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Abstract
Study design Systematic review and meta-analysis.
Objectives To summarize the available evidence regarding the effects of trans-spinal direct current stimulation (tsDCS) on
spinal monosynaptic circuit excitability in healthy individuals.
Setting Applied Neuroscience Laboratory, Brazil.
Methods Abstract screening was performed independently by two authors for studies found in the following databases:
PubMed, CINAHL, PsycINFO, Web of Science, and LILACS. If the authors were unable to agree, a third reviewer was
consulted. Randomized clinical trials that reported monosynaptic reflex measures were included. Methodological quality was
assessed using the Cochrane tool for assessing the risk of bias, and information extracted about the spinal neurophysiological
and stimulation protocols and their results.
Results The initial search identified 538 studies. After applying the inclusion criteria and excluding duplicates, seven
crossover studies were included in the risk of bias assessment, and six studies in the meta-analyses. The meta-analysis results
did not show any significant differences between anodal (pooled standardized mean difference (SMD)=−0.09, 95% CI=
−0.72 to 0.55, p= 0.79, I2= 67%) or cathodal tsDCS (pooled SMD= 0.28, 95% CI=−0.07 to 0.63, p= 0.11, I2= 0%)
and sham tsDCS for Hoffmann reflex modulation.
Conclusion tsDCS did not affect the Hoffmann reflex, as shown in six studies. However, these findings come from studies
with selection, performance and detection bias, and further research is needed to examine the effect of this intervention.

Introduction

Spinal reflex activity plays an important role in the proper
functioning of mechanisms related to tonus control and
postural adjustments during movement [1]. Previous studies
including injured individuals have tested therapeutic stra-
tegies, such as drug and unspecific motor interventions,

intended to increase spinal inhibitory control for post-stroke
spasticity [2, 3]. However, systematic reviews have shown
that motor [2, 3] and pharmacological [4, 5] approaches
have limited effect, and result in a risk of adverse events.

In this context, trans-spinal direct current stimulation
(tsDCS) has emerged as a potential non-invasive tool for
modulating spinal cord excitability and corticospinal trans-
mission [6–8]. It involves transcutaneous application of
direct current above the spinal cord over a prolonged time, to
modulate physiological functions such as spinal reflexes and
ascending and descending pathway transmission [9].

Previous animal model studies suggested that tsDCS
exerts its effects in a polarity-dependent way. Aguilar and
colleagues [7] demonstrated that anodal tsDCS reduces the
local field potential responses to somatosensory stimuli in
the gracile nucleus, while cathodal tsDCS does the opposite
[10]. Cathodal tsDCS increases Hoffmann reflexes (H-
reflexes) and spinal cord responses to cortically elicited
actions [7].
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In humans, direct current effects on spinal segmental
circuitry have mainly been assessed for Ia-motoneuronal
connections, by recording the Hoffmann reflex [9]. Unlike
the results reported in animal studies, the effects of tsDCS
on spinal monosynaptic reflexes in healthy individuals are
hotly debated. Some studies found no induced changes in
an H-reflex after cathodal or anodal tsDCS [11–13]; how-
ever, Lamy et al. [8] reported a leftward shift in the soleus
H-reflex stimulus-response curve after anodal tsDCS (indi-
cating increased excitability).

The H-reflex is the most often reported response in stu-
dies of spinal cord physiology [14]. The Hoffmann reflex
mainly assesses the monosynaptic excitatory connection
between Ia afferent from muscles spindles with alfa moto-
neurons [1, 14]. This neural circuit plays a special role in
the control of muscle tonus and postural adjustments during
movement [1]. Deficits in Ia monosynaptic reflex inhibition
contributes to the hyperexcitability of dynamic and tonic
components of the stretch reflex (e.g. presynaptic and
recurrent inhibition). These changes are closely related to
the pathophysiology of spasticity, the most common dis-
order in patients with brain and spinal cord injury [15]. For
this reason, understanding the effects of tsDCS on spinal
monosynaptic activity in healthy individuals is important
for creating clinical protocols for rehabilitation of indivi-
duals with neurological disorders like spinal cord injury and
stroke, and for providing useful tools for clinical practice.

To our knowledge, no review has comprehensively
evaluated the findings of available studies that assessed
spinal electrophysiological measures after tsDCS in healthy
individuals. Therefore, this systematic review aimed to
summarize the available evidence relating to the effects of
tsDCS on the excitability of spinal monosynaptic circuits in
healthy individuals. We examined the acute after-effects of
anodal and cathodal tsDCS on parameters of the Hoffmann
reflex, comparing them to sham tsDCS.

Methods

Literature search and selection criteria

Potentially eligible articles were searched using the fol-
lowing databases: PubMed (via MEDLINE), CINAHL (via
EBSCO), PsycINFO, Web of Science, and LILACS (via
BIREME). Based on the Medical Subject Headings
(MeSH), the terms used for this search were “Spinal Cord”;
“Healthy Volunteers”; “Spinal Cord Stimulation”;
“Humans”; and “Reflex”. We used the following terms
taken from the Health Sciences Descriptors (DeCS):
“Healthy Volunteers” and “Reflex” in combination with
MeSH terms. We also searched for the following free-text
terms: “trans-spinal direct current stimulation” and “direct

current stimulation”. The MeSH terms, DeCS terms, and
free-text terms were combined with the Boolean Operator
“AND” in six combinations for all databases: “healthy
volunteers” AND “spinal cord stimulation”; “spinal cord
stimulation” AND reflex; “healthy volunteers” AND
“transcutaneous spinal direct current stimulation”; reflex
AND “transcutaneous spinal direct current stimulation”;
“direct current stimulation” AND “spinal cord” and humans
AND “transcutaneous spinal direct current stimulation”.
Additionally, we reviewed the references of included
papers.

To improve the degree of specificity, we used two filters
for PubMed: “Publication dates” (2008–2017) and “Spe-
cies” (Humans). In all databases, “Publication dates” was
used as a filter, because tsDCS was first proposed in humans
in 2008. All searches were performed between February
2017 and October 2017, and language restriction was not
applied. For the cases where studies were published in
languages other than English, a translation was performed.
The review protocol was registered in the International
Prospective Register of Systematic Reviews (PROSPERO,
Protocol CRD42017053810).

The research was performed following the recommen-
dations of Cochrane Handbook for Systematic Reviews of
Interventions and was described in accordance to PRISMA
(Preferred Reporting Items for Systematic reviews and
Meta-analysis). We included randomized controlled trials
that compared spinal reflex activity through the Hoffmann
reflex or through post-activation depression, after anodal or
cathodal tsDCS and sham tsDCS in healthy individuals. We
excluded studies that did not use a sham comparison or
submitted the sham comparison to other interventions (e.g.
repetitive transcranial magnetic stimulation, peripheral sti-
mulation or behavioral interventions); and those that applied
tsDCS combined with something else were thrown out.

Two reviewers (TM and PLA) analyzed the titles and
abstracts of studies following the initial search in an inde-
pendent way. If the authors were unable to agree, a third
reviewer (MC) was consulted. After a full-text review
(PLA), studies considered relevant that did not violate any
exclusion criteria were retrieved for evaluation of the
quality assessment phase.

Quality assessment

The methodological quality of the studies selected for the
systematic review was evaluated by two independent
reviewers (TM and PLA) according to chapter 8 of the
Cochrane Handbook, to assess the risk of bias [16]. Each
assessor performed independent assessment, then compared
the results. Any differences in opinion were discussed with
a third reviewer (MC). The methodological quality eva-
luation was used to assess random sequence generation
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(selection bias), allocation sequence concealment (selection
bias), blinding of participants (performance bias), blinding
of outcome assessors (detection bias), incomplete outcome
data (attrition bias), and selective reporting of outcomes
(reporting bias). These biases were categorized as “low”,
“unclear” or “high” risk of bias [15]. The domain was
considered “unclear” when not enough information to make
a clear judgment was provided by the authors.

Data extraction

We created a standardized protocol to extract information
considered relevant for study characterization: (i) study
design; (ii) population; (iii) parameters of tsDCS; (iv) out-
come measures; (v) mean ± standard deviation (SD) of
electrophysiological measures for the experimental and
control sessions immediately after tsDCS.

Data selection and extraction were independently con-
ducted at the same time by two qualified reviewers (TM and
PLA). When the article did not state or did not clearly

present all relevant data needed for analysis, the reviewers
contacted the corresponding author. Those articles for
which the author did not reply to the e-mail were excluded
from the meta-analysis; only one article was excluded [17].

Analysis of results

For meta-analysis, we considered the standardized mean
difference (SMD) of electrophysiological measures imme-
diately after the intervention for the experimental sessions
(anodal or cathodal tsDCS), compared to a sham tsDCS
session. When studies presented results in terms of the
standard error of the mean (SEM), we converted them into
standard deviations (SD) using the follow equation: SD=
SEM *(√n).

Review Manager Software (RevMan 5.3) was used to
calculate the effect size of the difference between the spinal
reflex amplitude for the sham and active tsDCS. A hetero-
geneity test was performed, and the studies included in the
meta-analysis were considered homogeneous when the p

Fig. 1 PRISMA flow diagram.
PRISMA Preferred Reporting
Items for Systematic Reviews
and Meta-analyses, tDCS
transcranial direct current
stimulation, tsDCS trans-spinal
direct current stimulation
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value was greater than 0.05 and the heterogeneity index (I2)
was less than 25%. We applied a random effects model for
cases in which the heterogeneity was greater than 25%, and
a fixed effects model for heterogeneity indexes less than or
equal to 25%.

The data analysis focused on spinal cord excitability
changes, measured by components of monosynaptic
reflexes such as the Hoffmann reflex (e. g., the H-reflex
amplitude and the H max/M-wave ratio) and post-activation
depression. These measures were chosen because they
assess spinal monosynaptic reflexes and are the most
extensively reported responses in the literature to assess the
spinal cord excitability. Other additional neurophysiological
measures reported by the studies were described in the
results table but were not included in the meta-analysis. For
the meta-analysis, we used the neurophysiological record-
ings obtained immediately after intervention.

We selected the H max/M max ratio results to perform
the meta-analyses, because it was a measure common to the
studies included. For studies in which the H-reflex and the
M-wave amplitudes were reported separately, the H/M ratio
amplitude was calculated.

We performed two different meta-analyses, for anodal
and cathodal stimulation. Two sensitivity analyses were
performed to assess the robustness of the findings, since
Hubli and colleagues [18] employed a different technique to
assess spinal reflex activity.

Results

Identification and selection of articles

Of the 538 articles identified in the database searches, 61
were excluded as duplicates. Therefore 477 studies were
selected, and 456 of these were excluded after reviewing the
abstracts. Twenty-one full texts were evaluated for elig-
ibility, of which 14 were excluded for not meeting the
eligibility criteria. Seven crossover studies from various
countries were carried into the risk-of-bias assessment phase
(Fig. 1). One study [17] included in the quality assessment
phase was excluded from the meta-analysis because it did
not present the mean and standard deviation of the neuro-
physiological measures. Six studies were included in the
meta-analyses phase, five of them in the anodal meta-
analysis [8, 11–13, 19], and five in the cathodal one [8, 11,
13, 18, 19].

Characteristics of included studies

The six studies included in the meta-analysis were pub-
lished between 2010 and 2015 [8, 11–13, 19, 20]. Alto-
gether, 85 healthy individuals (age 25−41 years) received Ta
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sham tsDCS, 80 of them received cathodal tsDCS, and 79
anodal tsDCS. The characteristics of the individual studies
are provided in Table 1.

Risk of bias assessment

The results of the selection bias analysis showed that one
study had a high risk of bias [19], while the rest were
unclear or did not specify the method used to generate a
random sequence [8, 11–13, 17, 19, 20]. With regard to
allocation concealment, 57% of the included studies did not
perform this methodological step [8, 11, 18, 19], while
42.86% of them failed to clearly report the method used [12,
13, 20]. Figure 2 summarizes these aspects for each of the
seven studies included.

All studies failed to report on detection and performance
bias. Specifically, five studies (71.43%) did not mention
blinding of the outcome assessor [11, 13, 17, 19, 20] and
two (29%) did not mention blinding of participants [11, 13]
(29%). In contrast, all studies presented a low risk of bias
for attrition, reporting and other bias.

tsDCS protocols and reported results

Most studies placed the active electrode on the spinous
process of the 11th thoracic vertebra and the reference
electrode on the right shoulder. The most commonly used
current intensity and stimulation duration were 2.5 mA and
15 min, respectively. Regarding current density and total
charge, the maximum values observed were 0.071 mA/cm2

[8, 12, 20] and 100.8 mC/cm [19], respectively. Three
studies [8, 12, 13] assessed the electromyographic respon-
ses from the right soleus muscle, and one study from the
tibialis anterior [19]. In addition, two studies recorded the
Hoffmann reflex from the flexor carpi radialis [11, 20].

The H max/M max ratio was the neurophysiological
outcome most reported by the studies [8, 11–13, 19]. In
general, the studies demonstrated that H max/M max ratio
remained unchanged after anodal, cathodal, or sham tsDCS
[8, 11–13, 19]. The parameters used for tsDCS, and the
main results reported by the studies, are presented in
Table 2.

Meta-analyses results

In the overall meta-analyses, we failed to find a significant
difference between sham tsDCS and anodal (pooled SMD
=−0.09, 95% CI=−0.72 to 0.55, p= 0.79, I²= 67%) or
cathodal tsDCS (pooled SMD= 0.28, 95% CI=−0.07 to
0.63, p= 0.11, I²= 0%; Fig. 3). The sensitivity analyses
also did not find significant differences between sham
tsDCS and anodal (pooled SMD=−0.24, 95% CI=−0.16
to 0.63, p= 0.24, I²= 0%) or cathodal (pooled SMD= 0.12,

95% CI=−0.26 to 0.51, p= 0.53, I²= 0%) tsDCS. We
found low heterogeneity indexes for all meta-analyses,
except for the overall meta-analysis that assessed spinal
excitability after anodal tsDCS (p= 0.02; I2= 67%).
Table 2 summarizes the finding of other neurophysiological
measures reported in the studies.

Discussion

To the best of our knowledge, this is the first systematic
review and meta-analysis to assess the effects of tsDCS on
monosynaptic spinal reflex excitability in healthy indivi-
duals. Our results demonstrate no difference between the

Fig. 2 Risk of bias summary: review authors’ judgments about each
risk-of-bias item for each included study. (+) The study presented this
information: “low risk of bias”; (−) the study did not report this
information: “high risk of bias”; (?) uncertain bias that raises some
doubt about the study’s information: “unclear risk of bias”. That is, the
authors did not specify how this item was performed. Other bias:
absence or inadequate washout time (carry-over effects in crossover
studies)

1026 P. L. Albuquerque et al.
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values of H max/ M max amplitude ratio obtained from
sham tsDCS, anodal tsDCS, or cathodal tsDCS.

The physiological mechanisms affecting the ability of
tsDCS to modulate spinal cord excitability are not com-
pletely understood. However, some studies suggest that
tsDCS could act by direct activation of spinal circuits, or by
modulation of ascending pathways to the supra-segmental
nervous system [21]. At the segmental level, tsDCS may
activate inhibitory interneuron circuits [12] and thereby
regulate the spontaneous activity of motor neurons [6].
Also, a probable activation of supraspinal loops, transmitted
by brainstem and thalamocortical systems, has been men-
tioned as responsible for afferent and efferent (corticospinal
tract) inhibition [12, 22].

Our meta-analyses show a small and nonsignificant effect
size for most of the studies. Only the results of cathodal
tsDCS applied by Hubli et al. [19] showed a high effect size
favorable to tsDCS. Consequently, we could not confirm any
changes in monosynaptic reflex excitability, which suggests
that tsDCS either primarily affects neural circuits distant
from the application site, or affects aspects of interneuron
activity not measured by the Hoffmann reflex.

These findings differ from previous studies that assessed
the effects of tsDCS in animal models. Overall, those

studies found an increase in H-reflex size after cathodal
tsDCS, while anodal tsDCS had the opposite effect [7, 23].
In addition, a recent study [24] on anesthetized animals
demonstrated that cathodal polarization facilitate synaptic
actions evoked by peripherally stimulated afferents,
including intra- and extracellularly recorded excitatory
postsynaptic potentials in motoneurons. Conversely, Kacz-
marek et al. found that tsDCS modulated two spinal mod-
ulatory systems related to reflex activity in a polarity-
independent way, that is, cathodal and anodal tsDCS both
facilitated them [25]. These studies attributed the effects of
tsDCS to changes in synaptic transmission and neuro-
transmitter release at the spinal level.

The difference between the results presented in our meta-
analysis and the results of animal studies can be partially
attributed to variations in the electric field orientation rela-
tive to the spinal cord and the use of invasive electrodes. An
invasive electrode arrangement generates a higher current
density than that estimated for the humans who underwent
tsDCS [26]. In addition, in some animals the use of anes-
thetic drugs can influence spinal excitability, and decreases
synaptic transmission at excitatory interneuron terminals [9].

Aside from the H reflex/M max ratio values included in
our meta-analyses, four studies presented changes in other

Fig. 3 Forest plot of standardized mean differences of spinal cord
excitability measures after trans-spinal direct current stimulation,
compared to sham stimulation. a Anodal and sham trans-spinal sti-
mulation. b Cathodal and sham trans-spinal stimulation. Mean:
represents values after active and sham stimulation; SD standard

deviation; Total: indicates the number of subjects in each session.
Forest plot: small squares indicate the effect size of each study; CI:
95% confidence interval; I2: heterogeneity index; Chi2: chi-square,
Cochrane Q test. The large black diamond represents the pooled effect
size of the combined trials
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spinal excitability measures [8, 12, 13, 19]. Two reported an
increase in spinal excitability after anodal tsDCS through
other outcomes not included in the meta-analyses, such as
post-activation depression [13] and the slope of the H reflex
recruitment curve [8]. Additionally, a reduction in the ele-
tromyographic activity evoked by non-noxious tibial nerve
stimulation during the mid-stance phase of the cycle gait
was seen after cathodal tsDCS [17].

Perhaps the H max/M max ratio is not sensitive enough
to detect spinal excitability changes induced by tsDCS, as
this measure reflects a maximal percentage of depolarized
motoneurons in response to Ia afferent activation. Accord-
ing to Lamy and colleagues [13], this measure also could be
affected by external factors such as cutaneous stimulation
and the duration of the experiment [8, 27]. Thus, other
measures capable of assessing the transmission of the Ia-
fiber-motoneuron synapse, such as post-activation depres-
sion, seem to be more appropriate for identifying effects
induced by tsDCS [13].

All studies that reported changes in measures other than
the Hoffmann reflex examined only before-and-after dif-
ferences, and did not perform comparisons with sham.
Since statistical differences do not prove biological causa-
tion or clinical significance, comparisons with sham groups
might provide more robust conclusions about the real effect
of a treatment. This could explain the absence of an effect in
our meta-analyses, even if four of the seven studies included
reported a spinal cord modulation after tsDCS [28]. In
addition, even if it is possible that the tsDCS-induced
effects were too small to differ significantly from sham
stimulation, this does not mean that tsDCS has no effect on
the monosynaptic reflex circuits.

Two studies contributed strongly to the meta-analyses
results [8, 11] due a greater number of cases. The first [11]
applied direct current (intensity 2.0 mA) above the posterior
neck in 12 volunteers. The second [8] applied direct current
(intensity 2.5mA) approximately above the 11th thoracic
vertebra, in 17 volunteers. These studies used the H reflex to
assess spinal cord excitability before and after tsDCS. In
neither was sample size calculation reported. The small
sample sizes employed in other studies may be responsible for
failure to detect a possible existing effect [29]. We found that
one study [17] involved different numbers of individuals who
received active stimulation and sham stimulation. However,
the authors [19] avoided multiple comparisons between the
active and sham tsDCS groups, such as Friedman’s test.
Instead, they conducted post hoc analyses with the Wilcoxon
signed rank test, thus avoiding the introduction of bias [19].

Our meta-analyses found low heterogeneity for all meta-
analyses, except for anodal tsDCS, which showed moderate
heterogeneity. This heterogeneity could be due to the
inclusion of one study [19] that assessed H-reflex amplitude
using a different method (H-reflex of the abductor hallucis

longus in response to electrical stimuli consisting of an
eightfold biphasic pulse with a single stimulus duration of 2
ms and a frequency of 200 Hz). The other studies examined
H-reflex values of the soleus muscle (expressed by the
maximal H reflex/ maximal M wave ratio) evoked by single
electrical stimulation with stimulus duration 1 ms, delivered
to the tibial nerve [8, 11–13, 18, 20]. For this reason, we
performed a meta-analysis examining the standardized
deviation of the mean, and a sensitivity analysis.

Regarding risk of bias, the studies included demonstrated
problems with randomization sequence generation, allocation
concealment, and blinding. Proper allocation concealment
requires strict implementation of a random allocation sequence
without foreknowledge of treatment assignments. Inadequate or
unclear allocation concealment yields up to 40% larger esti-
mates of intervention effect and contributes to an increase in
heterogeneity of the results. [30] In our review, three studies
[12, 13, 20] were classified as “unclear risk of bias” and four as
“high risk of bias” [8, 11, 18, 19] with respect to allocation
concealment. Combined with a correct randomization process,
adequate allocation sequence concealment prevents the intro-
duction of selection bias. Neglecting these aspects indicates low
methodological quality and is a serious issue.

Five studies [11, 13, 17–19] did not use blind assessors
during the outcome assessment, and two [11, 13] did not
apply blinding methods for participants and personnel. Blind-
ing problems in randomized trials induce ascertainment bias
and could affect the assessment of psychological or physical
responses. Moreover, blinding strategies minimize the like-
lihood of differential treatment or assessment of outcomes [31].

Even if subjective outcomes are most at risk of detection
bias, objective outcomes, including neurophysiological
measures, might also involve some degree of subjectivity
and thus are subject to bias [31]. We think that Hoffmann
reflex measures are evaluator dependent, because factors
such as electrode and stimulator positioning can modify the
electromyographic results. The blinding of participants is
important to ensure the same assessment conditions, since
spinal reflexes can be increased when individuals are highly
aroused, anxious, or in a fearful state [32, 33]. Prior
knowledge of the type of stimulation (real or sham) could
increase the level of anxiety of individuals and induce
changes in electromyographic responses unrelated to
tsDCS. Inadequate allocation concealment can also affect
the compliance and retention of trial participants [34].

It is relevant to consider that the studies included adopted
very similar protocols for tsDCS. In general, the protocols used
a current intensity from 2.0 to 2.5mA and a stimulation dura-
tion ranging from 15 to 20min. These parameters are con-
sidered safe and far below to the threshold for tissue damage; in
addition, no serious adverse effects were reported [26, 35].

This systematic review represents an important guide
for future studies in the neurophysiology field that aim
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to evaluate the effects of tsDCS on spinal monosynaptic
circuits. Our meta-analysis found no differences
between the effects produced by sham tsDCS and anodal or
cathodal tsDCS, in their ability to modulate spinal
excitability of healthy individuals, as assessed by the
H-reflex (H-reflex/M max ratio). However, these results
involve studies with selection, performance, and detection
bias.

The changes induced by tsDCS may not have a sig-
nificant influence on the excitability of alpha-motoneurons,
but may affect the efficacy of Ia fiber-motoneuron synapse,
or they could regulate the activity of the inhibitory inter-
neuron network. Neither of these effects are fully evaluated
by the Hoffmann reflex, and therefore could be missed;
thus, additional measures such as post-activation depression
should be included in future studies to complement the
results from Hoffmann reflex analysis.

Our results suggest that tsDCS causes no change in
a physiological parameter in healthy individuals. However,
further studies should examine the effect of tsDCS on
polysynaptic circuits and neurotransmitter release at the
spinal cord level. These studies should employ a larger
sample size and greater methodological rigor, especially
concerning allocation concealment and randomization.
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