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Abstract 

Domestic animals with severe spontaneous spinal cord injury (SCI), including dogs and cats that are deep pain per-
ception negative (DPP−), can benefit from specific evaluations involving neurorehabilitation integrative protocols. In 
human medicine, patients without deep pain sensation, classified as grade A on the American Spinal Injury Associa-
tion (ASIA) impairment scale, can recover after multidisciplinary approaches that include rehabilitation modalities, 
such as functional electrical stimulation (FES), transcutaneous electrical spinal cord stimulation (TESCS) and transcra-
nial direct current stimulation (TDCS). This review intends to explore the history, biophysics, neurophysiology, neuro-
anatomy and the parameters of FES, TESCS, and TDCS, as safe and noninvasive rehabilitation modalities applied in the 
veterinary field. Additional studies need to be conducted in clinical settings to successfully implement these guide-
lines in dogs and cats.
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Background
Locomotion requires the coordination of movement and 
extensor/flexor muscles in all limbs. This coordination is 
due to the partial influence of all descending motor tracts 
in humans as well as dogs and cats [1].

In humans, the influence of the corticospinal tract 
is greater than in dogs and cats. The corticospinal tract 
is less developed in domestic animals, especially dogs, 
resulting in difficulties to perform complex and precise 
movements [2, 3].

Bipeds, including humans, and quadrupeds share many 
similarities. They have the same major descending motor 
tracts, however with the pyramidal system predominat-
ing in humans as opposed to dogs and cats, where the 
extrapyramidal system predominates [4–6]. In humans, 

the rubrospinal descending motor tract is considered to 
be vestigial in humans [7, 8], but this is of major impor-
tance in domestic animals. In dogs, this tract is consid-
ered the main tract that controls voluntary movement, 
as it can facilitate action of the lower motor neurons 
(LMNs) in flexor muscles [4]. Moreover, in cats, apart 
from rubrospinal tract influence, the corticospinal tract 
has a participative role in precise and complex move-
ments [9].

The reticulospinal tract (RST) plays a prominent role 
in the motor and postural control, which has been well 
demonstrated in cats. Additionally, a balance between 
pontine and medullary RST is essential for locomotion, 
posture and muscle tone [9, 10]. The pontine RST facili-
tates spinal motoneurons (α and γ) for the extensor mus-
cles, and the medullar RST inhibits spinal motoneurons 
(α and γ) for the extensor muscles and simultaneously 
facilitates motoneurons for the flexor muscles [3, 4, 9] in 
both species.
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For neurorehabilitation, the reorganization of these 
tracts derived from reticular formation is essential to 
promote spinal reflexes, motor activity and postural 
standing, as these tracts play an important role in muscle 
tone [9].

There are some neurophysiological differences between 
dogs and humans; for example, in humans, the RST is 
composed of the dorsal and medial RSTs [11]. However, 
in the two species, the propriospinal tracts share similar 
spinal neural control mechanisms [12] and exhibit simi-
lar coordination patterns between limbs during locomo-
tion [13].

Neurorehabilitation training for dogs and cats that 
are deep pain perception positive (DPP+), as well as for 
human patients who have American Spinal Injury Asso-
ciation (ASIA) impairment grades of B, C, or D [14], can 
improve functional gait after injury by improving coordi-
nation, balance, and muscle strength and shortening the 
recovery time [15, 16].

Thus, functionality can be defined in a similar way as 
‘ambulatory’, describing the ability to stand up, maintain 
active postural balance during standing and take at least 
ten consecutive active, weight-bearing steps [3] without 
falling. Impairments in functionality may be related to 
proprioceptive deficits.

Dogs and cats classified as DPP+, as well as human 
patients with ASIA B/C/D spinal cord injuries (SCIs), are 
considered to have an incomplete SCI. Therefore, it can 
be beneficial to stimulate descending motor spinal cord 
pathways and afferent inputs that have branches connect-
ing to central pattern generators (CPGs). CPGs are con-
nected to propriospinal neurons, the majority of which 
are interneurons connecting multiple segments that can 
control LMNs, and re-establish basic gait motor rhyth-
micity [17, 18].

In humans with subacute and chronic motor incom-
plete SCI, different approaches can be considered to 
provide assistance during stepping [19], such as manual 
locomotor training (body weight-supported treadmill 
training or overground training) and robotic devices [20]. 
Additionally, in different studies, locomotor training has 
been performed with functional electrical stimulation 
(FES) [21–24].

In both human and veterinary medicine, permanent 
deep pain perception negative (DPP−) can be an indica-
tion of a complete spinal cord injury [25, 26].

In cats classified as DPP−, repetitions of the same 
movement and the associated sensory feedback that 
occurs from that movement may induce the essential 
plastic adaptations of network neurons. Thus, reha-
bilitation modalities can be useful tools and require the 
involvement of not only network neurons but also some 
residual supraspinal pathways [27].

In dogs with severe SCI, DPP should be evaluated for 
24  h in the event that the clinical presentation changes 
[28–30]. The most severe injuries are related to para-
plegic DPP−. A previous study, in DPP− dogs, showed 
a recovery rate of 61% after surgical decompression 
and 10% after conservative treatment [31]. Thus, DPP 
assessments are performed to determine whether there 
is a conscious response to a mechanical stimulus in the 
medial and lateral digits of both forelimbs and hindlimbs, 
the tip/base of the tail and the perineal region (scrotum/
vulva and anus). This assessment is essential as a prog-
nostic indicator.

Incomplete to complete SCIs involve primary and sec-
ondary injuries. The primary injury is usually caused by a 
relative contribution of both compressive and contusive 
forces caused by structures anatomically located ventral 
to the spinal cord [32]. Concussion manifests in a more 
severe form, and dogs are usually paralyzed with absent 
DPP [13, 33], which indicates an extremely poor progno-
sis for functional recovery [34].

The secondary SCI are caused by biochemical and met-
abolic damage 2 to 48 h postinjury. At this time, there is a 
massive release of glutamate and other central excitatory 
neurotransmitters, which promote excitotoxicity [35], as 
well as oxidative damage and inflammation [36].

If DPP is lost, the spinoreticular tracts, propriospinal 
tracts, and possibly even the spinothalamic tracts near 
the spinal cord gray matter can be affected [37, 38].

In clinical settings, a relation between the presence of 
DPP and ambulation has been examined. Thus, paraple-
gic dogs with intact DPP are more likely to regain the 
ability to ambulate when compared to DPP− dogs [39]. 
In these cases, the ability to locomote is dependent on 
the neural reorganization of motor descending tracts and 
sensory inputs [3].

Deep pain perception negative dogs and cats, as well as 
human patients, can exhibit functional recovery through 
neurorehabilitation, given the similarities between the 
three species [40–42]. These multidisciplinary treatment 
protocols are based on a group of neurorehabilitation 
modalities, such as FES, transcutaneous electrical spinal 
cord stimulation (TESCS) and transcranial direct current 
stimulation (TDCS).

Neurorehabilitation modalities can be useful for stimu-
lating neurogenesis and strengthening the pre-existing 
neural tracts [43] that promote anatomic and synaptic 
neuroplasticity [5], both cranial and caudal to the injury 
site and possibly through it. Spontaneous reorganization 
of the motor system leads to the sprouting of spared fib-
ers of the RST [44, 45].

Previous researchers have focused on neural modula-
tion and have studied reflexes and their roles in improv-
ing functionality and generating flexion–extension 
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locomotion patterns [46]. The therapeutic potential of 
neural modulation can be illustrated by TESCS, which 
promotes the maintenance of axonal connections in 
severe SCI when massive destruction of the spinal paren-
chyma occurs, especially in trauma patients [47].

This review article intends to explore the history, bio-
physics, neurophysiology and parameters of the following 
neuromodulation modalities: FES, TESCS, and TDCS.

Review
Functional electrical stimulation as a neurorehabilitation 
therapeutic modality
Functional electrical stimulation is a general tool used for 
all applications targeting the activation or restoration of 
function by electrical stimulation, including efferent and 
afferent nerve stimulation and neuromuscular and mus-
cle stimulation [48].

This neuromodality uses sequences of short bursts of 
electrical pulses to stimulate the LMNs near the motor 
endplate region or through peripheral afferent nerves, 
resulting in the activation of a peripheral spinal reflex 
[49, 50].

FES was applied for the first time by Liberson et  al. 
[51], who used two superficial electrodes to stimulate the 
peroneal branch of the sciatic nerve of human patients 
who exhibited unilateral weakness following a stroke.

Furthermore, FES was used in human patients with SCI 
to initiate a motor response and restore lost function by 
the stimulation of the quadriceps group during the stance 
phase and the end of the swing phase. Additionally, with 
the stimulation of the peroneal nerve in the popliteal 
fossa region and the stimulation of the saphenous nerve, 
the results showed a flexion withdrawal response produc-
ing movement in the swing phase [52].

To obtain that response, the current administered by 
FES is a low intensity current but sufficient to trigger an 
action potential to induce a visible muscle contraction 
[53]. In some cases, this stimulation can be performed by 
placing the electrodes near the muscle mechanoreceptors 
[34, 54].

To prevent excessive neuromuscular fatigue, it is 
important to select the correct electrical parameters, 
including the current magnitude, pulse amplitude, total 
treatment time, current frequency, current waveform and 
duty cycle [55].

FES induces the unnatural recruitment of muscle fib-
ers, mostly by recruiting large-diameter motor neurons, 
which are considered to have fast conduction velocity fib-
ers, instead of recruiting small-diameter motor neurons, 
which are slower and fatigue resistant [56].

On this basis, using superficial electrodes, FES is used 
to strengthen muscles, improve blood flow and avoid 
progression of muscle atrophy (Figs.  1, 2). Additionally, 

FES can electrically stimulate noninnervated tissue and 
paralyzed and spastic muscles [57, 58]. To decrease dis-
comfort, in dogs, a short pulse duration as low as 20 Hz 
is usually recommended for a tetanic muscle contrac-
tion. However, the maximal force of contraction gener-
ally occurs between 60 and 100 Hz (more commonly in 
noninnervated tissue). Thus, a lower tetanic frequency 
within the range of 25–50 Hz and a lower intensity, but 
over 2.5  mA, will minimize fatigue (more commonly in 
innervated tissue) [59].

Fig. 1 Functional electrical study—Application of segmental FES 
modality on a dog

Fig. 2 FES protocol to promote new connections—Application of 
the anode near the motor point region
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Patients with severe atrophy (neurogenic atrophy) may 
need longer off-time to recover, starting with duty cycle 
ratios of 1:5, and these patients should be monitored for 
signs of fatigue. Additionally, a ramp-up time of 2–4  s 
and a ramp-down time of 1–2  s should be considered 
[59].

Since 2012, in the field of restorative neurology, FES 
has been considered a possible tool for achieving a func-
tional ambulatory state by activating spinal interneuron 
intrinsic circuits and CPGs that are involved in both vol-
untary and spinal reflex locomotion [60, 61].

FES allows long-latency flexor reflex development in 
humans with complete SCI, which has been compared to 
the late flexor reflex observed in animals with the same 
injury. This reflex in cats is considered to utilize interneu-
rons of spinal locomotor centers that are associated with 
afferent stimulation [62], generating the flexor reflex and 
the swing phase of stepping [63].

Thus, FES protocols can promote the excitability of 
new connections, which can be created during the pro-
cess of neural reorganization as a result of rehabilitative 
programs. Moreover, it is known that these programs are 
more effective when they are implemented only a few 
days after spinal injury [20].

FES is considered a noninvasive modality that is easy 
to perform in a clinical setting and can be used for 
neuromodulation.

The combination of FES and locomotor training proto-
cols has been shown to have therapeutic benefits among 
both animals and human patients [64, 65], which indi-
cates that these protocols affect neuroplasticity and func-
tional locomotion, particularly in regard to speed, step 
length and cadence [64]. It has also been proposed that 
FES can facilitate or enhance reciprocal inhibition, which 
is mainly mediated by interneuron activation through Ia 
fibers on the contralateral side [66].

Transcutaneous electrical spinal cord stimulation 
as a neurorehabilitation therapeutic modality
Transcutaneous electrical spinal cord stimulation is a 
therapeutic method of electrically activating spinal cord 
circuits by means of surface electrodes placed on the skin 
in the cervical, thoracic and lumbosacral regions [67].

TESCS is a noninvasive and nonpainful neuromodula-
tion modality that induces stimulation throughout syn-
ergistic and interactive multisegmental paths, combining 
the central components of motor descending tracts and 
ascending sensorial tracts. Thus, it may recruit a different 
population of motor neurons by projecting sensory and 
intraspinal connections, directly resulting in the ampli-
fication of spinal evoked motor potentials [68]. Multifo-
cal TESCS may have a role in human locomotor activities 
that involve the monosynaptic neural circuitry of the 

extensors and flexors of the knee and ankle and in achiev-
ing unassisted standing with correct weight distributions 
[69].

Lloyd [70] was the first to investigate electrical stimu-
lation through the dorsal and ventral horn of the same 
spinal segment, maximally inducing the spinal periph-
eral reflex in the transmission between the two neu-
rons, which was named the ventral horn/muscle reflex 
(RCV/M).

Minassian et al. [71] performed a study to demonstrate 
the action of TESCS with electrodes (cathodes) placed 
over the T11-T12 vertebral region and the anode on the 
umbilical region to create two channels. This stimula-
tion through surface electrodes allowed perpendicular 
current penetration, migrating the ligaments between 
the spinous processes in the vertebral lamina, penetrat-
ing the vertebral canal and promoting a current in the 
cerebrospinal fluid, with the purpose of stimulating the 
RCV/M from the quadriceps femoris, hamstrings, tibial 
anterior and triceps surae. The results provided evidence 
that TESCS can depolarize the lumbosacral posterior 
roots.

Kitano and Koceja [72] showed that the monosynaptic 
multisegmental response of TESCS is superior to that of 
traditional peripheral electrical stimulation, with a maxi-
mum RCV/M or H-reflex, because TESCS allows selec-
tive excitation of the sensorial fibers, thereby producing a 
direct motor response and an antidromic current on the 
motor fibers.

Many authors studied the T11-T12 anatomical region, 
as previously described. However, for other authors, 
maximal stimulation with TESCS was best performed 
with the electrodes placed in the T12-L1 intervertebral 
region [71–76]. However, Akaza et al. concluded that the 
placement of the electrodes should be determined on an 
individual basis [76].

According to Roy et al. [77] the best location to stim-
ulate a large number of connections in the lumbosacral 
intumescence with biphasic current was considered to be 
T11-T12 or T12-L1. However, for the same authors, the 
position of the cathode along the vertebral column was of 
greater importance, and the authors noted that sensory 
neural fiber stimulation is supported by the L1-L3 region; 
however, for the recruitment of motor neuron fibers, the 
best neuroanatomical location was caudal to the L5-S1 
anatomical region.

Regarding the anatomical region of electrode place-
ment in humans, geometric changes in the thoracolum-
bar vertebral column, as well as the position of adjacent 
vertebra, can influence the progression of current depo-
larization. Therefore, the stimulation of interconnec-
tions at the level of the lumbosacral intumescence may be 
affected [77].
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Hofstoetter et  al. [78] placed electrodes at the stand-
ard location of T11/T12 and applied a symmetric bipha-
sic continuous current of 50 Hz, intending to depolarize 
the large-diameter afferent fibers of the L2-S2 neuroana-
tomical region and its posterior roots in humans, and 
the authors concluded that the activated connections 
were superior to those of the epidural technique [79]. In 
2012 the same authors used a biphasic continuous cur-
rent with a range ≤ 100 and observed contractions of the 
paraspinal and abdominal muscles, in addition to paraes-
thesia in the lower limbs in bipedal patients, which was 
expected [61].

Currently, in human medicine, the application of 
this modality leads to a decrease in muscle contraction 
coactivation, leading to a faster gait in bipedal patients. 
This outcome was observed in three patients; decreases 
in coactivation during the tonic and clonic phases in 
peripheral flexor reflex examinations and thus a decrease 
in muscle spasms were observed [61, 78, 79].

As mentioned before and confirmed by different 
authors, the current enters the spinal canal, but only a 
small portion, approximately 8%, of the current enters 
the canal [80]. The current depolarizes the nerve root 
because it progresses through the motor descending 
spinal cord tracts until it reaches the neural intrinsic 
circuitry of the lumbosacral region, normally preserved 
caudal to the injury [79]. This event can be assessed by 
visual vibrations on the Achilles tendon and the presence 
of passive or active contractions at the level of the lower 
limbs in humans [78]. By our own experience, this event 
also occurs in dogs and cats.

Hofstoetter et  al. [81] showed that motor descending 
tracts can be depolarized by the spinal cord-brainstem-
brain-spinal cord loop (SBBSL) phenomenon [82]. The 
stimulation of afferent nerves of the forelimbs in quad-
rupedal animals directly influences pelvic limb activity by 
activating proprioceptive descending tracts. Therefore, 
afferent stimuli cross the spinothalamic and spinocer-
ebellar tracts to the locomotor region of the brainstem or 
the motor cortex in humans. Moreover, through descend-
ing bulbospinal tracts, it is possible to activate the spinal 
network of the lumbosacral intumescence.

In human patients with spasticity, when electrodes 
are placed below the level of the lesion, TESCS can pro-
mote temporary anti-spastic effects through nonspecific 
inhibitory mechanisms [83]. The most commonly used 
frequencies for neural stimulation are approximately 
100 Hz and lower [84–86]. However, to control spasticity, 
the frequency should range between 50 and 100 Hz [87] 
because stimulation at higher frequencies can not only 
electrically activate the same neural input structures but 
also lead to maximum action potentials.

For locomotor function, approximately stimulation 
at frequencies of 20 to 50 Hz should be used in patients 
with SCI [88, 89].

Simulation at frequencies within this range can evoke 
action potentials of the descending motor tracts and 
stimulate Ia afferent fibers that have a strong synaptic 
connection to Ia inhibitory interneurons (reciprocal inhi-
bition mechanism) while avoiding paresthesia, allowing 
muscle contractions, and reducing the risk of spasticity 
[82].

According to different authors, long propriospinal neu-
rons play a key role in the functional connection between 
the cervical and lumbosacral regions and allow coordina-
tion between limbs. Locomotor coordination depends on 
the propriospinal system, which can be activated by the 
stimulation of limb peripheral nerves in the thoracic and 
cervical regions [90, 91].

Therefore, multisegmental TESCS (MS-TESCS) with 
electrodes placed at C5-C6, T11-T12, and L1-L2 pro-
motes propriospinal system neuromodulation and thus 
gait cycle coordination [92, 93]. Some studies used the 
same modality with a 5–40  Hz biphasic current that 
could reach 30–200 mA while maintaining the severity of 
pain below a predetermined threshold [94, 95].

MS-TESCS enables the convergent multisegmental 
stimulation of ascending and descending spinal cord 
tracts, which is associated with propriospinal system 
neuromodulation and positively influences spinal intrin-
sic circuits and triggers locomotion. MS-TESCS is a non-
invasive neuromodulation modality that is used in human 
patients, and it can be considered a potential treatment 
option for DPP+ or DPP− paraplegic dogs [94].

TESCS, with a 50 Hz biphasic current in a 30-min ses-
sion, has been proposed to be a viable nonpharmacologi-
cal treatment [96]. This type of current has a rectangular 
ramp that helps control and improve patient comfort, 
with a ramp-up time of 4  s, ramp-down of 2  s and pla-
teau close to 10  s [59]. In the study, the amplitude was 
increased until lower limb paresthesia was present, rang-
ing from 15 to 90  mA. These stimulations can induce 
spinal reflexes in the lower limbs. Within 2 days, consec-
utive TESCS demonstrated moderate-to-high reproduc-
ibility of the spinal reflex recruitment properties [97].

It is important to mention the human randomized, 
sham-controlled, double-blinded, parallel design study 
published by Awosika et al. [98] as the results indicated 
that anodal TESCS may be related to the neurorehabili-
tation of locomotor function after neurological injury. 
Anodal TESCS affected speed and symmetry, as well as 
flexion/extension locomotor pattern modulation, and 
increased blood flow to the spinal cord, especially when 
TESCS was repeated daily.
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Ammendolia et  al. [99, 100] showed an increase in 
blood flow to the spinal cord and cauda equina with 
TESCS, and the magnitude of effect was dependent on 
the intensity of the electrical stimulus.

Cervical TESCS has also been shown to improve the 
voluntary control of hand function in tetraplegic patients 
[101], although the neurophysiological mechanisms are 
still poorly understood. The amplitude of the current 
used ranged from 50 to 90 mA, and there were evident 
similarities with lumbosacral TESCS [102].

The spinal neural mechanism is mostly based on both 
afferent sensory stimuli and the neural intrinsic cir-
cuitry pattern, which are present in both humans and 
dogs [103]. Although there is no literature regarding 
TESCS applied in small animals, it is possible to translate 
the therapeutic potential of this modality to veterinary 
patients, considering all neuroanatomic differences.

The intrinsic circuitry pattern and CPGs constitute the 
neural network located in the intumescence in both the 
brachial and lumbosacral plexuses. However, in dogs, 
the lumbrosacral plexus is located in L4-S3 (spinal cord 
segments corresponding to L3-L7, S1-S3, Co1–Co 3 or 
more) [4, 104], and in humans, it is located in L2-L3, with 
the spinal cord ending at the inferior side of the L1 verte-
brae [105].

Therefore, for translational medicine, in dogs, the cath-
ode should be placed in the L2-L3 region, that is, at the 
beginning of the pelvic intumescence. The anode should 
be placed on the dorsal edge of the iliac crest, corre-
sponding to the spinous process of L7 (Figs. 3, 4).

Transcranial direct current stimulation 
as a neurorehabilitation therapeutic modality
Transcranial direct current stimulation is a method of 
noninvasive transcranial stimulation that uses a weak 
direct current [< 1.5 milliamperes (mA)], which is not 
painful and easy to apply [95, 106].

Studies have demonstrated that TDCS is responsible 
for motor cortex-modulated excitability in humans [107–
109]. This excitability is maintained for a few minutes 
after TDCS application, which allows interconnections 
to be created not only at anatomical region at which the 
electrodes are placed but also in other regions [110–112].

This neuromodality has been used in stroke patients 
since 2005 to promote motor deficit recovery [113] and 
in patients with neuropsychiatric diseases and chronic 
neuropathic pain [114–116].

Previous studies have demonstrated the use of TDCS in 
neuropathic pain management through A delta fiber acti-
vation (as well as A beta fibers and sometimes C fibers) 
and through the spinothalamic pathway [117] with the 
use of 2 and 2.5 mA currents for 15–20 min, respectively 
[118].

The number of stimulation sessions, frequency, inten-
sity and stimulation region are important factors of treat-
ment to consider [119]. Sessions repeated every 24  h 
have higher efficacy than do single sessions due to the 
cumulative effect, and the effects are expected to last 
longer when TDCS is applied over longer periods of time, 
including a period of 2 weeks [120].

The characteristics of a neural action potential 
depend on the cathode and anode placement and the 
current of the electrodes. The cathode contributes 

Fig. 3 Transcutaneous electrical spinal cord stimulation—
Application of L2-L3 TESCS modality on a dog

Fig. 4 Transcutaneous electrical spinal cord stimulation—
Application of L2-L3 TESCS, according to the vertebral column 
geometric anatomy



Page 7 of 12Martins et al. Acta Vet Scand           (2021) 63:22  

to neuronal hyperpolarization and consequently to a 
reduction in neuronal excitability (Cathode TDCS), 
and the anode is responsible for the desired neuronal 
depolarization, allowing neuronal excitability to take 
place (Anode TDCS) [115, 116] (Fig. 5).

Thus, TDCS success depends on the interaction 
between the electrical current and geometrical param-
eters [121]. Stecker [8] found that cranial stimulation 
is a complex phenomenon that depends not only on 
cerebral geometry and the conductivity of intracra-
nial membranes but also on the complex skin and skull 
geometry, the cerebrospinal fluid and the brain, which 
are associated with the anisotropic conductivity of the 
different structures and their variability among patients 
[111].

TDCS effects can persist for five hours or sometimes 
more when the stimulation is applied for 10 to 30 min 
[7]. According to different authors, whenever TDCS is 
applied for longer than 10 min, with a current close to 
1 mA, the effects persist for at least one hour [113, 115].

The standard range of the current is usually between 
1 and 2  mA, and currents within this range lead to 
smaller peripheral side effects than do larger currents 
[122, 123] due to the electrochemical production of 
toxic substances at the electrode interface, which has 
been observed both in rats and in humans [115]. Addi-
tionally, this type of electrical current does not intend 
to achieve muscle contraction however can have some 
cumulative effects. However, the existing information 
on TDCS current intensification is limited [115, 122]. 
Thus, standard TDCS protocols performed in humans 
usually use 1 mA pulsed currents ramped up and then 
down over 30 s windows and 35   cm2 and 25   cm2 elec-
trodes [106, 113, 124], which are chosen to minimize 

the risk of unintended effects [125]. This stimulation 
can be applied for a duration of 20 min for 5 consecu-
tive days [125] (Fig. 6).

A study in rats used currents of up to 10 mA to increase 
cerebral cortex-modulated excitability, and there was 
no evidence of thermal secondary effects or neurotox-
icity. However, additional studies need to be conducted 
to determine the morphological long-term changes and 
the therapeutic effects of intensifying protocols without 
causing harmful effects [115].

In 2000, the neurophysiological mechanism of TDCS 
was presumed to be associated with motor cortex excit-
ability, which can induce changes in spinal cord excitabil-
ity [110]. TDCS induces changes in cerebral excitability 
by up to 40%, likely due to functional synaptic mecha-
nisms that are dependent on current intensity and stimu-
lation duration [126].

In 2003, research suggested that the neurophysiologi-
cal effects of TDCS are caused by ionic alterations at the 
cellular level, which lead to increased intracellular  Ca2+ 
concentrations. Additionally, in 2005, the same author 
suggested that TDCS can improve excitability-related 
changes in plasticity [95, 109, 127]. Thus, recent results 
from animal studies show that intracellular calcium  Ca2+ 
concentrations determine the magnitude of increase/
decrease in synaptic connections and that the strength 
of plasticity depends on the amount of calcium influx. 
Long and periods of  Ca2+ influx cause the depression of 
axonal synapses, and moderate periods of calcium influx 
do not induce synaptic modulation, whereas a large  Ca2+ 
influx increases the potentiation of synaptic modulation 
[128]. Additionally, glutamatergic activity with N-methyl-
d-aspartate (NMDA) receptors, which have  Ca2+ chan-
nel properties, has been proposed to be a possible 

Fig. 5 Application of TDCS modality on a dog—Anode localization 
near the brainstem region

Fig. 6 Transcranial direct current stimulation—TDCS protocol based 
on a 1 mA current for 20 min on a dog
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mechanism of induced plasticity [129]. In  vivo animal 
studies have revealed that the TDCS current impacts the 
neuronal firing rate, modifying synaptic efficacy at both 
the single-cell and network levels. Furthermore, TDCS 
generates static electric fields in the brain, whose cellular 
mechanisms are focused on the neuronal elements acti-
vated, such as glial and endothelial cells, as well as  Ca2+ 
influx-induced astrocytes [129].

Therefore, it is suggested that this type of synaptic 
modulation can be used to treat related brain diseases, 
such as neuropsychiatric diseases and chronic neuro-
pathic pain, in humans [106].

Human participants subjected to TDCS treatment 
described a tingling sensation in the anatomical regions 
of the two electrodes during current emission, particu-
larly in the initial stimulation phase. The same tingling 
sensations have been observed at the cranial level and are 
considered minimal, and patients should be able to adapt 
to the sensations within seconds [116, 120].

It seems that motor cortex excitability can modulate 
pain perception through indirect effects on the thalamic 
and subthalamic neuroanatomical regions. These fac-
tors may be responsible for the inhibition of nociceptive 
impulses in the spinal cord [120].

In human patients, there is recent evidence suggest-
ing that TDCS combined with TESCS may enhance the 
effects of robotic-assisted gait training [130]. The use 
of TDCS with FES should also be considered [131], and 
the combination of TDCS with conventional locomotor 
training appears to promote balance recovery. However, 
there is a need for additional studies on this topic [125].

In our daily veterinary practice, we use a protocol 
with similar parameters: a current intensity of 1–2  mA; 
a monophasic/biphasic pulsed rectangular current with 
ramp-up and ramp-down periods of 30 s; electrode sizes 
close to 25–35  cm2; a session duration of 20 min; and a 
treatment duration of 5 consecutive days (Figs. 5, 6).

Conclusions
Both human and small animal patients with SCI can ben-
efit from neurorehabilitation treatment. Dogs and cats 
that are DPP+ , as well as human patients with ASIA 
B/C/D impairment, may regain the ability to ambulate 
with only mild residual proprioceptive deficits with neu-
rorehabilitation treatment.

On the other hand, neurorehabilitation with multidis-
ciplinary protocols is important for dogs and cats that are 
DPP−, and different approaches, including some elec-
trical stimulation modalities, may help improve flexor–
extensor patterns by stimulating a peripheral component 
(FES) or central component (TDCS and TESCS).

This review was essential for understanding the poten-
tial of these modalities in veterinary medicine, addressing 

three major questions in regard to safety, clinical applica-
tions, and the parameters to be used.

Multidisciplinary protocols can benefit from these 
three electrical stimulation modalities, and the appropri-
ate method can be selected according to the neurologic 
deficits on an individual basis. Additionally, to increase 
repetitive training, these protocols are commonly com-
bined with locomotor exercises with an underwater 
treadmill, land treadmill and/or overground training. 
However, to determine the effects of these neurorehabili-
tation modalities in small animals, additional studies are 
needed.

Prior publication
Data have not been published previously.

Authors’ information
AM is a phD student of the Faculty of Veterinary Medi-
cine (University of Lisbon) that began to work in the field 
of animal physiotherapy in 2007, received a degree from 
the European School for Advanced Veterinary Stud-
ies (ESAVS) and became a Certified Canine Rehabilita-
tion Practitioner (CCRP). Currently, AM is a trainer and 
instructor for the same institution, affiliated with Ten-
nessee University, as well as an examinator for interna-
tional exams. AM has contributed to the field of animal 
rehabilitation in Portugal and given presentations inter-
nationally (including Spain, USA, Poland, Germany, Bra-
zil, Sweden and India). AM collaborates with academics 
in the neurology department at the University of Munich 
and presents work at many congresses on neurorehabili-
tation. Additionally, AM is an author of book chapters 
about the same topics. AM began studying human medi-
cine functional neurorehabilitation in 2015 during two 
post-graduate opportunities. AM is the clinical director 
of two major rehabilitation centers in Lisbon and Setu-
bal—CRAL, an ambulatory center with 15–20 patients 
per week, and CRAA, a hospitalization center with 
30–35 patients per week.

DG was a Master’s student of AM in the Faculty of Vet-
erinary Medicine (Lusófona University) and graduated in 
2016. DG has studied animal rehabilitation, collaborated 
on different projects on this field and worked in both 
rehabilitation centers listed above (CRAA and CRAL) 
since 2014.

AC graduated from Évora University in 2012. AC has 
worked with companion animals, especially regarding 
animal rehabilitation since 2011, and has worked directly 
with AM at both centers (CRAA and CRAL). Also, has 
become a CCRP and collaborated with international 
laboratories in this field and CCRP webinars with special 
focus on neurorehabilitation.



Page 9 of 12Martins et al. Acta Vet Scand           (2021) 63:22  

OG graduated from Faculty of Veterinary Medicine 
(University of Lisbon) in 2004 and is one of the main 
responsible for the imaging department of the Veteri-
nary Medicine Scholar Hospital, with focus on neuro-
logical imaging.

DM is a recognized university Professor from the 
University of Tennessee, founder of the CCRP course 
and an internationally known researcher in the areas of 
physical therapy and rehabilitation. Also, DM has pub-
lished in numerous peer-reviewed veterinary journals 
and is a co-editor of books in the mentioned field.

AF is a full Professor of the Faculty of Veterinary 
Medicine (University of Lisbon) and Clinical Director 
of the Veterinary Medicine Scholar Hospital. Also, is 
an author and co-author of many articles published in 
international journals, with focus on the fields of neu-
rology and imaging.

Abbreviations
ASIA: American Spinal Injury Association; CPG: Central pattern generator; DPP: 
Deep pain perception; DPP+: Deep pain perception positive; DPP−: Deep 
pain perception negative; FES: Functional electrostimulation; FNR: Functional 
neurorehabilitation; LMN: Lower motor neuron; mA: Milliampere; MS-TESCS: 
Multisegmental TESCS; RCV/M: Ventral horn/muscle reflex; RST: Reticulospinal 
descending motor tract; SBBSL: Spinal cord-brainstem-brain-spinal cord loop; 
SCI: Spinal cord injury; TDCS: Transcranial direct current stimulation; TESCS: 
Transcutaneous electrical spinal cord stimulation.

Acknowledgements
Not applicable.

Authors’ contributions
AM conceived the study and drafted the manuscript. DG, AC and OG partici-
pated in the literature search, selection of articles and critically commented on 
the manuscript. DM participated in the subsequent discussions and revisions 
of the main text. AF developed the primary idea and performed the final 
review of the manuscript. All authors read and approved the final manuscript.

Funding
This study was funded by Arrábida Veterinary Hospital.

 Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
This study did not require official or institutional ethical approval.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Animal Rehabilitation Center, Arrábida Veterinary Hospital, Azeitão, Setúbal, 
Portugal. 2 Faculty of Veterinary Medicine, Lusófona University, Campo Grande, 
Lisboa, Portugal. 3 Faculty of Veterinary Medicine, University of Lisbon, Lisboa, 
Portugal. 4 Department of Small Animal Clinical Sciences, University of Tennes-
see College of Veterinary Medicine, Knoxville, TN, USA. 

Received: 12 September 2020   Accepted: 27 April 2021

References
 1. Dobkin BH, Apple D, Barbeau H, Basso M, Behrman A, Deforge D, et al. 

Methods for a randomized trial of weight-supported treadmill training 
versus conventional training for walking during inpatient rehabilita-
tion after incomplete traumatic spinal cord injury. Neurorehabil Neural 
Repair. 2003;17:153–67.

 2. García-Alías G, Truong K, Shah PK, Roy RR, Edgerton VR. Plasticity of 
subcortical pathways promote recovery of skilled hand function 
in rats after corticospinal and rubrospinal tract injuries. Exp Neurol. 
2015;266:112–9.

 3. Lewis MJ, Jeffery ND, Olby NJ. Ambulation in dogs with absent pain 
perception after acute thoracolumbar spinal cord injury. Front Vet Sci. 
2020;7:560.

 4. Thomson C, Hahn C. Reflexes and motor systems. In: Thomson C, Hahn 
C, editors. Veterinary neuroanatomy: a clinical approach. Edinburgh: 
Elsevier; 2012. p. 47–57.

 5. Solopova IA, Selionov VA, Sylos-Labini F, Gurfinkel VS, Lacquaniti F, 
Ivanenko YP. Tapping into rhythm generation circuitry in humans dur-
ing simulated weightlessness conditions. Front Syst Neurosci. 2015;9:14.

 6. Li S, Francisco GE. New insights into the pathophysiology of post-stroke 
spasticity. Front Hum Neurosci. 2015;9:192.

 7. Nitsche MA, Paulus W. Sustained excitability elevations induced by 
transcranial DC motor cortex stimulation in humans. Neurology. 
2001;57:1899–901.

 8. Stecker MM. Transcranial electric stimulation of motor pathways: a 
theoretical analysis. Comput Biol Med. 2005;35:133–55.

 9. Uemura E. Motor system. In: Uemura E, editor. Fundamentals of canine 
neuroanatomy and neurophysiology. Iowa: Wiley; 2015. p. 257–85.

 10. Nathan PW, Smith M, Deacon P. Vestibulospinal, reticulospinal and 
descending propriospinal nerve fibres in man. Brain. 1996;119:1809–33.

 11. Ropper A, Samuels M, Klein J. Motor paralysis. In: Victor M, Ropper AH, 
Adams RD, editors. Adams and Victor’s principles of neurology. China: 
McGraw-Hill Education; 2014. p. 45–63.

 12. Dietz V. Spinal cord pattern generators for locomotion. Clin Neurophys-
iol. 2003;114:1379–89.

 13. Pang MY, Yang JF. The initiation of the swing phase in human infant 
stepping: importance of hip position and leg loading. J Physiol. 
2000;528:389–404.

 14. Roberts TT, Leonard GR, Cepela DJ. Classifications in brief: American 
Spinal Injury Association (ASIA) impairment scale. Clin Orthop Relat Res. 
2017;475:1499–504.

 15. Alexeeva N, Sames C, Jacobs PL, Hobday L, Distasio MM, Mitchell SA, 
et al. Comparison of training methods to improve walking in persons 
with chronic spinal cord injury: a randomized clinical trial. J Spinal Cord 
Med. 2011;34:362–79.

 16. Dobkin BH, Duncan PW. Should body weight-supported treadmill train-
ing and robotic-assistive steppers for locomotor training trot back to 
the starting gate? Neurorehabil Neural Repair. 2012;26:308–17.

 17. Duysens J, Van de Crommert HW. Neural control of locomotion; 
the central pattern generator from cats to humans. Gait Posture. 
1998;7:131–41.

 18. Meyns P, Van de Crommert HW, Rijken H, Van Kuppevelt DH, Duysens J. 
Locomotor training with body weight support in SCI: EMG improve-
ment is more optimally expressed at a low testing speed. Spinal Cord. 
2014;52:887–93.

 19. Sandler EB, Roach KE, Field-Fote EC. Dose-Response outcomes associ-
ated with different forms of locomotor training in persons with chronic 
motor-incomplete spinal cord injury. J Neurotrauma. 2017;34:1903–8.

 20. Winchester P, McColl R, Querry R, Foreman N, Mosby J, Tansey K, et al. 
Changes in supraspinal activation patterns following robotic locomotor 
therapy in motor-incomplete spinal cord injury. Neurorehabil Neural 
Repair. 2005;19:313–24.

 21. Field-Fote EC. Combined use of body weight support, functional 
electric stimulation, and treadmill training to improve walking ability in 
individuals with chronic incomplete spinal cord injury. Arch Phys Med 
Rehabil. 2001;82:818–24.



Page 10 of 12Martins et al. Acta Vet Scand           (2021) 63:22 

 22. Popovic DB, Popovic MB, Sinkjaer T. Neurorehabilitation of upper 
extremities in humans with sensory-motor impairment. Neuromodula-
tion. 2002;5:54–66.

 23. Thrasher T, Popovic M. FES-assisted walking for rehabilitation of incom-
plete spinal cord injury. In: Proceedings of the International functional 
electrical stimulation society conference. Queensland: Australia; 2003. 
p. 131–134.

 24. Popovic MR, Keller T. Modular transcutaneous functional electrical 
stimulation system. Med Eng Phys. 2005;27:81–92.

 25. Amsellem P, Toombs JP, Laverty PH, Breur GJ. Loss of deep pain 
sensation following thoracolumbar intervertebral disk herniation 
in dogs: treatment and prognosis. Compend Contin Educ Pract Vet. 
2003;25:266–74.

 26. Fingeroth J, Forterre F, Levine J. Compressive and contusive spinal cord 
injury secondary to intervertebral disc displacement: a clinical perspec-
tive. In: Fingeroth J, Thomas W, editors. Advances in intervertebral disc 
disease in dogs and cats. Oxford: Wiley; 2015. p. 131–4.

 27. Escalona M, Delivet-Mongrain H, Kundu A, Gossard JP, Rossignol S. Lad-
der treadmill: a method to assess locomotion in cats with an intact or 
lesioned spinal cord. J Neurosci. 2017;37:5429–46.

 28. Scott HW, McKee WM. Laminectomy for 34 dogs with thoracolumbar 
intervertebral disc disease and loss of deep pain perception. J Small 
Anim Pract. 1999;40:417–22.

 29. Jeffery ND, Levine JM, Olby NJ, Stein VM. Intervertebral disk degenera-
tion in dogs: consequences, diagnosis, treatment, and future directions. 
J Vet Intern Med. 2013;27:1318–33.

 30. Jeffery ND, Barker AK, Hu HZ, Alcott CJ, Kraus KH, Scanlin EM, et al. Fac-
tors associated with recovery from paraplegia in dogs with loss of pain 
perception in the pelvic limbs following intervertebral disk herniation. J 
Am Vet Med Assoc. 2016;248:386–94.

 31. Moore SA, Tipold A, Olby NJ, Stein V, Granger N. Current approaches to 
the management of acute thoracolumbar disc extrusion in dogs. Front 
Vet Sci. 2020;7:610.

 32. Fenn J, Olby NJ. Classification of intervertebral disc disease. Front Vet 
Sci. 2020;7:579025.

 33. Fletcher D, Dewey C, Da Costa R. Spinal trauma management. In: 
Dewey C, Da Costa R, editors. Practical guide to canine and feline 
neurology. London: Wiley; 2016. p. 423–5.

 34. Zidan N, Sims C, Fenn J, Williams K, Griffith E, Early PJ, et al. A rand-
omized, blinded, prospective clinical trial of postoperative rehabilitation 
in dogs after surgical decompression of acute thoracolumbar interver-
tebral disc herniation. J Vet Intern Med. 2018;32:1133–44.

 35. Couillard-Despres S, Bieler L, Vogl M. Pathophysiology of traumatic 
spinal cord injury. In: Weidner N, Rupp R, Tansey K, editors. Neurological 
aspects of spinal cord injury. Switzerland: Springer; 2017. p. 503–6.

 36. Olby N. Spinal trauma. In: Platt S, Garosi L, editors. Small animal neuro-
logical emergencies. London: CRC Press; 2011. p. 383–5.

 37. Olby N, Levine J, Harris T, Muñana K, Skeen T, Sharp N. Long-term 
functional outcome of dogs with severe injuries of the thoracolumbar 
spinal cord: 87 cases (1996–2001). J Am Vet Med Assoc. 2003;222:762–9.

 38. De Lahunta A, Glass E. General sensory systems: general proprioception 
and general somatic afferent. In: De Lahunta A, Glass E, Kent M, editors. 
Veterinary neuroanatomy and clinical neurology. Philadelphia: Elsevier; 
2014. p. 221–42.

 39. Muguet-Chanoit AC, Olby NJ, Lim JH, Gallagher R, Niman Z, Dillard S, 
et al. The cutaneous trunci muscle reflex: a predictor of recovery in 
dogs with acute thoracolumbar myelopathies caused by intervertebral 
disc extrusions. Vet Surg. 2012;41:200–6.

 40. Dietz V, Fouad K. Restoration of sensorimotor functions after spinal cord 
injury. Brain. 2014;137:654–67.

 41. Takeoka A, Vollenweider I, Courtine G, Arber S. Muscle spindle feedback 
directs locomotor recovery and circuit reorganization after spinal cord 
injury. Cell. 2014;159:1626–39.

 42. Knikou M, Mummidisetty CK. Locomotor training improves premo-
toneuronal control after chronic spinal cord injury. J Neurophysiol. 
2014;111:2264–75.

 43. Grasso R, Ivanenko YP, Zago M, Molinari M, Scivoletto G, Castellano V, 
et al. Distributed plasticity of locomotor pattern generators in spinal 
cord injured patients. Brain. 2004;127:1019–34.

 44. Lewis MJ, Yap PT, McCullough S, Olby NJ. The relationship between 
lesion severity characterized by diffusion tensor imaging and 

motor function in chronic canine spinal cord injury. J Neurotrauma. 
2018;35:500–7.

 45. Ballermann M, Fouad K. Spontaneous locomotor recovery in spinal cord 
injured rats is accompanied by anatomical plasticity of reticulospinal 
fibers. Eur J Neurosci. 2006;23:1988–96.

 46. Raineteau O. Plastic responses to spinal cord injury. Behav Brain Res. 
2008;192:114–23.

 47. Dimitrijevic M. Residual motor function after spinal cord injury. In: Dimi-
trijevic M, Kakulas B, McKay W, Vrbová G, editors. Restorative neurology 
of spinal cord injury. New York: Oxford University Press; 2012. p. 1–9.

 48. Tansey KE. Neural plasticity and locomotor recovery after spinal cord 
injury. PM R. 2010;2:S220-6.

 49. Kralj A, Bajd T, Turk R, Krajnik J, Benko H. Gait restoration in paraplegic 
patients: a feasibility demonstration using multichannel surface elec-
trode FES. J Rehabil R D. 1983;20:3–20.

 50. Holsheimer J. Computer modelling of spinal cord stimulation and its 
contribution to therapeutic efficacy. Spinal Cord. 1998;36:531–40.

 51. Liberson WT, Holmquest HJ, Scot D, Dow M. Functional electrotherapy: 
stimulation of the peroneal nerve synchronized with the swing 
phase of the gait of hemiplegic patients. Arch Phys Med Rehabil. 
1961;42:101–5.

 52. Granat MH, Heller BW, Nicol DJ, Baxendale RH, Andrews BJ. Improving 
limb flexion in FES gait using the flexion withdrawal response for the 
spinal cord injured person. J Biomed Eng. 1993;15:51–6.

 53. Pilkar RB, Yarossi M, Forrest G. Empirical mode decomposition as a tool 
to remove the function electrical stimulation artifact from surface elec-
tromyograms: preliminary investigation. In: 2012 annual international 
conference of the IEEE engineering in medicine and biology society. 
San Diego, CA: IEEE; 2012. p. 1847–50.

 54. Gallucci A, Dragone L, Menchetti M, Gagliardo T, Pietra M, Cardinali M, 
et al. Acquisition of involuntary spinal locomotion (spinal walking) in 
dogs with irreversible thoracolumbar spinal cord lesion: 81 dogs. JVIM. 
2017;31:492–7.

 55. Hamid S, Hayek R. Role of electrical stimulation for rehabilitation 
and regeneration after spinal cord injury: an overview. Eur Spine J. 
2008;17:1256–69.

 56. Fouad K, Tetzlaff W. Rehabilitative training and plasticity following spinal 
cord injury. Exp Neurol. 2012;235:91–9.

 57. McDonald JW, Becker D, Sadowsky CL, Jane JA Sr, Conturo TE, Schultz 
LM. Late recovery following spinal cord injury. Case report and review 
of the literature. J Neurosurg. 2002;97:252–65.

 58. Johnston TE, Greco MN, Gaughan JP, Smith BT, Betz RR. Patterns of 
lower extremity innervation in pediatric spinal cord injury. Spinal Cord. 
2005;43:476–82.

 59. Levine D, Bockstahler B. Electrical stimulation. In: Millis D, Levine D, edi-
tors. Canine rehabilitation and physical therapy. Philadelphia: Elseviers; 
2014. p. 342–56.

 60. Hubli M, Dietz V, Bolliger M. Spinal reflex activity: a marker for neuronal 
functionality after spinal cord injury. Neurorehabil Neural Repair. 
2012;26:188–96.

 61. Minassian K, Hofstoetter U, Tansey K, Mayr W. Neuromodulation of 
lower limb motor control in restorative neurology. Clin Neurol Neuro-
surg. 2012;114:489–97.

 62. Spaich E, Andersen O. Using painful sensory stimulation to improve 
the hemiparetic gait. In: Jensen W, Andersen O, Akay M, editors. In: 
Proceedings of the 2nd international conference of neurorehabilitation 
(ICNR): replace, repair, restore, relieve - bridging clinical and engineering 
solutions in neurorehabilitation. Aalborg: Springer; 2014. p. 165–67.

 63. Lavrov I, Gerasimenko YP, Ichiyama RM, Courtine G, Zhong H, Roy 
RR, et al. Plasticity of spinal cord reflexes after a complete transec-
tion in adult rats: relationship to stepping ability. J Neurophysiol. 
2006;96:1699–710.

 64. Lee HJ, Cho KH, Lee WH. The effects of body weight support treadmill 
training with power-assisted functional electrical stimulation on func-
tional movement and gait in stroke patients. Am J Phys Med Rehabil. 
2013;92:1051–9.

 65. Thompson A. Learning to change a reflex to improve locomotion. In: 
Jensen W, Andersen O, Akay M, editors. In: Proceedings of the 2nd 
international conference of neurorehabilitation (ICNR): replace, repair, 
restore, relieve—bridging clinical and engineering solutions in neurore-
habilitation. Aalborg: Springer; 2014. p. 179–85.



Page 11 of 12Martins et al. Acta Vet Scand           (2021) 63:22  

 66. Hamilton LD, Mani D, Almuklass AM, Davis LA, Vieira T, Botter A, et al. 
Electrical nerve stimulation modulates motor unit activity in contralat-
eral biceps brachii during steady isometric contractions. J Neurophysiol. 
2018;120:2603–13.

 67. Gerasimenko Y, Gorodnichev R, Moshonkina T, Sayenko D, Gad P, Reggie 
EV. Transcutaneous electrical spinal-cord stimulation in humans. Ann 
Phys Rehabil Med. 2015;58:225–31.

 68. Sayenko DG, Atkinson DA, Floyd TC, Gorodnichev RM, Moshonkina TR, 
Harkema SJ, et al. Effects of paired transcutaneous electrical stimulation 
delivered at single and dual sites over lumbosacral spinal cord. Neurosci 
Lett. 2015;609:229–34.

 69. Courtine G, Harkema SJ, Dy CJ, Gerasimenko YP, Dyhre-Poulsen P. 
Modulation of multisegmental monosynaptic responses in a variety 
of leg muscles during walking and running in humans. J Physiol. 
2007;582:1125–39.

 70. Lloyd DP. Mediation of descending long spinal reflex activity. J Neuro-
physiol. 1942;5:435–58.

 71. Minassian K, Persy I, Rattay F, Dimitrijevic MR, Hofer C, Kern H. Posterior 
root-muscle reflexes elicited by transcutaneous stimulation of the 
human lumbosacral cord. Muscle Nerve. 2007;35:327–36.

 72. Kitano K, Koceja DM. Spinal reflex in human lower leg muscles evoked 
by transcutaneous spinal cord stimulation. J Neurosci Methods. 
2009;180:111–5.

 73. Hofstoetter US, Minassian K, Hofer C, Mayr W, Rattay F, Dimitrijevic MR. 
Modification of reflex responses to lumbar posterior root stimulation by 
motor tasks in healthy subjects. Artif Organs. 2008;32:644–8.

 74. Danner SM, Hofstoetter US, Ladenbauer J, Rattay F, Minassian K. Can the 
human lumbar posterior columns be stimulated by transcutaneous spi-
nal cord stimulation? A modeling study. Artif Organs. 2011;35:257–62.

 75. Troni W, Di Sapio A, Berra E, Duca S, Merola A, Sperli F, et al. A methodo-
logical reappraisal of non invasive high voltage electrical stimulation of 
lumbosacral nerve roots. Clin Neurophysiol. 2011;122:2071–80.

 76. Akaza M, Kanouchi T, Inaba A, Numasawa Y, Irioka T, Mizusawa H, et al. 
Motor nerve conduction study in cauda equina with high-voltage 
electrical stimulation in multifocal motor neuropathy and amyotrophic 
lateral sclerosis. Muscle Nerve. 2010;43:274–82.

 77. Roy FD, Gibson G, Stein RB. Effect of percutaneous stimulation at differ-
ent spinal levels on the activation of sensory and motor roots. Exp Brain 
Res. 2012;223:281–9.

 78. Hofstoetter US, Freundl B, Binder H, Minassian K. Common neural 
structures activated by epidural and transcutaneous lumbar spinal cord 
stimulation: elicitation of posterior root-muscle reflexes. PLoS ONE. 
2018;13:e0192013.

 79. Hofstoetter U, Danner S, Minassian K. Paraspinal magnetic and transcu-
taneous electrical stimulation. In: Jaeger D, Jung R, editors. Encyclope-
dia of computational neuroscience. New York: Springer; 2014. p. 1–21.

 80. Ladenbauer J, Minassian K, Hofstoetter US, Dimitrijevic MR, Rattay F. 
Stimulation of the human lumbar spinal cord with implanted and 
surface electrodes: a computer simulation study. IEEE Trans Neural Syst 
Rehabil Eng. 2010;18:637–45.

 81. Shah PK, Garcia-Alias G, Choe J, Gad P, Gerasimenko Y, Tillakaratne N, 
et al. Use of quadrupedal step training to re-engage spinal interneu-
ronal networks and improve locomotor function after spinal cord injury. 
Brain. 2013;136:3362–77.

 82. Hofstoetter US, McKay WB, Tansey KE, Mayr W, Kern H, Minassian K. 
Modification of spasticity by transcutaneous spinal cord stimulation 
in individuals with incomplete spinal cord injury. J Spinal Cord Med. 
2014;37:202–11.

 83. Pinter MM, Gerstenbrand F, Dimitrijevic MR. Epidural electrical stimula-
tion of posterior structures of the human lumbosacral cord: 3. Control 
Of spasticity. Spinal Cord. 2000;38:524–31.

 84. Minassian K, Hofstoetter US, Danner SM, Mayr W, Bruce JA, McKay WB, 
et al. Spinal rhythm generation by step-induced feedback and trans-
cutaneous posterior root stimulation in complete spinal cord-injured 
individuals. Neurorehabil Neural Repair. 2016;30:233–43.

 85. Rejc E, Angeli C, Harkema S. Effects of lumbosacral spinal cord epidural 
stimulation for standing after chronic complete paralysis in humans. 
PLoS ONE. 2015;10:e0133998.

 86. Gad P, Gerasimenko Y, Zdunowski S, Turner A, Sayenko D, Lu DC, 
et al. Weight bearing over-ground stepping in an exoskeleton with 

non-invasive spinal cord neuromodulation after motor complete 
paraplegia. Front Neurosci. 2017;11:333.

 87. Estes SP, Iddings JA, Field-Fote EC. Priming neural circuits to modu-
late spinal reflex excitability. Front Neurol. 2017;8:17.

 88. Angeli CA, Edgerton VR, Gerasimenko YP, Harkema SJ. Altering spinal 
cord excitability enables voluntary movements after chronic com-
plete paralysis in humans. Brain. 2014;137:1394–409.

 89. Hofstoetter US, Krenn M, Danner SM, Hofer C, Kern H, McKay WB, 
et al. Augmentation of voluntary locomotor activity by transcutane-
ous spinal cord stimulation in motor-incomplete spinal cord-injured 
individuals. Artif Organs. 2015;39:E176-86.

 90. Yamaguchi T. Descending pathways eliciting forelimb stepping in the 
lateral funiculus: experimental studies with stimulation and lesion of 
the cervical cord in decerebrate cats. Brain Res. 1986;379:125–36.

 91. Cowley KC, Zaporozhets E, Schmidt BJ. Propriospinal neurons are 
sufficient for bulbospinal transmission of the locomotor command 
signal in the neonatal rat spinal cord. J Physiol. 2008;586:1623–35.

 92. Juvin L, Le Gal JP, Simmers J, Morin D. Cervicolumbar coordination in 
mammalian quadrupedal locomotion: role of spinal thoracic circuitry 
and limb sensory inputs. J Neurosci. 2012;32:953–65.

 93. Gerasimenko Y, Edgerton VR, Roy RR, Lu DC. Multi-site transcutaneous 
electrical stimulation of the spinal cord for facilitation of locomotion. 
U.S. Patent No. 9,993,642. 2018.

 94. Gerasimenko Y, Gorodnichev R, Puhov A, Moshonkina T, Savochin 
A, Selionov V, et al. Initiation and modulation of locomotor circuitry 
output with multisite transcutaneous electrical stimulation of the 
spinal cord in noninjured humans. J Neurophysiol. 2014;113:834–42.

 95. Nitsche MA, Schauenburg A, Lang N, Liebetanz D, Exner C, Paulus 
W, et al. Facilitation of implicit motor learning by weak transcranial 
direct current stimulation of the primary motor cortex in the human. 
J Cogn Neurosci. 2003;15:619–26.

 96. Hofstoetter US, Freundl B, Danner SM, Krenn MJ, Mayr W, Binder H, 
et al. Transcutaneous spinal cord stimulation induces temporary 
attenuation of spasticity in individuals with spinal cord injury. J 
Neurotrauma. 2020;37:481–93.

 97. Saito A, Masugi Y, Nakagawa K, Obata H, Nakazawa K. Repeatability 
of spinal reflexes of lower limb muscles evoked by transcutaneous 
spinal cord stimulation. PLoS ONE. 2019;14:e0214818.

 98. Awosika OO, Sandrini M, Volochayev R, Thompson RM, Fishman N, 
Wu T, et al. Transcutaneous spinal direct current stimulation improves 
locomotor learning in healthy humans. Brain Stimul. 2019;12:628–34.

 99. Ammendolia C, Côté P, Rampersaud YR, Southerst D, Schneider M, 
Ahmed A, et al. Effect of active TENS versus de-tuned TENS on walk-
ing capacity in patients with lumbar spinal stenosis: a randomized 
controlled trial. Chiropr Man Therap. 2019;27:24.

 100. Budgell BS, Sovak G, Soave D. TENS augments blood flow in soma-
totopically linked spinal cord segments and mitigates compressive 
ischemia. Spinal Cord. 2014;52(10):744–8.

 101. Inanici F, Samejima S, Gad P, Edgerton VR, Hofstetter CP, Moritz CT. 
Transcutaneous electrical spinal stimulation promotes long-term 
recovery of upper extremity function in chronic tetraplegia. IEEE 
Trans Neural Syst Rehabil Eng. 2018;26:1272–8.

 102. Milosevic M, Masugi Y, Sasaki A, Sayenko DG, Nakazawa K. On the 
reflex mechanisms of cervical transcutaneous spinal cord stimulation 
in human subjects. J Neurophysiol. 2019;121:1672–9.

 103. Dietz V. Proprioception and locomotor disorders. Nat Rev Neurosci. 
2002;3:781–90.

 104. Prada I. Neuroanatomia funcional em medicina veterinária com cor-
reções clínicas. São Paulo: Editora Terra Molhada; 2014.

 105. Schenkman M, Bowman J, Gisber R, Butler R, Giddings D, Sawyer 
S. Anatomia regional e suprimento sanguineo. In: Schenkman ML, 
Bowman JP, Gisbert RL, Butler RB, editors. Neurociência clinica e 
reabilitação. Barueri: Editora Manole; 2016. p. 27–9.

 106. Fregni F, Boggio PS, Lima MC, Ferreira MJ, Wagner T, Rigonatti SP, et al. 
A sham-controlled, phase II trial of transcranial direct current stimula-
tion for the treatment of central pain in traumatic spinal cord injury. 
Pain. 2006;122:197–209.

 107. Nitsche MA, Liebetanz D, Antal A, Lang N, Tergau F, Paulus W. Modula-
tion of cortical excitability by weak direct current stimulation–technical, 
safety and functional aspects. Suppl Clin Neurophysiol. 2003;56:255–76.



Page 12 of 12Martins et al. Acta Vet Scand           (2021) 63:22 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 108. Nitsche MA, Niehaus L, Hoffmann KT, Hengst S, Liebetanz D, Paulus W, 
et al. MRI study of human brain exposed to weak direct current stimula-
tion of the frontal cortex. Clin Neurophysiol. 2004;115:2419–23.

 109. Nitsche MA, Seeber A, Frommann K, Klein CC, Rochford C, Nitsche MS, 
et al. Modulating parameters of excitability during and after transcra-
nial direct current stimulation of the human motor cortex. J Physiol. 
2005;568:291–303.

 110. Ferrucci R, Mameli F, Guidi I, Mrakic-Sposta S, Vergari M, Marceglia 
S, et al. Transcranial direct current stimulation improves recognition 
memory in Alzheimer disease. Neurology. 2008;71:493–8.

 111. Ferrucci R, Marceglia S, Vergari M, Cogiamanian F, Mrakic-Sposta S, 
Mameli F, et al. Cerebellar transcranial direct current stimulation impairs 
the practice-dependent proficiency increase in working memory. J 
Cogn Neurosci. 2008;20:1687–97.

 112. Groppa S, Bergmann TO, Siems C, Mölle M, Marshall L, Siebner HR. 
Slow-oscillatory transcranial direct current stimulation can induce 
bidirectional shifts in motor cortical excitability in awake humans. 
Neuroscience. 2010;166:1219–25.

 113. Hummel F, Celnik P, Giraux P, Floel A, Wu WH, Gerloff C, et al. Effects of 
non-invasive cortical stimulation on skilled motor function in chronic 
stroke. Brain. 2005;128:490–9.

 114. Liebetanz D, Klinker F, Hering D, Koch R, Nitsche MA, Potschka H, 
et al. Anticonvulsant effects of transcranial direct-current stimula-
tion (tDCS) in the rat cortical ramp model of focal epilepsy. Epilepsia. 
2006;47:1216–24.

 115. Liebetanz D, Koch R, Mayenfels S, König F, Paulus W, Nitsche MA. Safety 
limits of cathodal transcranial direct current stimulation in rats. Clin 
Neurophysiol. 2009;120:1161–7.

 116. Antal A, Polania R, Schmidt-Samoa C, Dechent P, Paulus W. Transcranial 
direct current stimulation over the primary motor cortex during fMRI. 
Neuroimage. 2011;55:590–6.

 117. Sun Y, Zehr EP. Sensory enhancement amplifies interlimb cutaneous 
reflexes in wrist extensor muscles. J Neurophysiol. 2019;122:2085–94.

 118. Choi YA, Kim Y, Shin HI. Pilot study of feasibility and effect of anodal 
transcutaneous spinal direct current stimulation on chronic neuro-
pathic pain after spinal cord injury. Spinal Cord. 2019;57:461–70.

 119. Nitsche MA, Lampe C, Antal A, Liebetanz D, Lang N, Tergau F, et al. 
Dopaminergic modulation of long-lasting direct current-induced 
cortical excitability changes in the human motor cortex. Eur J Neurosci. 
2006;23:1651–7.

 120. Fregni F, Pascual-Leone A. Technology insight: noninvasive brain stimu-
lation in neurology-perspectives on the therapeutic potential of rTMS 
and tDCS. Nat Clin Pract Neurol. 2007;3:383–93.

 121. Nitsche MA, Paulus W. Excitability changes induced in the human 
motor cortex by weak transcranial direct current stimulation. J Physiol. 
2000;527:633–9.

 122. Liu A, Vöröslakos M, Kronberg G, Henin S, Krause MR, Huang Y, et al. 
Immediate neurophysiological effects of transcranial electrical stimula-
tion. Nat Commun. 2018;9:5092.

 123. Bestmann S, Walsh V. Transcranial electrical stimulation. Curr Biol. 
2017;27:R1258-62.

 124. Gandiga PC, Hummel FC, Cohen LG. Transcranial DC stimulation (tDCS): 
a tool for double-blind sham-controlled clinical studies in brain stimula-
tion. Clin Neurophysiol. 2006;117:845–50.

 125. Raithatha R, Carrico C, Powell ES, Westgate PM, Chelette Ii KC, Lee K, 
et al. Non-invasive brain stimulation and robot-assisted gait training 
after incomplete spinal cord injury: a randomized pilot study. NeuroRe-
habilitation. 2016;38:15–25.

 126. Rosenkranz K, Nitsche MA, Tergau F, Paulus W. Diminution of training-
induced transient motor cortex plasticity by weak transcranial direct 
current stimulation in the human. Neurosci Lett. 2000;296:61–3.

 127. Siebner HR, Lang N, Rizzo V, Nitsche MA, Paulus W, Lemon RN, et al. 
Preconditioning of low-frequency repetitive transcranial magnetic 
stimulation with transcranial direct current stimulation: evidence 
for homeostatic plasticity in the human motor cortex. J Neurosci. 
2004;24:3379–85.

 128. Fertonani A, Miniussi C. Transcranial electrical stimulation: what 
we know and do not know about mechanisms. Neuroscientist. 
2017;23:109–23.

 129. Samani MM, Agboada D, Kuo MF, Nitsche MA. Probing the relevance 
of repeated cathodal transcranial direct current stimulation over 
the primary motor cortex for prolongation of after-effects. J Physiol. 
2020;598:805–16.

 130. Picelli A, Brugnera A, Filippetti M, Mattiuz N, Chemello E, Modenese A, 
et al. Effects of two different protocols of cerebellar transcranial direct 
current stimulation combined with transcutaneous spinal direct cur-
rent stimulation on robot-assisted gait training in patients with chronic 
supratentorial stroke: a single blind, randomized controlled trial. Restor 
Neurol Neurosci. 2019;37:97–107.

 131. Seo HG, Lee WH, Lee SH, Yi Y, Kim KD, Oh BM. Robotic-assisted gait train-
ing combined with transcranial direct current stimulation in chronic 
stroke patients: a pilot double-blind, randomized controlled trial. Restor 
Neurol Neurosci. 2017. https:// doi. org/ 10. 3233/ RNN- 170745.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3233/RNN-170745

	Nervous system modulation through electrical stimulation in companion animals
	Abstract 
	Background
	Review
	Functional electrical stimulation as a neurorehabilitation therapeutic modality
	Transcutaneous electrical spinal cord stimulation as a neurorehabilitation therapeutic modality
	Transcranial direct current stimulation as a neurorehabilitation therapeutic modality

	Conclusions
	Prior publication
	Authors’ information
	Acknowledgements
	References




