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Peripheral nerve stimulation (PNS) is an ancient technique, up to now mainly used for pain management. The
least invasive approach for PNS is transcutaneous electrical stimulation (TENS), which is performed by delivering
mild electric currents through the skin and, depending on the stimulation pattern, activates the somatosensory
Ap-, AS- and C-fibers. In addition to its use for pain relief, accumulating data indicates that TENS can have broad-
spectrum cognitive effects through the activation of neuromodulatory brain pathways. This review aims to

Neuroenhancement . . . Y ) K
Heterosynaptic plasticity summarize the current evidence on the cognitive effects of TENS, from healthy participants and mildly cogni-
Memory tively affected patients. Most studies on this topic have investigated the effects of TENS on memory, while fewer

studies have explored attention, executive functions, and verbal fluency. Overall, promising evidence suggests
that TENS may exert positive effects on specific cognitive functions. Further research is needed to build
consensus on the most effective stimulation protocols, for both neurorehabilitation and enhancement, and to

better understand the neurobiological mechanisms underlying the cognitive effects of TENS.

1. Introduction

Peripheral nerve stimulation (PNS) is a term generally used to indi-
cate three main approaches for delivering current to peripheral nerves,
with similar mechanisms of action but different levels of invasiveness.
These range from subcutaneous implants of cuff leads encircling the
nerve or paddle leads to less invasive approaches, such as a percuta-
neous, acupuncture-similar method and transcutaneous electrical stim-
ulation (TENS), which is considered non-invasive. All PNS-mediated
techniques can be adjusted by altering intensity, pulse width and fre-
quency of stimulation through external programmable devices (for re-
views see Chakravarthy et al., 2016; Deer et al., 2020).

For centuries, PNS has been used to reduce pain by delivering elec-
trical stimulation to peripheral nerves (Ottestad and Orlovich, 2020).
The first known application of transcutaneous electricity transmission
for pain relief dates back to ancient Egyptians in 2300 BC, and to the
Roman physician Scribonius Largus (153 BC), who used electrical cur-
rents generated from torpedo fish on patients experiencing pain (Francis
and Dingley, 2015; Johnson, 2007). Among all the PNS techniques,

TENS is the most interesting in terms of cognitive applications because
of its safety (it is contraindicated only in specific cases, such as preg-
nancy, epilepsy, or the presence of a pacemaker), low cost, and ease of
application (Johnson, 2007; Teoli and An, 2023). One of the hypothe-
sized mechanisms of TENS for reducing pain refers to the gate control
theory proposed in 1965 by Wall and Melzack (but see also Lin et al.,
2020; Ong Sio et al., 2023). This theory posits that low-threshold, large
diameter, non-nociceptive sensory Ap-fibers, when stimulated, convey
inhibitory signals to the interneurons in the dorsal horn of the spinal
cord. These interneurons play a pivotal role in transmitting nociceptive
signals coming from A8- and C-fibers (Melzack and Wall, 1965). In this
way, stimulation of the somatosensory neurons gates pain signals within
the spinal cord and prevents the spread of nociceptive information to the
rest of the central nervous system (CNS) (Melzack and Wall, 1965).
While mostly employed for pain management (for reviews see
Chakravarthy et al., 2016; Goroszeniuk and Pang, 2014; Teoli and An,
2023), growing evidence suggests that PNS, and TENS in particular, can
activate the CNS, modulating the activity of cortical and sub-cortical
brain regions involved in various cognitive functions, such as the
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lateral prefrontal cortex, the anterior cingulate cortex, the para-
hippocampal and hippocampal areas, the thalamus and the amygdala
(for reviews see Helm et al., 2021; Luckey et al., 2023a; McGinley and
Lee, 2022; Strand et al., 2021). Furthermore, several studies have shown
that TENS can alter the neurotransmission of noradrenaline, acetyl-
choline, dopamine and serotonin, primarily via the activation of the
nucleus tractus solitarius (NTS) (for a review see Luckey et al., 2023b)
and modulate neural plasticity pathways (see Bowles et al., 2022). Since
these neurotransmitters have widespread influences on the brain, TENS
is also likely to have broad effects on brain function, the extent of which
remains to be fully understood.

For these reasons, this review article focuses on the cognitive effects
of TENS, while extensive reviews on the effects of this technique for pain
management can be found elsewhere (Deer et al., 2020).

1.1. The neuroanatomical and functional basis to hypothesize an effect of
TENS on cognition

TENS is implemented by applying electrical pads directly to the
surface of the skin, allowing a pain-free flow of electrical current to the
nerves (for a review see Helm et al., 2021). A wide variability of nerves
stimulated by TENS can be found in the scientific literature, ranging
from the greater occipital nerve to the facial nerves, the median and
peroneal nerves, to the spinal nerves (Fig. 1). Although the rationale
behind the choice of specific stimulation sites is not always explicitly
stated, studies on humans and animal models have shown that both
high- and low-frequency TENS can activate thick-myelinated Ap-fibers,
thin-myelinated Ad-fibers and unmyelinated C-fibers, depending on the
stimulation parameters (Dudar et al., 1979; Dutar et al., 1985; Guo et al.,
2002).

These somatosensory fibers reach the brain through a quite well-
characterized anatomical pathway that passes through the spinal cord,
crosses the midline at the anterolateral funiculus and reaches several
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brain areas, including the forebrain, pons, midbrain, and medulla (Wang
et al., 2022a). Along this path, TENS has been shown to induce the
activation of different neuromodulatory systems, including the norad-
renergic, cholinergic, dopaminergic and serotoninergic pathways
(Fig. 1, Scherder et al., 1995), with the NTS playing a pivotal role in this
mechanism (see Luckey et al., 2023a). Indeed, the NTS is a viscero-
sensitive medullar nucleus that sends direct projections to the retic-
ular formation in the medulla, and ascending projections via the para-
brachial nucleus and locus coeruleus (LC) to the amygdala, insula,
hypothalamus, thalamus, orbitofrontal cortex and other limbic regions
(Mohr et al., 2011; Yap et al., 2020).

Based on these neuroanatomical direct and indirect connections with
the neuromodulatory systems (Box 1) and the experimental evidence of
their TENS-mediated activation (e.g. Scherder et al., 1995), TENS has the
potential to modulate the activity of different brain pathways relevant to
cognition. Indeed, the subcortical and cortical areas included in these
pathways are involved in several cognitive functions (for a review, see
Avery and Krichmar, 2017). Therefore, TENS effects on cognition might
result from heterosynaptic plasticity mechanisms that would strengthen
the functional activation of these brain regions.

Understanding the neurobiological mechanisms of TENS-mediated
cognitive effects is not only important for its possible applications in
neurorehabilitation and neuroenhancement, but more generally because
it contributes to the knowledge on the role of the brain-body relation-
ship in cognition, which is one of the pillars of the emerging perspective
of Embodied Cognition (Barsalou, 2008; Caramazza et al., 2014; Foglia
and Wilson, 2013; Gallese, 2005; Gallese and Lakoff, 2005; Varela et al.,
1991). This perspective suggests that human cognitive abilities are
mediated by the relationship that our body as a whole — with that
intending the brain and the rest of the body — generates with the external
world, which starts through the activation of sensory and motor systems
(Buzsaki and Tingley, 2023; Iani, 2022; Iani, 2019). The relevance of
this account lays in a change of paradigm of psychological and
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Fig. 1. TENS hypothesized mechanism of action on cognitive functions. The figure shows the different types of peripheral nerves stimulated through TENS to
modulate cognition, the implicated neuromodulatory pathways and the cognitive functions affected. Besides the activation of the noradrenergic, cholinergic,
dopaminergic and serotoninergic pathways, some of the reviewed studies also report the activation of anti-inflammatory molecules and opioid neuropeptides. All
these parallel mechanisms might act in concert or separately to exert the cognitive effects solicited by TENS. VTA = Ventral Tegmental Area. Created with illus-

trations by https://BioRender.com
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neuroscientific studies that challenges classical views of cognitive
functions as abstract representation arising from brain activity to func-
tions evolved from brain-body interactions.

In the present context, the potential of PNS techniques, such as TENS,
represent another exciting method to achieve non-invasive cognitive
enhancement, starting from the stimulation of the peripheral nervous
system.

1.2. Aim of the review

While representing an intriguing scientific avenue, the knowledge
concerning the cognitive effects of TENS remains limited. The aim of this
review article is to provide a critical review of experimental research
that used TENS in healthy humans or in populations of patients mildly
cognitively affected. In this category, we included postoperative cogni-
tive dysfunction (POCD), and patients in the early stages of Alzheimer’s
disease or with mild cognitive impairment (MCI). The reason for the
inclusion of these patient populations is twofold: on the one hand, the
paucity of TENS studies on healthy participants makes it difficult to
draw conclusions on its efficacy for cognitive enhancement, on the other
hand, it allows to provide tentative comparative conclusions on the
usefulness of this technique for restoring cognitive functions in the acute
phases of neurological dysfunction. To this aim, we used the following
keyword on PUBMED: “Transcutaneous stimulation AND cognition NOT
vagus nerve NOT pain” or “Transcutaneous stimulation AND healthy
subjects AND cognition NOT vagus nerve NOT pain”. We will first
summarize the effects of TENS on memory functions — which have been
the focus of most experimental studies — and, subsequently address the
effects of TENS on verbal fluency, attention and executive functions.

2. The effect of TENS on memory functions

To the best of our knowledge, only a few studies employed TENS in
healthy participants to improve memory functions (see a summary in
Table 1). Most of the scientific evidence on this topic comes from clinical
studies on patients mildly cognitively affected (Table 1) by conditions
such as POCD, early stages of Alzheimer’s disease or mild cognitive
impairment (MCI).

One of the first studies showing an effect of TENS on memory was
conducted on healthy elderly participants undergoing greater occipital
nerve stimulation during an associative memory task (Luckey et al.,
2020a). Participants with no cognitive impairment and normal memory
performance were randomly assigned to active or sham stimulation
groups. TENS was applied bilaterally over C2 dermatomes, while par-
ticipants underwent a Swahili-English word association task. In this
task, they had to learn a list of word pairs across three training blocks,
with memory recall test sessions administered immediately after each
training block and, subsequently, repeated after 7 and 28 days. Although
no differences in the learning performance were observed between the
two groups on day 1, better memory recall performance was found at
days 7 and 28 post-TENS in the active group compared to the sham
group, with no change in processing speed. These results showed, for the
first time, that memory enhancement in elderly individuals is achievable
with a single session of TENS without affecting learning, with effects
lasting (at least) 28 days. Interestingly, the authors also observed a
significant increase in saliva a-amylase concentrations — a proxy for
noradrenaline levels (Box 1) — which persisted for 28 days post-TENS,
without any change in cortisol levels (Luckey et al., 2020b). Thus, the
authors hypothesized that the mechanism responsible for the observed
memory enhancement may involve activation of the locus coeruleus-
noradrenergic (LC-NA) pathway (Luckey et al., 2020a), which is
known for its role in modulating cognition (Sara, 2009; Wagatsuma
et al., 2017). Importantly, no differences in all the possible side effects
assessed through a questionnaire (headache, neck pain, scalp pain,
tingling, itching, burning sensation, skin redness, sleepiness, trouble
concentrating, acute mood changes) were found.
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While promising, this study did not assess other cognitive measures,
such as attentional ones, which could influence memory performance.
Additionally, it remains unclear whether the observed effects were
mediated solely by peripheral nerve stimulation or whether direct
modulation of parietal lobe activity contributed. Nevertheless, in a
similar study by the same research group, Vanneste et al. (2020), with a
series of ten elegant experiments, provided further evidence that TENS-
induced memory recall enhancement are mostly due to peripheral nerve
stimulation, conceivably by LC-NA pathway activation. Indeed, they
demonstrated that the memory-enhancing effects of TENS significantly
decreased when topical skin anesthetic was applied at the stimulation
site, suggesting that the memory enhancing effect was due, in large part,
to peripheral nerve stimulation, more than direct parietal lobe neuronal
modulation. Moreover, they showed that: 1) memory recall performance
at day 7 post-TENS correlated with three different proxy measures of LC-
NA activity, namely pupil diameter (Box 1), a-amylase, and event-
related potentials (ERPs); 2) the same TENS protocol that enhanced
memory recall also increased connectivity strength between the LC and
the hippocampus during and after stimulation, and between the LC, the
hippocampus and the amygdala only during stimulation, as measured by
resting-state functional connectivity MRI; and 3) TENS also modulated
the theta and gamma frequency bands in the medial temporal cortex,
together with phase-amplitude coupling between theta and gamma os-
cillations, as measured by EEG. A similar memory enhancing effect was
also demonstrated in rats when the stimulation was directly performed
with cuff electrodes at the greater occipital nerve following the learning
phase of two different memory tasks, the inhibitory avoidance and the
object recognition tasks (Vanneste et al., 2020).

The great heterogeneity of TENS protocols contributes to the diffi-
culty of drawing conclusions on the optimal parameters and procedures
to obtain memory enhancement. This is further supported by another
recent study by Luckey et al. (2022) showing that two different greater
occipital nerve TENS protocols — one employing continuous current
stimulation and the other adopting alternating current stimulation —
resulted in different memory enhancement outcomes in healthy adult
participants. Specifically, participants that received continuous current
stimulation showed better recall performance only 7 days after the
learning phase of a word associative memory task, suggesting that
plasticity offline mechanisms might be responsible for the improved
memory consolidation, in line with previous studies (Luckey et al.,
2020a; Vanneste et al., 2020); on the contrary, participants that received
alternating current stimulation showed better performance at day 1, in
the immediate recall test, suggesting that continuous and alternating
current TENS could affect different memory mechanisms (Luckey et al.,
2022). Also, in this study authors assessed some possible side effects of
TENS (headache, neck pain, scalp pain, tingling, itching, sleepiness,
trouble concentrating and acute mood changes) and found no relevant
effects, but greater difficulties in concentrating for the group stimulated
with alternating current TENS compared to the sham group.

In a recent series of experiments, the same research group added new
evidence on the effects of TENS on memory consolidation and on the
possible mechanisms involved (Luckey et al., 2023b). They first repli-
cated previous evidence by Luckey et al. (2022, 2020) and Vanneste
et al. (2020), by showing that greater occipital nerve TENS (applied
during the learning phase of a word-association memory task) resulted
in a memory recall enhancement after 7 days. Furthermore, they
demonstrated that the same memory enhancement effect can also be
achieved when continuous current TENS is applied post-learning,
corroborating the hypothesis that this protocol acted on memory
consolidation. Finally, they showed that their TENS protocol also
strengthened pro- and retroactive memory and reduced interference.
Interestingly, with the support of various neurophysiological measure-
ments performed across eight experiments, they confirmed that TENS
effects are mediated by the activation of the LC-NA pathway - as they
showed increased levels of saliva a-amylase, larger pupil size, higher
gamma power in the medial temporal lobe (but also in the precuneus
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Table 1

Experimental studies that explored the effects of TENS on memory functions.
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Paper Subjects Site of peripheral Stimulation protocol Memory Tasks Main Effects

stimulation

Luckey 30 healthy volunteers (55-70 years  Greater occipital nerve Active (N = 15) vs sham (N =15)  Associative memory = learning performance at
etal., old; 8 males and 22 females) (left and right C2 (between-groups) task (Swahili-English day 1
2020a dermatomes — 35cm? saline- word association task)

soaked surface sponges) Constant current of 1.5 mA 1 memory recall at day 7 and
28
During 3-study phases (250 s x 3
blocks)

Vanneste 30 healthy adults (mean age = 20 Greater occipital nerve (left Active (N = 15) vssham (N =15)  Face-name 1 memory for faces and
etal., years; 8 males and 22 females) and right C2 dermatome — (between-groups) association memory names related to faces
2020 35cm? saline-soaked surface task
(Exp. 4 in sponges) Constant current of 1.5 mA
the paper)

5 min during the encoding phase,
10 min during consolidation
phase

Vanneste 20 healthy adults (mean age =22;8  Greater occipital nerve (left Active (N = 10) vs sham (N =10)  Word association 1 memory recall after 7 days
et al., males and 12 females) and right C2 dermatome — (between-groups) memory task (Swahili-
2020 35cm? saline-soaked surface English word
(Exp. 5in sponges) Constant current of 1.5 mA association task)
the paper)

During 4-study phases (375 s x 4
blocks)

Luckey 85 healthy adults (mean age = 21; Greater occipital nerve (left Active [constant (N = 25) or Word associative 1 memory recall
et al., 36 males and 49 females) and right C2 dermatome — alternated current stimulation (N memory task (Swahili-  performance after 7 days
2022 35cm? saline-soaked surface = 24 at 40 Hz and N = 11 at 1 English word from the learning phase

sponges) Hz)] vs sham (N = 25) (between-  association task) [constant current group]
groups)
1 immediate memory recall
1.5 mA [for participants that performance at day 1 [40 Hz
receive constant current alternated current group]
stimulation]
+1.5 mA [for participants that
receive alternated current
stimulation] / 1 or 40 Hz with
0° phase difference
During 3-study phases (250 s x 3
blocks)

Luckey 1. 48 healthy subjects (mean ageof  Greater occipital nerve (left Active vs sham (between-groups)  Task 1: Associative 1. = learning performance
et al., 20.02) and right C2 dermatome) Constant current of 1.5 mA memory task (word atday 1
2023a association task) 1 memory recall at day 7

2. 20 healthy subjects (mean age of
21.11)

3. 24 healthy subjects (mean age of
20.83)

4. 32 healthy subjects (mean age of
21.36)

5. 20 healthy subjects (mean age of
21.18)

1. 25 min (375 s x 4 blocks)
Active during task vs Active
after task vs

2. 750 s (250 s x 3) Active
during task 2

3. Active during task 1

4. Active during task 1
5. Active during task
25 min (375 s x 4)

Task 2: Spatial
navigation task
(object-location task)

. Task 1

. Task 1 then task 2

. Task 1 then task 2

. Task 1 (Swahili-
English) and Task 1
(Japanese-English)

5. Task 1

H>wWwN -

(stimulation during and
after task)

2. = learning performance
atday 1

1 memory recall at day 7 (in

both tasks — associative +

spatial memory)

3. = learning performance
atday 1

1 memory recall at day 7 (in

both tasks — associative

memory + spatial memory)

4. = learning performance
atday 1

1 memory recall at day 7 (in

both tasks - associative

memory)

| interference (between the

two tasks)

5. = memory recall (before
and after sleep)

(continued on next page)
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Table 1 (continued)
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Paper Subjects Site of peripheral Stimulation protocol Memory Tasks Main Effects
stimulation
Scherder 18 participants with probable AD Between Th1l and Th5 onthe  Active (N = 9) vs sham (N = 9) Visual Memory Span 1 visual short-term memory
et al. (78-92 years old) back, each on one side of the  (between-groups)
(1998) spinal column (6 cm? carbon Face Recognition 1 non-verbal long-term
rubber electrodes) mA to trigger visible (painless) recognition memory
muscular twitches Word Fluency
1 semantic verbal fluency
trains of 160 Hz, repetition rate of =~ Digit Span
2 Hz, pulse width of 100 psec, 9 = verbal short-term
pulses per train (BURST-TENS) 8 Word Test memory
30 min a day for 5 days a week (6- = verbal long-term memory
weeks)
Scherder 20 adults with mild forgetfulness Between Thl and Th5 onthe  Active (N =10) vs sham (N=10)  Visual Memory Span 1 visual short-term memory
et al. (mean age = 86; 3 males and 17 back, each on one side of the ~ (between-groups)
(2000) females) spinal column (6 cm? carbon California Verbal 1 verbal long-term memory
rubber electrodes) mA to trigger visible (painless) Learning Test
muscular twitches 1 non-verbal long-term
Face and Picture recognition memory
trains of 160 Hz, repetition rate of ~ Recognition
2 Hz, pulse width of 100 psec, 9 1 semantic verbal fluency
pulses per train (BURST-TENS)
30 min a day for 5 days a week (6-
weeks)
Scherder 16 patients with a midstage of AD Between Thl and Th5 onthe  Active (N = 8) vs sham (N = 8) Visual Memory Span 1 visual short-term memory
and (mean age = 81) back, each on one side of the ~ (between-groups)
Bouma spinal column (6 cm? carbon Digit Span = verbal short-term memory
(1999) rubber electrodes) mA to trigger visible (painless)
muscular twitches 8 Word Test = verbal long-term memory
trains of 160 Hz, repetition rate of ~ Face and Picture = non-verbal long-term
2 Hz, pulse width of 100 psec, 9 Recognition recognition memory
pulses per train (BURST-TENS)
30 min a day (6-weeks)
Guo et al. 14 patients with mild or severe AD  Jing-Ming acupuncture Active (N = 7) vs sham (N = 7) Hasegawa’s Dementia ~ [Mild AD group]:
(2002) (mean age = 77 years;) points (on the internal side (between-groups) Scale (HDS-R)
of each eye — 0.78 cm? ECG 1 personal orientation
electrodes) trains of 100 Hz, a repetition rate ~ 7-picture short-term (HDS-R)
of 2 Hz, pulse width of 60 psec memory test (SMT-7)
1 reverse repetition (HDS-R)
30 min every other day (4-week)
1 recall (HDS-R)
1 fluency (HDS-R)
1 visual short-term memory
(SMT-7)
[Severe AD group]:
1 place orientation (HDS-R)
Van Dijk 62 adults with probable AD (mean Th1, lateral to the spinal Active (N = 32) vs sham (N = 30)  Backward Digit Span = verbal short-term memory
et al. age = 71; 39 males and 23 females) column (between-groups)
(2005) Backward Visual = non-verbal short-term
[applied by caregivers] mA to trigger visible (painless) Memory Span memory
muscular twitches
8 Words Test = verbal long-term memory
trains of 160 Hz, repetition rate of
2 Hz, pulse width of 100 psec, 9 Face and Picture = non-verbal long-term
pulses per train Recognition recognition memory
(BURST-TENS)
30 min a day (6-weeks)
Luijpen 56 patients with mild cognitive Between Thl and Th5 onthe  Active (N = 30) vs sham (N =26)  Forward and = verbal short-term memory
et al. impairment (MCI) (mean age = 87;  back, each on one side of the = (between-groups) Backward Digit Span
(2005) 14 males and 42 females) spinal column (6 cm? carbon = non-verbal short-term

gel electrodes)

mA to evoke painless muscular
contractions

trains of 160 Hz, repetition rate of
2 Hz, pulse width of 100 psec, 9
pulses per train

(BURST-TENS)

Forward and
Backward Visual
Memory Span

Verbal Learning and
Memory test

memory
= verbal long-term memory

= non-verbal long-term
memory

(continued on next page)



G. Fiorentini et al.

Table 1 (continued)
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Paper Subjects Site of peripheral Stimulation protocol Memory Tasks Main Effects
stimulation
Face and Picture = non-verbal long-term
30 min a day for 5 days aweek (6-  Recognition test recognition memory
weeks)
Word Fluency = semantic verbal fluency
Wang et al., 154 patients receiving lumbar spine ~ “Baihui” acupoints (GV20, Active (N =103-52 during 3days  Mini-Mental State | incidence of Post-
2022a surgery under general anesthesia the intersection of the and 51 during 7 days) vs sham (N Examination (MMSE) Operative Cognitive
(mean age = 66; 87 males and 61 middle line of earline) = 51 - during 7 days) Dysfunction (POCD)
females) (between-groups)
“Dazhui” acupoints (GV14,
in the depression under the < 10 mA [adjusted to ensure
spinous process of C7) comfort]
Alternated frequency 2/100 Hz
30 min before the surgery and up
to 3 or 7 days after the surgery for
30 min once a day
Liu et al., 100 patients undergoing “Neiguan” acupoints (PC6, Active (N = 50) vs sham (N = 50) Mini-Mental State | cumulative duration of
2021 laparoscopic radical resection of on the palmar side of the (between-groups) Examination (MMSE) Post-Operative Cognitive
colon cancer (mean age = 70; 51 forearm) Dysfunction (POCD)
males and 49 females) At the max mA individual
“Hegu” acupoints (LI4, at tolerance
the back of the hand)
Alternated frequency 2/100 Hz
“Zusanli” acupoints (ST36,
in the anterolateral leg) From 30 min before the induction
of anesthesia to the end of surgery
Wei et al., 90 patients undergoing video- “Neiguan” acupoints (PC6, Active (N = 46) vs sham (N = 44) Mini-Mental State | incidence of Post-
2022 assisted thoracoscopic surgical on the palmar side of the (between-groups) Examination (MMSE) Operative Cognitive
(mean age = 72; 46 males and 44 forearm) Dysfunction (POCD)
females) 6-15 mA (based on individual Montreal Cognitive
“Zusanli” acupoints (ST36, maximum tolerance) Assessment (MOCA)
in the anterolateral leg)
Alternated frequency 2/10 Hz (2
Hz for 10 s and 10 Hz for 5 s)
alternative dense-disperse
frequency
30 min before the induction of
anesthesia until the end of the
surgery
Xi et al., 64 patients who received radical “Neiguan” acupoints (PC6, Active (N = 32) vssham (N =32)  Mini-Mental State [at 3rd day after the
2021 resection of gastrointestinal tumors  on the palmar side of the (between-groups) Examination (MMSE) operation]

under general anesthesia (mean forearm)

age = 70; 46 males and 18 females)
“Yintang” acupoints (GV29,
on the forehead of the

human body)

“Zusanli” acupoints (ST36,
3 in. below the outer knee)

< 10 mA | incidence of Post-
Operative Cognitive
Alternated frequency 2/100 Hz Dysfunction (POCD)
30 min the day before surgery

30 min before the induction of
anesthesia until the end of the
surgery

30 min from 1st-3rd day post-
surgery

Main effects: = indicates no change; 1 indicates an improvement; | indicates a decrease.

and the dorsolateral prefrontal cortex), and increased LC-hippocampus
connectivity strength. Finally, they also reported evidence of TENS-
induced dopaminergic modulation, by showing higher eye-blink rate
(see Box 1) after stimulation, increased activity of the ventral tegmental
area during stimulation (but not after), and a lower memory recall
performance in a group of TENS-stimulated participants under the effect
of dopamine antagonists, compared to a stimulated control group
(Luckey et al., 2023b).

To summarize, the TENS studies on memory performance tested on
healthy volunteers suggest that TENS can be effectively used to enhance
memory function. The mnesic mechanisms specifically modulated by
the stimulation depend on the chosen parameters. However, some of
these studies tested samples of elderly participants, whose cognitive
functions, albeit not necessarily mnesic ones, might already be

declining. Therefore, it remains to be clarified whether TENS can restore
partially affected memory functions, or effectively induce neuro-
enhancement. To test the latter hypothesis, future studies should try to
enhance memory in healthy, young participants and possibly compare
mnesic TENS effects, using the same protocol, between young and
elderly volunteers.

We will now summarize the TENS findings on memory function
coming from clinical studies.

A series of randomized-double-blind placebo-controlled studies
investigated the effect of TENS on memory in elderly participants that
met the criteria for the clinical diagnosis of probable AD (elderlies with
mild forgetfulness or at the early stages of AD, see Scherder et al., 1998;
Scherder and Bouma, 1999; Scherder et al., 2000). Peripheral nerve
stimulation was adopted to activate the hippocampus through the
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somatosensory system, by increasing the activity of the noradrenergic
pathway from the LC — a hypothesis in line with the previously reported
data (Luckey et al., 2023a; Luckey et al., 2020a; Vanneste et al., 2020).
To this aim, TENS electrodes were placed on the back of participants,
between the thoracic vertebrae 1 and 5 (Th1l and Th5), bilaterally each
on one side of the spinal column (Scherder et al., 1998). Participants
underwent various neuropsychological tests evaluating different aspects
of memory, before, at the end of the 6 weeks-long TENS protocol and
following a period of 6 weeks without stimulation. The authors used a
protocol known as BURST-TENS, consisting of asymmetric biphasic
square impulses, which were applied in daily 30 min train bursts. Par-
ticipants received such stimulation for 6 weeks (5 days a week) and the
equivalent sham protocol was adopted in a control group. Compared to
pre-active TENS performance, the authors found an improvement in
different aspects of memory function, namely visual short-term memory
(Visual Memory Span), non-verbal long-term memory (Face Recogni-
tion) and semantic memory retrieval (Word Fluency). Conversely, no
significant differences, when compared to sham stimulation, were
observed in verbal short-term memory (Digit Span) and verbal long-
term memory (8 Word Tests). The effects of active TENS were still
observed at the follow-up memory assessment, after 6 weeks, while
sham stimulated participants showed declined performance in most of
the memory tests, suggesting that TENS might have slowed down the
AD-induced decrement in memory functions. However, given the small
samples included in the study (nine participants per TENS group), the
possibility remains that different AD gravity in the two groups might
explain the trajectory of cognitive impairment following a period of six
weeks.

Indeed, other evidence suggests that the effects of TENS on memory
in people with probable AD might be stage-dependent. For instance,
only non-verbal short-term memory was positively affected by TENS in a
group of patients affected by middle-stage AD, while early-stage AD
patients also showed improvements in non-verbal long-term memory,
verbal long-term memory and verbal fluency after TENS (Scherder and
Bouma, 1999). However, this study also included small patient samples
and future longitudinal studies on bigger patient populations are needed
to confirm TENS efficacy in reducing AD symptoms.

In line with the stage-dependent hypothesis of TENS effect on
memory function of AD patients, Guo et al. (2002) found positive TENS
effects on memory functions of mild AD patients, while no effect (other
than a short-lasting place orientation performance improvement) was
found in severe AD patients. The authors administered TENS (active or
sham) daily for 30 min during 4 weeks, with electrodes placed at
acupuncture points, on the medial side of each eye. A combination of
high and low frequency stimulation was used to activate thick-
myelinated Af-fibers, thin-myelinated Ad-fibers and unmyelinated C-
fibers (Guo et al., 2002), based on previous studies on animal models
(Dudar et al., 1979; Dutar et al., 1985). Memory function was tested
before and at the end of the stimulation protocol, using Hasegawa’s
Demential Scale (HDS-R), which consists of nine items also testing
memory functions such as orientation, repetition and recall, and an ad
hoc created visual short-term memory test. Results from both tests (see
details in Table 1) suggest that short-term memory improved following
TENS in the mild AD group only. However, the effect was not present at
the 6-month follow-up. Moreover, the authors also tested the pupillary
reflex of patients following active vs. sham TENS. This physiological
examination was used to further test the effectiveness of TENS, based on
evidence showing that pupillary light response is altered in AD patients
compared to healthy elderly individuals (for a review on this topic see
Chougule et al., 2019). Guo and colleagues found an improvement in
pupillary reflex to light in both mild and severe AD patients following
active TENS only. This result is another indirect evidence that the
effectiveness of TENS for cognitive improvement might be mediated by
the recruitment of the autonomous nervous system, and neuro-
modulators such as NA and acetylcholine (ACh), produced in the
brainstem nuclei that control pupillary reflexes. Finally, the authors
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claimed the pupillary reflex effect was also found at the 6-month follow-
up, although it is unclear in the manuscript which statistical analysis
was performed to test this hypothesis. While very promising, the very
small sample size in this study limits the generalizability of these results.
In fact, despite using the same TENS pattern of stimulation, other studies
found no effect on memory in patients with Alzheimer’s disease (Van
Dijk et al., 2005) or in those with mild cognitive impairment (Luijpen
et al., 2005).

A study by Van Dijk et al. (2005) used the BURST-TENS protocol on a
larger population of mild and severe Alzheimer’s disease patients. The
authors tested patients’ memory functions using a battery of neuropsy-
chological tasks (see details in Table 1) pre- and post-treatment, as well
as at the 6-week follow-up. The intensity of stimulation was set to target
AB-, Ad- and C-fibers, with the stimulating electrode placed lateral to the
spine on the first thoracic vertebra (Table 1). Results showed that active
and sham TENS did not elicit significant changes. However, it should be
noted that, compared to previous studies (Guo et al., 2002; Scherder
et al., 1998; Scherder and Bouma, 1999; Scherder et al., 2000), van Dijk
and colleagues adopted an at-home TENS protocol, where caregivers
delivered TENS to patients. Moreover, the stimulation time each day was
freely chosen by patients and caregivers, potentially adding variability
to the data that was not included as a variable in the analyses. Although
the Van Dijk et al. (2005) study included a larger number of patients
than previous studies, another relevant difference concerns the inclusion
of both mild and severe AD patients in the analyses conducted to test
TENS efficacy. Given the cumulating evidence concerning a stage-
dependent effect of TENS, this factor could explain the null results.
Finally, the sample in this study was characterized by patients with an
earlier onset of AD-related symptoms than those in previous studies,
which could be a relevant factor impacting TENS efficacy. Early-onset
AD is typically associated with more severe symptoms and a more
aggressive course of the pathology, again suggesting that the stage and
etiology of the pathology can be determinants for the overall effect of
TENS on memory functions in AD patients.

Another study showing no evidence of TENS effect on memory comes
from MCI patients (Luijpen et al., 2005). The mini-mental state exami-
nation (MMSE), a commonly used tool to screen cognitive decline
(Hensel et al., 2007), was used in this study to diagnose amnesic MCI in
an elderly population with no other signs of cognitive decline or daily
living activity impairment. Using an approach similar to the afore-
mentioned studies, Luijpen and colleagues tested the effects of BURST-
TENS (located between Thl and Th5) or sham-stimulation on elderly
participants at four time points (6 weeks pre-treatment, 1-day pre-
treatment, 6 weeks post-treatment and 6 weeks after the end of treat-
ment), with a battery of neuropsychological tests to specifically evaluate
memory. They did not find a significant interaction effect between group
and time for any of the memory tests individually, but they found a
significant interaction effect between group and time for the global
measure of memory. This result was due to a non-significant decrease in
MMSE scores of the TENS-stimulated group and a significant increase in
the placebo group over the total 18-week experiment period. This result
appears to contrast with the TENS stage-dependent efficacy hypothesis
(Scherder and Bouma, 1999) and would indicate a detrimental effect of
TENS on memory function. However, as the authors themselves pointed
out, the early phases of MCI have been associated with region-specific
hyperactivation of ACh signaling in the central nervous system,
including the hippocampus (Dekosky et al., 2002). This is supposed to be
a compensatory mechanism before the renowned loss of cholinergic
neurons that manifests in later MCI or when AD occurs (Berry and
Harrison, 2023). Since an increase in ACh release is one of the candidate
mechanisms by which TENS is supposed to exert its effect through the
basal forebrain nucleus, it is possible that TENS could have been detri-
mental at the early MCI stage, due to an overactivation of the
compensatory mechanism in this phase. Finally, these results should be
considered with caution, since the detrimental active TENS effect was
non-significant, and the improvement found following sham stimulation
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could be due to the’ brevity and ease of the MMSE. Repeating this test
multiple times could result in performance improvement that was not
observed in the active TENS group for reasons that might relate to the
sample itself and not the stimulation. For instance, it should be noted
that the sample was predominantly females (about 80 %), which could
have negatively biased the results, as gender can affect the course of the
pathology and the effectiveness of treatment (Torromino et al., 2021).

Concerning clinical research investigating TENS effects on memory,
it is worth mentioning the studies on the non-homogeneous category of
patients that experience the so-called “postoperative cognitive
dysfunction” (POCD) (Liu et al., 2021; Wang et al., 2022a; Wei et al.,
2022; Xi et al., 2021). It has been shown that the period following
different types of surgery can be characterized, in about 25-40 % of
patients, by various cognitive impairments, such as reduced memory,
attention, perception and abstract thinking ability, as well as changes in
mental mood and personality (Amanzio et al., 2018; Le et al., 2014). One
hypothesis to explain PODC is that postoperative neuroinflammation
may play a key role, particularly at the hippocampal level (Femenia
et al., 2018; Kline et al., 2016; Wang et al., 2013).

In a recent study, healthy and cognitively normal elderlies (MMSE
score > 26) scheduled for lumbar spine surgery were recruited for a
randomized double-blind clinical trial testing the effects of TENS on
POCD symptoms (Wang et al., 2022b). Participants received (active or
sham) TENS at the acupoints ‘Baihui’ (the intersection of the midline of
the top of the head of GV20 and the line connecting the two ear tips) and
‘Dazhui’ (in the depression under the spinous process of the seventh
cervical vertebra of GV14). To test the effect of TENS treatment dura-
tion, the authors compared two groups that received either active or
sham TENS for the 30 min before surgery and for the following 7 days
(30 min per day) plus another group that received active TENS only
before surgery and for the following three days with the same stimula-
tion timing. Both 3-day and 7-day perioperative TENS interventions
were shown to significantly decrease the incidence of POCD compared
to sham stimulation, as measured by an MMSE Z-score comparing pre-
and post-operative scores. This result indicates that TENS was able to
prevent surgery-induced cognitive impairment, possibly by diminishing
the neuroinflammatory response. Indeed, the authors also showed that
serum levels of four different inflammatory factors — interleukin-6 (IL-6),
tumor necrosis factor alpha (TNF-a), neuron-specific enolase (NSE) and
$100 calcium-binding proteinf} (S100p) — were significantly higher in all
groups after surgery compared to before surgery, but lower in the two
active TENS groups compared to the sham-stimulated group (Wang
et al., 2022a). This effect aligns with evidence from animal models,
which have shown a reduction in the inflammatory response in the
hippocampus after electroacupuncture (Xie et al., 2021).

Similar results were obtained in elderly individuals who underwent
different types of cancer surgery — colon resection (Liu et al., 2021), and
gastrointestinal (Xi et al., 2021) or lung cancer surgery (Wei et al.,
2022). Patients received active or sham TENS at a combination of three
different acupoints (see Table 1) from 30 min before anesthesia induc-
tion to the end of surgery. Cognitive functions were assessed with MMSE
or the Montreal Cognitive Assessment — MOCA (Nasreddine et al., 2005)
- one day before surgery and during the postoperative days (up to
seven). Results showed that TENS significantly decreased the cumula-
tive duration of POCD (Liu et al., 2021; Xi et al., 2021) and its overall
incidence (Wei et al., 2022). Interestingly, Xi and colleagues (Xi et al.,
2021) found TENS to specifically impact the MMSE memory and
orientation subscales. The parallel evaluation of the inflammatory fac-
tors — high-sensitivity C-reactive protein (hs-CRP), IL-6, NSE, S100p and
C-reactive protein (CRP) and the neuropeptide calcitonin gene-related
peptide (CGRP) at the serum level — suggested that TENS activated an
anti-inflammatory response (Liu et al., 2021; Wei et al., 2022; Xi et al.,
2021).

In line with these reports, a recent retrospective study showed a
positive effect of TENS — delivered at the median nerve — on a hetero-
geneous population of hospitalized patients with cognitive impairment,
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as measured by low MMSE scores (Zhou et al., 2024). TENS effectively
increased the MMSE scores, as well as measures of daily living activities,
and enhanced P300 latency and amplitude measures, compared to pre-
treatment levels. However, in this study, TENS treatment was always
accompanied by a conventional therapy tailored to the specific type of
patient, which could have, per se, produced all the aforementioned
outcomes. While the combined TENS and conventional therapy treat-
ments led to enhanced positive effects (whose statistical significance was
obtained using methods not specified in the article), a sham TENS
condition was not included. The absence of a sham control leaves open
the possibility that TENS was not the primary or sole cause of patients’
improvement.

Drawing general conclusions from these studies is difficult due to the
heterogeneity of samples and the diversity of stimulation sites. However,
the consistent finding that TENS reduced patients’ inflammatory
response following surgery and decreased POCD incidence suggests that
it might have improved cognitive functions through different and par-
allel mechanisms from those in the aforementioned studies (Guo et al.,
2002; Luckey et al., 2022; Luckey et al., 2020a; Scherder et al., 1998;
Scherder and Bouma, 1999; Scherder et al., 2000; Vanneste et al., 2020).
These mechanisms are possibly similar to those already suggested for
other neuromodulatory techniques (Guo et al., 2023). However, direct
recruitment of neuromodulators in the central nervous system cannot be
excluded at present.

Overall, there is a lack of homogeneity across the protocols adopted
in these different studies, and the stimulation intensity used for healthy
individuals is generally lower compared to that used for patient pop-
ulations (1.5/2 mA vs. 10 mA). Moreover, some studies adjusted the
stimulation intensity to a level producing painless but visible muscular
twitches instead of using a fixed intensity. Despite important differences
across studies exist, there is convincing evidence that memory perfor-
mance in various domains can be modulated via non-invasive trans-
cutaneous stimulation. While the mechanisms through which
transcutaneous stimulation might act were not directly explored in the
aforementioned studies, some included physiological measures that
support the hypothesis that TENS-mediated effects on memory might
involve the activation of the LC-NA or the ACh pathways, as well as the
release of dopamine. The broadband activation of neuromodulatory
pathways might, in turn, act through different parallel and not mutually
exclusive mechanisms, such as increasing connectivity strength between
the LC and other cortical and subcortical regions (e.g., the hippocampus
and amygdala), or modulating the theta and gamma frequency bands
and their phase coupling in the temporal lobe. Additionally, TENS has
been shown to lower the inflammatory response, which is known to
affect hippocampal activity. Thus, both direct and indirect evidence
indicates that transcutaneous stimulation might be an effective way to
modulate hippocampal activity and its functions in the memory domain.

3. The effects of TENS on attention, executive functions and
verbal fluency

Fewer studies have evaluated the effects of TENS on other cognitive
functions, such as language and attention (Table 2). To the best of our
knowledge, there is no evidence regarding the use of TENS to specif-
ically modulate these functions in healthy humans, but there are a few
studies including different types of patients that we chose to report here
to give some insight on the potential effects of transcutaneous stimula-
tion also for these functions.

Concerning language, evidence suggests that TENS can exert a pos-
itive effect on word fluency in patients at the early — but not mild or
severe — stages of Alzheimer’s disease (Guo et al., 2002; Scherder et al.,
1998; Scherder et al., 2000). As previously mentioned in this review (see
Table 1), these results were obtained using a word fluency task (se-
mantic memory retrieval), following applications of TENS to the back
(Scherder et al., 1998; Scherder et al., 2000), or in the word fluency
subtest of the HDS-R with electrodes applied to the internal side of each



G. Fiorentini et al.

Table 2
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Studies that investigated the TENS effects on cognitive functions other than memory.

Paper Subjects Site of peripheral stimulation

Stimulation protocol Tasks

Main Effects

22 Children with
ADHD (8-14 years old;
21 boys and 1 girl)

Jonsdottir
et al., 2004

Between Th1 and Th5 on the back,
each on one side of the spinal column
(6 cm? carbon rubber electrodes)

Only active group (N = 22)
(within-group)

Wechsler Intelligence Scale for
Children Revised (Arithmetic,
Digit Span and Coding subtests)

1 working memory

1 visual attention

mA to evoke painless muscular

contractions

trains of 160 Hz, repetition rate
of 2 Hz, pulse width of 100

Bourdon-Vos test 1 visuomotor speed

Stroop Colour test 1 cognitive

interference

psec, 9 pulses per train
(BURST-TENS)

30 min twice a day for 7 days a
week (6-weeks)

Guariglia
et al., 1998

9 patients with right
brain injury (mean age

Left or right neck muscle, lateral to
the spine (0.34 cm? electrodes)

=65) Average of 0.5 mA/mm?

Within-group (N = 9)

Familiar Square Description [only left-sided

stimulation]
Free Drawing of Objects
1 mental
100 Hz, pulse width of 100 Abstract Shape Comparison representations of
msec objects

From 20 min before testing to

1 mental images of

the end of the session space

Main effects: = indicates no change; 1 indicates an improvement; | indicates a decrease.

eye (Guo et al., 2002). Worth mentioning is a study in which the authors
combined peripheral stimulation techniques in post-stroke patients,
demonstrating an amelioration of language functions, as well as memory
and attention (Rorsman and Johansson, 2006). However, in this study,
patients also underwent other rehabilitative programs, which could
have influenced language performance, making it difficult to disen-
tangle the specific effects of TENS from conventional therapeutical
outcomes on language functions. Future studies should devise ad hoc
protocols to explore TENS efficacy as a rehabilitative method for lan-
guage functions.

Based on the previously encouraging results obtained using BURST-
TENS protocols on memory functions and verbal fluency, Jonsdottir and
colleagues adopted the same stimulation protocol (twice a day for 30
min, every day for 6 weeks), with electrodes placed on the back (be-
tween Thl and Th5), in children with attention deficit hyperactivity
disorder (ADHD), to test its effects on cognition, general behavior, and
the rest-activity rhythms (Jonsdottir et al., 2004). In this study, the
Bourdon-Vos test was used to measure visual attention and visuomotor
speed, while the Stroop test — where ADHD children are typically slower
than healthy children — was used to measure attention and executive
functions (Jonsdottir et al., 2004). Additionally, the Arithmetic, Digit
Span and Coding subtests of the Wechsler Intelligence Scale for Children
Revised (Wechsler, 1974) were administered. These subtests can be
combined into one separate IQ factor called “Third Factor” (F3IQ)
(Kaufman, 1975), which evaluates the executive function aspect of
working memory. Cognitive performance with these three neuropsy-
chological tests was measured before and at the end of the TENS treat-
ment, as well as 6 weeks after a treatment-free period. Results showed a
significant improvement in ADHD children’s performance on the F3IQ
total score, the Coding subtest, and attention tests after TENS. These
improvements persisted at the 6 weeks follow-up, suggesting that TENS
can also positively affect executive functions and attention, at least in
ADHD children. Future studies should include an ADHD children group
exposed to sham TENS, to disentangle the effects of TENS from im-
provements due to repeated test exposure.

Another experimental study, inspired by previous evidence showing
that sensory stimulation attenuated imaginal neglect in right-damaged
patients (Geminiani and Bottini, 1992), tested the effects of TENS in
neglect patients (Guariglia et al., 1998). Using a within-participants
experimental design, the study, reported a significant reduction of
neglect symptoms — tested with a letter cancellation task — and imaginal

neglect — tested with Familiar Square Description, Free Drawing of
Objects and Abstract Shape Comparison — during left-sided TENS, with
electrodes placed on the neck. Importantly, right-sided TENS produced
unclear results and worsened performance in the Abstract Shape Com-
parison test for 4 out of 9 participants.

The results of these studies suggest that TENS might be used to
improve cognitive functions such as attention and language, but elec-
trode placement should be considered carefully. Future studies
involving different patients populations, as well as healthy participants,
and comparing active and sham TENS, are needed to further explore the
efficacy of this technique for both neurorehabilitation and neuro-
enhancement of cognitive functions.

4. TENS-mediated modulation of general behavior and mood

Some of the aforementioned studies that investigated cognitive
outcomes after TENS also explored other non- purely cognitive domains
- such as mood and general behavior, using different neuropsychologi-
cal tools. In this section, we report these results as examples of possible
uses of TENS to improve participants’ well-being. This section does not
aim to be a comprehensive review of the effects of TENS on general
behavior and mood.

The previously reported study from Jonsdottir et al. (2004) also
found a significant improvement in the overall behavior of ADHD chil-
dren following TENS, as assessed through The Revised Conners Parent
and Teacher Rating Scales. Specifically, according to parents’ scoring,
there was a significant improvement in the Anxiety and Impulsive/Hy-
peractive subscales, while teachers’ scoring showed significant im-
provements in the Learning Problems, Impulsive/Hyperactive, and
Conduct Problems II subscales. The reported improvements remained
stable 6 weeks after the end of the treatment (Jonsdottir et al., 2004).
The subjectivity of parents’ and teachers’ reports, of course, limits the
reliability of these results, which would need to be complemented by
objective, quantifiable measures, such as electrophysiological ones.
Furthermore, some of the studies by Scherder and colleagues reported a
decrease in depressed mood and a beneficial influence on participation
in daily-life activities of the elderly individuals with mild forgetfulness
or at the early stage of AD, following TENS treatment (Scherder et al.,
1998; Scherder et al., 2000). In parallel, Scherder and colleagues did not
find a therapeutic effect of TENS on patients’ overall affective behavior,
as measured by the Behavior Inventory (Scherder et al., 1998).
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The aforementioned study by Luijpen et al. (2005), which tested the
effect of TENS in MCI patients, instead found a decline in self-efficacy
and mood, although this study also showed no cognitive improvement
after TENS.

Further research should explore the efficacy of TENS for amelio-
rating mood and self-efficacy in healthy participants, while controlling,
through the comparison of active vs. sham TENS, for the possible pla-
cebo effect, using a double-blind randomized method.

A recent randomized controlled trial conducted in cancer patients
with cancer-related fatigue (CRF) has implemented an innovative and
interactive TENS acupoint approach. This approach used a connected
somatosensory control equipment to identify and locate target acupoints
through a human-computer interaction method, and provide real-time
physiological data to adjust the rehabilitation protocol to each patient
(Shu et al., 2022). The aim of the study was to compare the effects of this
interactive TENS acupoint approach with that of self-administered
acupoint massage or sham stimulation. All the procedures were per-
formed at home by patients after proper training. Patients’ fatigue levels
were assessed using the Revised Piper Fatigue Scale at baseline and after
4 and 8 weeks of treatment. The Piper Fatigue Scale (Portenoy and Itri,
1999) evaluates behavioral, sensory, emotional, and cognitive aspects of
fatigue. Results showed a significant decrease in the total fatigue score,
including the purely cognitive aspect, compared to both acupoint mas-
sage alone and sham stimulation (Shu et al., 2022). Similar to previous
researches involving patients, TENS also modulated inflammatory
markers, such as CD3+ T cells, CD4+ T cells, CD8+ T cells, CD4+/CD8+
T cells and NK.

5. Conclusions

Research on the use of TENS to modulate cognitive functions, both in
healthy volunteers and patients, is still in its early stages. Despite the
heterogeneity of protocols and electrode placement, cumulating evi-
dence suggests that TENS can exert positive effects on high-level
cognitive functions, particularly, in the domain of memory, which has
been more extensively studied. It is important to note that the reported
cognitive effects were not accompanied by side effects, which were
specifically monitored and documented in some of the reviewed studies
through direct observations of researchers or self-report questionnaires
by patients (Luckey et al., 2022; Luckey et al., 2020a; Wei et al., 2022; Xi
et al., 2021).

At present, multiple possible mechanisms could explain the TENS-
induced cognitive improvement. In turn, these mechanisms may
depend on several variables, such as electrodes’ placement (e.g. which
peripheral nerve is targeted), the intensity and frequency of stimulation,
or its timing. Ultimately, these factors can affect stimulation outcome, as
evidenced by the diverse effects found on memory functions following
TENS (Luckey et al., 2023b; Luckey et al., 2020a; Luckey et al., 2020a;
Vanneste et al., 2020).

The heterogeneity of stimulation protocols and, importantly, the
locus of stimulation (specific nerve targeted) is a critical issue that re-
mains to be tackled with future studies, in order to draw clearer con-
clusions about the mechanisms of TENS. We have reviewed studies that
have employed both continuous and alternating stimulation protocols
(with different pulse-width) targeting different nerves — i.e. the greater
occipital nerve, facial nerves, the median nerve, as well as thoracic
nerves. This heterogeneity severely affects the possibility to generalize
conclusions on TENS cognitive effects. Despite these inconsistencies in
the stimulation settings, there is coherence in the literature regarding
TENS-induced activation of specific neurotransmitter systems — quanti-
fied through systemic proxies — and, consequently, the neural circuits
affected. These measures represent promising candidates for quantifying
TENS-mediated cognitive effects and for explaining the underlying
mechanisms. However, further research is needed to replicate these
studies, on larger participant samples to validate these results.

From a broader perspective, since TENS involves the stimulation of
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the peripheral nervous system, its modulation of memory functions
likely depends on mechanisms of heterosynaptic plasticity (Faress et al.,
2024; Frey and Morris, 1997; Mikaitis et al., 2018). Accordingly, it is
renowned that the molecular and cellular mechanisms underlying
memory involve changes in synaptic efficiency and neural network ar-
chitecture, the timing and strength of which can be regulated by several
factors (Torromino, 2024).

In this sense, there are some candidate mechanisms plausibly
involved in the memory enhancing effects found in healthy volunteers,
as well as in patients with memory deficits.

A possible way through which TENS in particular and PNS more
generally could affect cognition, and memory specifically, is by inducing
the release of neuromodulators, such as monoamines and hormones into
systemic circulation (Clark et al., 1999) or in the brain itself (Hassert
et al., 2004; Miyashita and Williams, 2004). Accordingly, cognitive
functions like memory formation and attention are known to be affected
by modulatory neurotransmitters or arousal (Cahill et al., 1994; Nielson
and Jensen, 1994; Sara et al., 1999; Yerkes and Dodson, 1908), as well as
by the type, timing and level of subcortical and thalamic activation
(Groenewegen and Berendse, 1994; Torromino et al., 2022; Vetere et al.,
2021; Xu and Siidhof, 2013).

On this vein, the LC-NA pathway and the ACh septo-hippocampal
pathway, whose role in cognition, and memory in particular, is well
known (Cahill et al., 1994; Froeliger et al., 2009; Hasselmo, 2006;
Nielson and Jensen, 1994; Sara, 2009; Sara et al., 1999), are among the
best candidates. Some reviewed studies reported that TENS induced
changes in physiological parameters that are associated with these
pathways, such as a-amylase levels and pupil dilation and reflex (Guo
et al., 2002; Luckey et al., 2022; Luckey et al., 2020a; Vanneste et al.,
2020). The involvement of Ach is further supported by evidence
showing that sensory stimulation significantly increased ACh release in
the hippocampus of rats through the septo-hippocampal pathway
(Dudar et al., 1979; Dutar et al., 1985).

Intriguingly, tactile stimulation has also been shown to elicit hip-
pocampal responses. These include triggering the hippocampus activa-
tion through the thalamus and the somatosensory cortex (S1) (Pereira
et al., 2007), increasing S1-hippocampus rhythm phase synchronization
(Grion et al., 2016), stimulating memory-related plasticity in the hip-
pocampus and improving related memory performance, and finally
augmenting the survival and differentiation of hippocampal cells in
adulthood (de los Angeles et al., 2016).

TENS-mediated activation of brain regions such as the hippocampus
is thought to occur indirectly through the activation of afferent nerves,
such as thick-myelinated Ap-fibers, thin-myelinated As-fibers and un-
myelinated C-fibers (Coffey and Mahon, 1982; Dudar et al., 1979; Dutar
et al., 1985). Along this neuroanatomical pathway, the NTS has been
proposed to play a pivotal role in linking TENS-induced somatosensory
activation to the LC and other neuromodulatory systems, including the
dopaminergic one (see Luckey et al., 2023a), due to its aforementioned
ascending projections to key subcortical and cortical regions (Mohr
etal., 2011; Yap et al., 2020). Due to the variable peripheral positioning
of the TENS electrodes, it is hard at present to provide tentative links
between the stimulated nerves and the activation of one or more of these
neuromodulatory pathways. Moreover, cognitive functions emerge from
the concurrent and fine-tuned activation of all these systems. For
instance, all the neuromodulatory systems activated by TENS exert
strong signaling within the hippocampus (Gasbarri et al., 1997; Meneses
and Perez-Garcia, 2007; Nicoll, 1985; Schwarz and Luo, 2015).

In addition to these pathways, one of the primary targets of the spinal
somatosensory ascending pathway is the contralateral thalamus, an
important hub in the brain that might be involved in the TENS-mediated
memory enhancement effects (Wang et al., 2022b). Subcortically
located and divided into several sensorimotor and associative nuclei, the
thalamus spreads various connections to other cortical and subcortical
regions (Behrens et al., 2003; Hwang et al., 2017), which are more
directly implicated in cognition, making it a “cognitively flexible” brain
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region (Hwang et al., 2017). Accordingly, the thalamic volume, activity
and the associated thalamo-cortical connectivity have been associated
with cognitive and sensorimotor performances in humans and animal
models (Philp et al., 2014; Torromino et al., 2022). While the thalamus
could be central to explaining TENS cognitive effects, studies directly
investigating the TENS-induced thalamic activation in humans or ani-
mal models are still lacking.

Studies in the field of pain have also shown that specific frequencies
of stimulation, both with electric acupuncture and TENS (Wang et al.,
1992), can induce the release of different opioid neuropeptides — such as
met-enkephalin and dynorphin-A -, at the spino-subcortical level,
exerting an analgesic effect (Han, 2003). We cannot exclude an indirect
analgesic-mediated effect of these neuromodulators on the cognitive
improvement exerted by TENS in POCD patients, in which there have
been documented hippocampal dysfunctions due to inflammatory
response (Femenia et al., 2018; Kline et al., 2016; Wang et al., 2013).
However, this is unlikely to be the main mechanism explaining TENS-
induced cognitive effects in healthy people, for whom neither pain
modulation nor hippocampal dysfunction can be expected. Nonetheless,
the potential link between pain modulation, opioid neuropeptide path-
ways, and TENS cognitive effects remains to be elucidated.

At the whole brain system level, the engagement of neuromodulators
and neuropeptides can translate into several brain activity changes.
These changes have been partially characterized in the studies reviewed
here or in parallel research that used TENS for different purposes. For
instance, as previously reported in this manuscript, TENS can increase
connectivity strength between the LC, hippocampus and amygdala,
modulate theta and gamma frequency bands in the medial temporal
cortex, and the phase-amplitude coupling between theta and gamma
oscillations (Luckey et al., 2023b; Vanneste et al., 2020). Additional
evidence coming from studies on the efficacy of TENS beyond cognition,
has shown a link between TENS and brain entrainment (Al-Zamil et al.,
2024; Niederhauser et al., 2008; Saricaoglu et al., 2023). For instance,
Saricaoglu et al. (2023) recorded EEG data during the application of
TENS in a 22-year-old patient with sensory loss in the dominant hand,
before and after a rehabilitation protocol that included also TENS. They
found that, after rehabilitation, TENS-EEG showed increased parietal
and occipital alpha, as well as frontal and parietal beta activities. Ac-
tivity in the primary somatosensory cortex of healthy participants, as
measured through multi-channel near-infrared spectroscopy (NIRS) - a
method for non-invasively monitoring relative concentrations of
oxygenated, deoxygenated and total hemoglobin in the cortex — was
found to be enhanced, contralaterally, by electrical stimulation of the
distal anterior forearm, over the median nerve (Niederhauser et al.,
2008).

Interestingly, Asamoah et al. (2019) pointed out that even some ef-
fects of transcranial direct current stimulation (tDCS), a non-invasive
method for directly modulating brain activity (Ficarella, 2024), may
actually be mediated by the stimulation of peripheral nerves in the skin.
According to their computational model, the electric field generated by a
typical epicranial stimulation protocol is not sufficient to induce sig-
nificant neural entrainment in the brain, paradoxically leaving the
mechanism through which tDCS exerts its effects unexplained (Asamoah
et al., 2019). The authors hypothesized that peripheral stimulation
mediates, at least to some extent, the cerebral effects of tDCS. Further-
more, they provide support to this hypothesis by demonstrating that
transcutaneous peripheral stimulation of the skin in rats produces brain
entrainment similar to direct transcranial stimulation and showing that
topical inhibition of the skin significantly reduces the brain entrainment
induced by current stimulation (Asamoah et al., 2019). Replicating this
effect in healthy humans would help validate their hypothesis.

Finally, it is interesting to note that many of the neurotransmitter
signaling pathways and neural circuits recruited by TENS are pivotal not
only for cognition but also for mood stability, as described in the pre-
vious paragraph, which suggests the presence of a correlation between
these phenomena. Indeed, epidemiological studies have extensively
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documented the comorbidity of mood disorders and cognitive impair-
ment, highlighting overlapping dysfunctional mechanisms in both these
conditions, such as changes in neurotrophic factors and neuropeptides
signaling, cerebrovascular diseases, glucocorticoid neurotoxicity, white
and grey matter anomalies (Zackova et al., 2021). However, establishing
a causal relationship between mood and behavioral improvement and
the cognitive enhancement is methodologically challenging due to
inherent constraints. Thus, this remains an interesting issue to be dis-
entangled by future research.

From the evidence present in the literature and summarized here, we
conclude that the employment of TENS for the modulation of brain ac-
tivity and cognition is a promising field. Future research should be
carried out, through carefully planned placebo-controlled studies and
neurobiological investigations of the mechanisms in animal and
computational models. Specifically, thanks to a combination of the most
recent techniques available in animal model research, it will be possible
to specifically target different groups of nerves with different stimula-
tion protocols and compare the induced effects at behavioral and
cognitive levels, as well as at the level of neural circuits and neuro-
transmitter systems, even employing a functional approach. Hopefully,
in the near future, this will create a consensus concerning the neuro-
physiological mechanisms behind the cognitive effects of TENS and
provide the foundation for standardizing stimulation protocols in
healthy humans and patients.

5.1. Final remarks

From a purely theorical-speculative perspective, the hypothesis that
TENS can be used to enhance cognition is in line with the perspective of
Embodied Cognition (Barsalou, 2008; Caramazza et al., 2014; Foglia and
Wilson, 2013; Gallese, 2005; Gallese and Lakoff, 2005). Within this
perspective, the body is a central agent in regulating cognitive functions,
as information coming from peripheral sensory systems determines the
quality and quantity of brain activity and cortical entrainment and,
consequently, affects the relative behavioral output, be it an action or a
thought (Torromino, 2024). Therefore, the assumption that «high-level
cognitive functions can be grounded in our bodily interactions with the
world» (Gallese and Cuccio, 2018) also implies that non-invasive PNS
might efficiently modulate cognition.

The potential of TENS as a neuromodulatory technique is particu-
larly relevant in the context of neuroenhancement. Sometimes referred
to as cosmetic neurology or self-enhancement (Chatterjee, 2004; Ham-
ilton et al., 2011), neuroenhancement encompasses all interventions and
techniques aiming at the enhancement of human cognitive abilities
beyond what is considered physiologically normal (Antal et al., 2022).
The desire to improve, or simply alter, cognition is rooted in our daily
routines, in habits such as consuming caffeinated beverages or taking
drugs to manage mood, sleep or energy levels. While it is crucial to
consider the ethical implications of using non-invasive modulatory
techniques for neuroenhancement — as explored in previous research
(Antal et al., 2022; Chatterjee, 2004; Hamilton et al., 2011) — developing
efficient and safe protocols for non-invasively influencing brain activity
has garnered enormous attention. The potential to enhance cognitive
abilities has already been envisaged with non-invasive brain stimulation
techniques, such as transcranial magnetic and electrical stimulation (e.g.
Antal et al., 2022). This potential may now include the use of peripheral
stimulation techniques, such as TENS and non-invasive vagal nerve
stimulation (Ficarella, 2024).

Nonetheless, whether through the direct, using non-invasive brain
stimulation techniques, or indirect modulation of brain activity, through
PNS - but also other non-invasive peripheral stimulation techniques
such as vagal nerve stimulation (see McGinley and Lee, 2022) —, we can
attain neuroenhancement and create cognitively “super humans” is a
scientific, as well as ethical, question that remains unanswered. Notably,
some evidence suggests that the improvement of one cognitive function
might be obtained at the expenses of others (Hamilton et al., 2011).
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Whether, and how, TENS can contribute to the field of neuro-
rehabilitation and enhancement remains to be seen in future years.
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Box 1. The neuroanatomical hubs and neuromodulatory systems
activated by TENS.

Some of the experimental evidence reviewed here have shown the
activation of the noradrenergic, cholinergic, dopaminergic and seroto-
ninergic pathways induced by TENS through the evaluation of non-
invasive proxies. These four main neuromodulators are released upon
the activation of key neuroanatomical hubs located in the midbrain and
the hindbrain (Fig. 1).

The noradrenergic system originates in the locus coeruleus (LC)
and it is anatomically connected with the majority of the cortical and
subcortical brain regions (Avery and Krichmar, 2017; Briand et al.,
2007). Among them, parietal and sensory cortices as well as the hip-
pocampus are particularly relevant in the context of TENS-mediated
effects on cognition. The LC receives inputs from both the brainstem
(including the NTS) and the cortex, and has long been renowned for its
function in the regulation of arousal, through the fine-tuning of its tonic
activation (Berridge and Waterhouse, 2003). However, phasic activation
of the LC has been associated with learning and memory processes and
novel or salient input detection (reviewed in Avery and Krichmar,
2017). Overall, experimental studies suggest that the fine-tuning of tonic
and phasic LC-NE activity is at the base of an inverted-U-shaped rela-
tionship between signal detection and task performance in rodents and
humans (Avery and Krichmar, 2017). Several experimental studies have
used pupillometry as a proxy measure of the LC-NE activation, based on
the evidence that LC activation anticipates pupil diameter fluctuations
(Joshi et al., 2016), although it is not a specific measure of LC activity
(Megemont et al., 2022). Another indirect measure of LC activity is the
salivary level of the a-amylase, which co-varies with circulating levels of
noradrenaline (van Stegeren et al., 2007), and is modulated by phar-
macologically induced sympathetic activation (Petrakova et al., 2017).

The cholinergic system originates in the basal forebrain and is
bidirectionally connected with cortical and limbic regions of the fore-
brain (Avery and Krichmar, 2017). The level of acetylcholine (ACh)
released by the basal forebrain has been associated with attention and
memory encoding, consolidation and retrieval (Avery and Krichmar,
2017). ACh levels in the brain are low and change rapidly, as Ach is
quickly metabolized by the enzyme acetylcholinesterase (Chang et al.,
2006; Soreq and Seidman, 2001). Moreover, ACh modulates neuronal
function via both tonic and phasic release. Most available methods for
ACh detection primarily assess tonic levels (i.e., slow methods) and are
not suitable for detecting phasic events, such as TENS-induced ACh
modulations (Mineur and Picciotto, 2023).

The dopaminergic system originates in the mesencephalic nuclei of
the ventral tegmental area (VTA) and the substantia nigra pars compacta
(SNc), which receive inputs from subcortical areas, such as the lateral
habenula and the pedunculopontine tegmental nucleus (Avery and
Krichmar, 2017; Briand et al., 2007). The VTA and the SNc are
renowned for their respective connection with cortico-limbic (prefrontal
cortex, hippocampus, thalamus, and amygdala) and striatal regions,
subserving to numerous cognitive and behavioral functions, including
saliency, novelty detection, reward evaluation, working memory
(Berridge and Robinson, 1998; Durstewitz and Seamans, 2008; Schultz,
1997). Since Parkinson’s Disease (PD) involves a progressive loss of
dopaminergic neurons in the SNc, a significant body of research has
focused on the identification of non-invasive methods to estimate
dopaminergic levels in the brain (for a review, see De Bartolo et al.,
2024). Among them, eye-blink rate is commonly used as proxy of
dopamine signaling (Karson, 1983; Zhang et al., 2015), based on the fact
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that dopamine agonists and antagonists significantly increase and
decrease it in animals, and that patients with dopaminergic dysfunction,
such as parkinsonian and schizophrenic, show altered eye-blink rates
compared to controls (Karson, 1983).

The serotoninergic system originates in the raphe nuclei of the
brainstem, projects to several cortical regions, the striatum and the
amygdala and receives inputs from the cortex (Avery and Krichmar,
2017). This pathway contributes to a broad range of functions, such as
impulsivity, anxiety state regulation and reward and punishment eval-
uation (Avery and Krichmar, 2017). Alteration of serotonin brain levels
are associated with abnormal psychotic functions and are typically
established by analyzing the serotonin metabolite 5-hydroxy indole
acetic acid (5-HIAA) in the cerebrospinal fluid, which is also considered
a potential biomarker for the neurological and psychiatric disorders
(Jayamohananan et al., 2019). However, collecting cerebrospinal fluid
involves an invasive procedure, not applicable, in most cases, with
healthy participants. Since melatonin is synthesized from serotonin and
it is excreted as sulphatoxymelatonin in the urine, some authors have
suggested the use of urinary sample for serotoninergic brain level esti-
mation (Batllori et al., 2017). Future studies should test serotoninergic-
mediated TENS effects on cognition through sulphatoxymelatonin uri-
nary levels.

It should be noted that cognitive functions rely on more than one
neuromodulatory system and that these pathways are reciprocally
connected (Briand et al., 2007). Therefore, while finding non-invasive
proxy for the activation of such neuromodulatory brain pathways,
especially to quantify TENS efficacy, is pertinent, a one-to-one match
between the activation of such neuromodulatory pathways and cogni-
tive functions does not exist. For instance, all these pathways project to
the hippocampus (Avery and Krichmar, 2017), a target region of interest
for the effects of TENS on memory functions. Nonetheless, taking into
consideration how these pathways are interconnected when evaluating
TENS effects on cognition is central and should be better explored in
future research.
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