improved stress
regulation success that was accompanied by increased DLPFC activity. Hence, enhancing DLPFC function
is able to improve stress regulation abilities, providing a possible means to improve resilience against
adverse effects of stress.

3.0 TRANSCRANIAL DIRECT CURRENT STIMULATION

3.1  Working mechanism of transcranial direct current stimulation (tDCS)

TDCS works by applying weak electrical currents (typically 1-2.5 mA) to two or more electrodes placed on
the scalp, an anodal and cathodal electrode [39-41]. The resulting electrical field in the brain modulates
neural excitability and enhances ongoing synaptic plasticity by facilitating long term potentiation (LTP) — the
basic process allowing learning and memory [42,43]. Although effects on neural excitability depend on
several factors including neural orientation with respect to the electric field, anodal stimulation is often
assumed to facilitate neural excitability in the targeted brain area, while cathodal stimulation inhibits
excitability [43,44]. In general, anodal stimulation seems to have stronger effects than cathodal stimulation
on both neural and cognitive outcomes [42,44,45].

TDCS provides a way to improve stress regulation by enhancing PFC activity and associated cognitive
functions; in addition to evidence of PFC stimulation effects on stress responses reviewed above, anodal
tDCS to the DLPFC has also been shown to enhance functional connectivity within the cognitive control
network [46] and improve cognitive functions like working memory [47,48].

3.2  Theoretical frameworks of tDCS-induced cognitive enhancement

Ongoing research efforts are dedicated to unravel how exactly brain stimulation techniques like tDCS lead to
cognitive enhancement. The entrainment model, the stochastic resonance model, and the zero-sum model are
three main theoretical frameworks [49]. The entrainment model poses that ‘imitating’ neural patterns via
non-invasive brain stimulation can drive a natural brain state. When that brain state is linked to a specific
cognitive function, performance in this function is facilitated. Stochastic resonance refers to increasing the
fidelity of a neuron or circuit by introducing small amounts of random noise (variability). A little bit of noise
can drive low-level signals to a threshold. The stochastic resonance model therefore poses that techniques
like tDCS inject low-level noise into a targeted brain area, increase the responsiveness of the system, and
thereby facilitate neural functioning [50]. The zero-sum model poses that there is a finite amount of neural
processing power [51]. As a consequence, every gain in neural processing power in one place means a loss
of neural processing power elsewhere.

Depending on which model or combination of models is most accurate, enhancing cognitive processes by
tDCS may turn out to be either a specific functional improvement, an overall increase in neural processing,
coming at the cost of some other neural process, or a mixture of these outcomes. Evidence can be found for
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all three models, and to date there is no consensus on which model best accounts for the observed tDCS
effects or how to conceive their complementary effects. Yet, keeping these possible mechanisms in mind is
important. For instance, from a zero-sum model perspective, maintaining more information in working
memory may come at the cost of, for example, reaction speed, which in a military operation could ultimately
mean the difference between life and death. Hence, the different consequences following from these
frameworks imply that special caution is warranted for tDCS or other cognitive enhancement methods for
military use.

3.3 TDCS and cognitive enhancement

The functional range of tDCS effectivity is still to be determined. Some studies suggest that tDCS can only
improve performance until arriving at some “natural” maximum level. This is in line with evidence showing
that only low performers benefit from tDCS. For example, the study by Tseng et al. (2012) [53] showed that
tDCS in low performers improved working memory performance and modulated associated waveforms in
EEG brain activity recordings, whereas tDCS in high performers had no effect on behavior or EEG
waveforms. This suggests that tDCS would primarily be useful in clinical settings or supporting low-
performers. There is also some evidence that is indicative of a dissociative effect in which low performers
improve, but high performers become worse in response to tDCS [54]. By contrast, Schmicker et al. [55]
showed that tDCS only improved working memory performance in high performers, but not in low
performers. They speculated that high performers have a neural processing organization that more easily
allows for the effects of tDCS. These latter findings may also imply that tDCS can improve cognitive
performance above some expected maximum level; an interesting perspective for the field of cognitive
enhancement.

4.0 KNOWLEDGE GAPS

Although the underlying mechanisms are yet to be determined, some tDCS protocols already yield
encouraging results. However, to date, concrete non-clinical tDCS applications beyond scientific
experiments are scarce. Significant gaps still exist in the understanding of tDCS efficacy and uncertainties in
the cost-benefit ratio for healthy individuals.

Substantial knowledge gaps exist with respect to the duration of tDCS effects and potential long-term
negative side effects. In addition, specific tDCS use in the military context may be problematic as long as
knowledge gaps remain in (i) inter-individual differences in tDCS-response, (ii) generalizability of
laboratory- and civilian-based research findings to military contexts and personnel, (iii) the effect size of
tDCS on practically relevant outcomes of military capability and wellbeing, and (iv) the feasibility to
implement tDCS in military training or operational contexts [1,2]. In addition, the consequences of using
tDCS to interfere with the stress response in psychiatrically healthy individuals remain unclear.

4.1 Inter-individual differences

Significant inter-individual differences in tDCS response are present when stimulating the PFC [56]. Effects
of tDCS depend on neuronal and synaptic function in the targeted networks. The outcome of prefrontal
stimulation depends, for example, on genetic variations that affect neurotransmitter systems involved in
PFC-related network communication and plasticity, such as the dopaminergic system [57,58]. Another
widely-recognized source of variability is anatomy; factors like grey matter atrophy and brain-skull distance
determine the influence of the electrical field in the brain [59,60]. An example of inter-individual variety in
location and intensity of the electrical field in the brain is depicted in Figure 1. Such biological trait
characteristics are an important determinant of the possibilities and limits of tDCS to modulate individual
cognitive outcomes.

3-4 STO-MP-HFM-344



Perspectives on Promises and Challenges of Electrical
Brain Stimulation to Improve Stress Reqgulation in the Military

State factors also affect tDCS effectivity; the effects of stimulation depend on the moment-to-moment
activational state of the brain [61]. For example, prefrontal tDCS was shown to have differential effects on
brain network activity when applied during a cognitive task vs. during rest [62]. Brain state can to some
extent be controlled by subjecting individuals to a specific task. For example, when aiming at enhancing
cognitive functions like working memory, tDCS may have its optimal effect in combination with performing
cognitive exercises, as the latter already probes the neurocognitive process of interest [63,64].

Increasing our understanding of individual variability will contribute to the development of new methods of
personalized tDCS protocols. Two promising examples are individual current dosing [65] and adapting
neurostimulation to real-time brain state in so-called closed-loop set-ups [66]. Although still in an early
stage, such developments are crucial with regard to use in the military context where an average group
improvement might be insufficient if some individuals worsen [1].

Figure 1: Example of electrical field distributions on four individual brains. The electrical fields are
simulated in SImNIBS 3.2.3 [85] based on 2 mA direct current stimulation with a 3x3 cm anode over
F4 and a 5x7 cm cathode over C2 (10-20 system scalp electrode positions). The brain models are
obtained from a publicly available MRI dataset of neurologically healthy individuals [86] (here
depicted: sub04, sub05, sub07 and sub11).

4.2  Generalizability to the military context

One aspect of the generalizability issue comprises the translation from standardized laboratory settings to the
complex and stressful military operational environment. This is especially relevant regarding the impact of
stress on cognitive functioning. The translation to the military environment seems difficult to scientifically
assess when tDCS in such environments is obstructed by the very knowledge gap itself. Yet, we believe it is
important to investigate tDCS effects in stress-like contexts. TDCS effects could, for example, be studied in
contexts that include stress-inducing aspects like unpredictable occurrence of adverse stimuli,
uncontrollability or social evaluative threat [67]. Still, typical laboratory stress manipulations like these may
elicit relatively mild stress responses in military personnel. Where the methodological and ethical aspects of
research allow, methods that more realistically mimic military stressors may provide better insight in tDCS
effects on stress regulation in the actual operational environment.

Another aspect is the translation of findings from civilian research participants — often university students —
to army service members, who may differ on important aspects like stressful or traumatic experiences, age
and related brain characteristics, personality traits, and education. The translation of tDCS effects between
these populations is easier to investigate, although it has to our knowledge never been systematically
analyzed. Yet, taking into account sources of individual variability, research from us (in prep.) and others
(e.0., [23,68]) suggest that the effects of stress and the effects of tDCS on cognitive functions are comparable
across soldiers and civilian samples.

4.3  Effect size

On one hand, tDCS provides a useful tool for studying and assessing (pathological) brain function and
plasticity, for example related to stress-induced brain alterations [21]. On the other hand, it is argued that
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tDCS may only be a useful tool in the military operational context if its effects induce a practically relevant
impact on military capability and wellbeing that outweighs effects of other methods used in the military [2],
such as breathing techniques and caffeine [69]. Recent estimations show that tDCS does not yet yield such
effects; effect sizes of prefrontal tDCS for outcomes related to stress regulation are relatively low [70,71].
These meta-analytic studies considered tDCS effects on executive functions (including working memory)
and on stress-related emotional reactivity. However, “the” effect size of tDCS is hard to determine since the
effect depends not only on individual characteristics but also on stimulation settings and the outcome
variable. At present, standardized tDCS study protocols are lacking and the optimal tDCS parameters are still
subject to investigation. Moreover, many studies apply tDCS in a single session and only look at the
immediate effect that typically lasts for no more than one hour. For military applications, prolonged effects
may be required for sufficiently long-lasting improvements in operational performance and mental health.

4.4  Feasibility in the military context

The tDCS technique fits well into the military operational context due to its easy use, portability, and low
costs [72,73]. Yet, the feasibility of implementing effective tDCS protocols depends on the circumstances.
Considering the low effect sizes of currently used tDCS protocols with few sessions, tDCS may not be
suitable for ad hoc applications during operations. Instead, a much higher tDCS dose may be required for
relevant effects on cognitive functioning (e.g., 20-30 repeated tDCS sessions, in line with non-invasive brain
stimulation procedures for clinical treatment [74]). The integration of such extended tDCS protocols could
be more feasible in military training programs. Yet, this requires further insights in possible decreases in
effectivity due to sensitization and habituation effects after repeated or chronic tDCS use, in analogy to other
neuromodulators like drugs (see e.g. [52]).

4.5 Interfering in healthy stress systems

Our research follows from the objective to better treat and prevent adverse stress-related impact on mental
health. Diminishing stress responses could be one way to do so. However, in its core, the stress response is
an adaptive system. When in balance, the stress system promotes adaptation and homeostasis in response to
challenges [7]. Before reaching extreme levels, stress can actually improve learning and cognitive
performance and is thus essential for enhancing adaptation [75,76]. Also, in severely threatening situations,
weakening the relatively slow and complex PFC-dependent functions in favour of fast and reflexive
behaviour is crucial for survival. In combination with the uncertainties of tDCS effects, this raises questions
about the consequences of using tDCS or other enhancement methods to interfere with healthy stress
systems.

5.0 TOWARDS TDCS-IMPROVED STRESS REGULATION

The overarching question in our field of study is: Can tDCS become a useful tool to improve stress
regulation in a way that effectively protects mental health and operational performance under stress? Current
evidence largely depends on single session tDCS applications that only induce short-duration temporary
effects. One of the first steps is therefore to determine if favourable effects of tDCS on stress-related
cognitive functioning can last, i.e., will remain after the stimulation period. Also, tDCS effects that are
induced on a very specific function, like a particular aspect of working memory, must generalize to related
but untrained functions, like stress regulation.

5.1 How can tDCS become useful?

Promising evidence of lasting, transferrable tDCS effects come from studies on cognitive training and
psychiatric treatment. In these studies, tDCS is applied during multiple sessions in attempts to establish
lasting effects. TDCS can affect synaptic strength through LTP-like processes [40,42]. The idea behind
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applying tDCS over multiple sessions is to repeatedly activate this process in order to generate lasting
changes in synaptic strength that will facilitate neural processing in the targeted brain area or network. In
addition, tDCS effects seem to be strongest in neural networks and cognitive functions that are activated or
trained during stimulation [63,64,77-79]. Cognitive training studies showed that the benefits of repeated
tDCS combined with cognitive training can last for months and can even transfer to non-trained cognitive
skills [80,81].

5.2 Developments for effective protocols

Linking these lines of evidence, applying TDCS in multiple sessions in combination with cognitive training
could be beneficial. Importantly, repeated tDCS with cognitive training was also shown to have beneficial
effects on emotion regulation; in patients with depression it resulted in decreased rumination and reduced
symptoms [82,83]. Yet, replication of these findings is needed and further research should determine to what
extent these findings translate to practical skills in emotion regulation during stress. The rationale to test and
improve stress regulation with a tDCS-cognitive training intervention forms the basis of a recently initiated
study in active service members. Details can be found in the study pre-registration (www.trialregister.nl,
Trail ID; NL8698).

When investigating in this direction, future research should additionally focus on the translation to the
military context. If tDCS research progresses along these lines, tDCS may ultimately provide a relatively
easy technique to support the resilience of military personnel.

5.3 Outstanding issues

The currently limited effectiveness of tDCS tempers high expectations regarding the potential
neuromodulatory effects on the stress system. Moreover, tDCS may not achieve a direct influence on the
stress system; the weak and diffuse electric currents are unlikely to directly reach deeper brain structures that
are driving stress responses, albeit indirect (transsynaptic) effects have been demonstrated via network
connectivity with the stimulated area [84]. Stimulating the PFC with the aim to boost someone’s stress
regulation capacity might therefore not immediately modulate the stress response itself, and is insufficient to
completely turn it off, see e.g. [36]. In fact, by this way of applying tDCS, the tDCS-user presumably keeps
control of the outcome; tDCS will affect the intensity of stress responses only if and when he or she chooses
to put effort in regulating those responses.

Yet, the balance in healthy and adaptive behaviour is a prominent issue when it comes to potential cognitive
enhancement methods like tDCS. Therefore, together with future developments in tDCS effectiveness, the
health-related and ethical impact of brain stimulation will determine whether or not tDCS can provide a
useful and acceptable tool to improve military capability and wellbeing. Altogether, tDCS is a promising
technique, but the application in its current form is still hampered by many unknowns as discussed in this
review. These outstanding issues need to be clarified in order to establish the potential of tDCS in military,
stress-related contexts.
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