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In the past 10 years renewed interest has centered on non-invasive transcutaneous weak
direct currents applied over the scalp to modulate cortical excitability (“brain polarization” or
transcranial direct current stimulation, tDCS). Extensive literature shows that tDCS induces
marked changes in cortical excitability that outlast stimulation. Aiming at developing a new,
non-invasive, approach to spinal cord neuromodulation we assessed the aftereffects of tho-
racic transcutaneous spinal DC stimulation (tsDCS) on somatosensory potentials (SEPs)
evoked in healthy subjects by posterior tibial nerve (PTN) stimulation. Our findings showed
that thoracic anodal tsDCS depresses the cervico-medullary PTN-SEP component (P30)
without eliciting adverse effects. tsDCS also modulates post-activation H-reflex dynamics.
Later works further confirmed that transcutaneous electric fields modulate spinal cord func-
tion. Subsequent studies in our laboratory showed that tsDCS modulates the flexion reflex
in the human lower limb. Besides influencing the laser evoked potentials (LEPs), tsDCS
increases pain tolerance in healthy subjects. Hence, though the underlying mechanisms
remain speculative, tsDCS modulates activity in lemniscal, spinothalamic, and segmental
motor systems. Here we review currently available experimental evidence that non-invasive
spinal cord stimulation (SCS) influences spinal function in humans and argue that, by focally
modulating spinal excitability, tsDCS could provide a novel therapeutic tool complementary
to drugs and invasive SCS in managing various pathologic conditions, including pain.
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INTRODUCTION

In the past two decades growing interest has centered on
non-invasive brain stimulation techniques such as transcranial
magnetic stimulation (TMS) and transcranial direct current
stimulation (tDCS). Extensive literature shows that tDCS can
modulate activity in specific cerebral cortex regions by inducing
marked changes in cortical excitability that outlast stimulation
(Nitsche et al., 2003a; Priori, 2003; Paulus, 2004; Priori et al.,
2009; Stagg and Nitsche, 2011). Thanks to its low costs, acceptable
safety data and potential use in outpatients, tDCS is increasingly
being evaluated in proof-of-principle and pivotal clinical trials in
widely ranging neurological and psychiatric disorders (Murphy
et al., 2009; Nitsche et al., 2009; Baker et al., 2010; O’connell et al.,
2011; Schlaug et al., 2011). Numerous studies have addressed the
physiological effects induced by tDCS on the cerebral cortex and
evidence comes from stimulation applied to the primary motor
cortex (M1; to review Stagg and Nitsche, 2011). tDCS can mod-
ulate cortical excitability and neuronal firing rates. Direct current
stimulation changes the resting neuronal membrane potential in
the cortex layers (Bindman et al., 1964; Purpura and McMurtry,
1965). Depending on the duration and strength of polarization,
these changes can persist after stimulation offset. Long-lasting
effects after brain polarization probably arise through synaptic
changes via long-term potentiation (LTP) and depression (LTD;

Liebetanz et al., 2002; Nitsche et al., 2003a) as well as non-synaptic
mechanisms (Ardolino et al., 2005).

Surprisingly, rediscovering the use of direct currents on the
brain has not yet prompted a similar effort to explore the
possibility of using non-invasive, transcutaneous, direct current
stimulation to modulate spinal cord function. Having a tech-
nique for modulating spinal function is important for various
reasons. First, several neurologic diseases and syndromes arise
from an acquired or congenital selective spinal cord dysfunction.
Given that the brain and spinal cord interact through several
projections and that DC stimulation over the spine may mod-
ulate different supraspinal activities, transcutaneous spinal DC
stimulation (tsDCS) has numerous clinical applications. Finally,
invasive electrical spinal cord stimulation (SCS) has been used for
more than 30 years to treat a variety of pain syndromes. Tradition-
ally used for persisting leg pain after lumbar spinal surgery, SCS
has been applied successfully in the treatment of angina pectoris,
ischemic pain in the extremity and complex regional pain syn-
dromes (Grabow et al., 2003; Mailis-Gagnon et al., 2004; Ubbink
and Vermeulen, 2005; Frey et al., 2009). The aim of this paper
is to review studies on the use of tsDCS in humans focusing on
the technique’s physiological effects and potential clinical applica-
tions. The first step in conducting the review involved a selective
literature search for papers published from 1990 to March 2012.
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We used the PUBMED of the National Library of Medicine data-
base. Our key search terms were “direct current stimulation” or
“tsDCS” or “polarization” and “spinal cord” with the limitation
that studies were written in English.

EFFECTS OF tsDCS ON SPINAL TRACTS

LEMNISCAL TRACT

To investigate whether transcutaneous direct currents can interfere
with ascending somatosensory pathways in the human spinal cord,
in a study from our group we evaluated the after-effects induced by
anodal and cathodal tsDCS on somatosensory potentials (SEPs)
evoked by stimulating the posterior tibial nerves (PTN; Cogiaman-
ian et al., 2008). We applied current at a density of 0.071 mA/cm?
and delivered a total charge of 63.9 mC/cm? (2.5 mA for 15 min,
electrode area 35 cm?) with the active electrode located on the tho-
racic spinal cord (over the spinous process of the tenth thoracic
vertebra) and the reference above the right shoulder. Anodal tsDCS
selectively reduced the amplitude of the cervico-medullary com-
ponent (P30) of PTN-SEPs for at least 20 min after stimulation
offset. Conversely cathodal tsDCS left P30 almost unchanged in
amplitude.

By analogy with the effects of DC currents on peripheral nerve
axons, we hypothesized that anodal currents hyperpolarize sensory
axons running in the posterior columns of the spinal cord ulti-
mately leading to an “anodal block” (Bhadra and Kilgore, 2004).
Interestingly whereas anodal tsDCS decreased amplitudes it left
latencies unchanged. This finding agrees with the observation that
also at peripheral nerve level anodal polarization decreases the
size of the motor responses, but not the latency (Priori et al,
2005). Anodal tsDCS could fail to induce latency changes because
it blocks impulse conduction in some axons, leaving conduction in
the remaining axons unaltered. Our data were indirectly confirmed
in a subsequent study by Aguilar et al. (2011) in anesthetized rats.
These authors investigated how direct current spinal stimulation
delivered at thoraciclevel influences spontaneous activity and SEPs
in the gracile nucleus and primary somatosensory cortex. They
used a different stimulation setup with one electrode placed on the
thoracic spinal cord over the exposed dura mater, and the second
under the skin in the anterior abdominal area aiming to maximize
the current focus in the spinal cord below the dorsal electrode.
Anodal spinal direct current stimulation (sDCS) increased sponta-
neous activity in the gracile nucleus while decreasing its local field
potentials responses to somatosensory stimuli, and cathodal sDCS
did the opposite. This inverse relationship between gracile spon-
taneous activity and local field potentials, the equivalent of SEPs
at brainstem level (P30), depended on several mechanisms includ-
ing pre-synaptic inhibition, synaptic depression, and shunting
inhibition (Aguilar et al., 2011).

SPINOTHALAMIC TRACT

Given this basic ability of tsDCS to modulate conduction in the
lemniscal pathway, Truini et al. (2011) sought further informa-
tion by evaluating the effects of thoracic tsDCS (2.5 mA, 20 min)
on the spino-thalamic tract. To do so, they investigated the after-
effects of anodal and cathodal tsDCS delivered on the skin over-
lying the thoracic spinal cord on foot and perioral laser evoked
potentials (LEPs) in a group of healthy subjects. Peripheral laser

stimulation selectively activates A8 and C mechano-thermal noci-
ceptors (Treede et al., 1995), and evokes scalp potentials related to
small myelinated (A3) fibers (Romaniello et al., 2003). Using an
electrode set-up (active electrode on the thoracic spinal cord on
the skin over the thoracic spinous process of the tenth thoracic
vertebra and the reference above the right shoulder) as well as a
stimulation protocol (2.5mA, 20 min) similar to those we used
in our earlier study Cogiamanian et al. (2008) and Truini et al.
(2010) showed that anodal tsDCS reduced LEPs amplitude after
foot stimulation whereas cathodal polarity induced a slight non-
significant attenuation over time. Neither anodal nor cathodal
tsDCS changed LEP variables after perioral stimulation suggesting
that the DC-induced changes took place at spinal level. In an addi-
tional experiment to better understand the behavioral significance
of these findings on LEPs the same investigators tested the effects of
thoracic tsDCS on the foot-cold-pressor test, a pain model that has
been widely used in human pain research. The foot-cold-pressor
test analysis disclosed higher pain tolerance during anodal than
during cathodal tsDCS. Conversely, no significant difference was
found in the pain threshold between the two polarity conditions.
The lack of tsDCS effects on LEPs and cold-pressor test thresh-
olds was related to a poor sensitivity of these variables as minimal
afferent input could be sufficient to maintain them normal (Truini
et al., 2010).

EFFECTS OF tsDCS ON SPINAL REFLEXES

Besides its ability to modulate the progression of sensory or noci-
ceptive inputs along the spinal cord tsDCS could also modulate
spinal cord activity at segmental level. Two studies evaluated
how transcutaneously applied direct currents influence spinal
circuitries. In the first, Winkler et al. (2010) focused on tsDCS-
induced changes in H-reflex size and post-activation H-reflex
depression (or homosynaptic depression) namely, reduced H-
reflex amplitude within 8—12s after Ia fibers afferent activation.
Earlier evidence already showed that reduced synaptic efficacy
is related to decreased neurotransmitter release and exclusively
affects the previously activated Ia fiber-motoneuron synapse with
no effects due to supraspinal influences (Grey et al., 2008). tsDCS
was applied using a pair of self-adhesive electrodes (40 cm?), the
active one placed about 2 cm left paravertebrally to the 11th tho-
racic vertebra and the other in the left infraclavicular region. Direct
current was administered for 15 min at an intensity of 2.5mA,
resulting in a current density of 0.063 mA/cm? and a total delivered
charge of 0.056 C/cm?.

General H-reflex excitability, measured with the Hmax/Mmax
ratio, remained statistically unchanged after stimulation but
anodal tsDCS induced a long-lasting decrease in H-reflex post-
activation depression and cathodal tsDCS increased it. The inves-
tigators suggest that stimulation modulated efficiency in the Ia
fiber-motoneuron synapse without influencing excitability in the
alpha-motoneuron (Winkler et al., 2010).

In our laboratory we evaluated changes induced by thoracic
tsDCS on the lower limb flexion reflex (LL-Fr) in 11 healthy sub-
jects (Cogiamanian et al., 2011). The Fr is a polysynaptic spinal
reflex elicited by electrical stimulation applied to a sensory nerve
and is a reliable and widely investigated neurophysiologic tool to
assess the efficacy of analgesic therapies (Cruccu et al., 2004). The
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Fr comprises an early response, the RII reflex (RIIr) and a late
response, the RIII reflex (RIIIr). Various studies have shown that
the RIIr is a non-nociceptive AB fiber mediated response, whereas
the RIIIr is a high-threshold nociceptive A3 fiber mediated reflex.
The RIIIr threshold corresponds to the pain threshold and the
size of the reflex is related to the pain perception level (Sandrini
et al., 2005). Subjects underwent anodal tsDCS (2mA, 15 min)
and sham stimulation in a cross-over design with active (anodal)
electrodes placed over the spinal process of the tenth thoracic
vertebra and the cathode (reference) above the right shoulder.
Thoracic anodal tsDCS induced a long-lasting Fr depression and
reduced the RIII area by 27%. Both changes lasted for at least
30 min after stimulation offset. Because stimulation left H reflex
variables unchanged we exclude the possibility that tsDCS inhibits
the nociceptive reflex by modulating excitability in the mono-
oligosynaptic segmental reflex pathway. These data along with the
changes induced by tsDCS on foot-LEPs (Truini et al.,2011) reflect
an attenuation of spinal processing of nociceptive inputs. Even
though the exact mechanism through which tsDCS acts remains
elusive it seems unrelated to the “gate theory of pain” advocated by
Melzack and Wall (1965) to explain the analgesic effects of invasive
epidural SCS. This theory proposed that the position of the “gate”
depends upon the degree of large (non-painful) or small (painful)
nerve fiber firing. When stimulation activates faster large fibers (as
does SCS) the gate closes so that no impulses can pass through, thus
eliminating or reducing pain. Conversely, when it predominantly
activates small nerve fibers, pain messages can be transmitted.
Placing the active anodal electrode on the thoracic spine in tsDCS
experiments makes it unlikely that tsDCS directly activates AB
fibers (closing of the gate) ascending from the foot. Equally impor-
tant, a fundamental concept of SCS is that the analgesic effects rely
on a sustained and strictly homotopic input that the subject must
perceive on the projection territory (Oakley and Prager, 2002).
Ample evidence shows that tsDCS induces occasional, transient,
and short-lasting tingling and burning sensations just below the
stimulating electrodes and that DCS strength remains below the
conscious sensory threshold throughout the experimental sessions
(Cogiamanian et al., 2008, 2011; Truini et al., 2011).

Similarly, we can exclude the possibility that tsDSC induces
its modulatory effects by a specifically activating diffuse noxious
inhibitory controls (DNIC). In our experiments (Cogiamanian
et al., 2011) after anodal skin stimulation away from the spinal
cord producing the same itching sensation as the original exper-
iment, LL-Fr variables remained unchanged. In addition, Truini
et al. (2011) showed that thoracic tsDCS had no effect on LEPs
evoked by perioral stimulation (exceeding the tsDCS stimulation
level).

From current knowledge we therefore hypothesize that tsDCS
acts at spinal level. In humans nociception is mediated by a
complex interneuronal network that integrates peripheral inputs,
multisensory feedback, and supraspinal descending projections.
Animal models of experimental mononeuropathy show that, in
response to sciatic nerve lesions, multireceptive, wide dynamic
range (WDR) neurons in the deeper lamina of the rat dorsal horn
increase their spontaneous firing rates and exhibit after-discharge
behavior that is attenuated by SCS (Dubuisson, 1989). tsDCS
could interfere with the ascending nociceptive spinal pathway by

reducing the “gain” in spinal nociceptive information transmis-
sion by modulating activity in the spinal interneuronal network.
tsDCS could mediate this effect by directly activating segmental
interneurons (i.e., WDR neurons) or by modulating dorsal col-
umn transmission via collaterals to dorsal horns. Alternatively,
tsDCS could activate supraspinal loops, relayed by the brainstem
or thalamocortical systems, thereby providing both ascending and
descending inhibition.

SAFETY CONSIDERATIONS

Even though tDCS and tsDCS are non-invasive techniques for
neuromodulation and are commonly considered safe, caution is
required. The use of tDCS in therapeutic protocols to date has not
resulted in severe adverse effects, but some safety issues remain
controversial. In an early study, Nitsche et al. (2003b) suggested
that the appropriate variables for determining safety limits for
tDCS should be current density (CD, mA/cm?) and total charge
(TC, C/cm?). Data from the literature suggests that tissue dam-
age occurs at a TC of 216 Cl/cm? (Yuen et al., 1981) and that a
CD below 25 mA/cm? (McCreery et al., 1990) induces no tissue
damage. Notably, the stimulation variables commonly used are a
thousand-fold lower than these limits. When it begins and after
it ends, tDCS often elicits short-lasting tingling sensations, rarely
accompanied by redness under the electrode sites.

Safety data for tsDCS are scanty. No spinal-specific adverse
events have been reported after tsDCS and we excluded direct
harmful effects of tsDCS over spinal cord by assaying serum
neuron specific enolase (NSE) before and immediately after
stimulation offset (Cogiamanian et al., 2008). Although the
stimulation variables that have been used in tsDCS protocols were
comparable with those used in tDCS studies, we cannot exclude
harmful effects due to a high local current density related, for
instance, to current flow via the spinal foramina.

For future studies, patients undergoing tsDCS should be care-
fully monitored for adverse effects with conventional magnetic
resonance imaging (MRI) or spectroscopy, because safety issues
related to tsDCS may emerge only with larger studies or using
novel stimulation protocols with repetitive daily sessions.

CONCLUSION

The few papers published over the past 5years we review here
provide ample evidence that tsDCS induces changes in spinal
cord function. The physiological mechanisms underlying these
changes need further investigation. Because, unlike the brain, no
methodology is available for non-invasive spinal neuromodula-
tion, the possibility of influencing conduction along the ascending
spinal pathways in humans is interesting, especially for clinical
purposes.

Although its basic ability to modulate several neurophysiologic
variables does not guarantee that tsDCS is effective as a clinical
technique, because it induces no adverse effects, is simple and
non-invasive, the findings from this review open the way to new
approaches using non-invasive tsDCS for treating disorders that
are presently managed with invasive methods. The widespread
use of high-frequency epidural electrical stimulation to treat vari-
ous chronic pain syndromes has prompted research to investigate
whether tsDCS could be used to modulate nociception with a
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new non-invasive approach. tsDCS also promises to be useful in
neurorehabilitation, especially in treating spasticity.

A major drawback that limits tsDCS for clinical use is that DC
applied to single brain areas or to the spine induce after-effects that
persist only for several minutes to several hours. Some help in pro-
longing the beneficial effects induced by tsDCS could come from
optimizing stimulation protocols and devices. Various therapeu-
tic protocols can be used to prolong the neuromodulatory effect
of tsDCS. For example, patients can undergo repetitive sessions
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