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Objective: To determine whether transcranial direct
current stimulation augments the analgesic effect
of breathing-controlled electrical stimulation in pa-
tients with spinal cord injury who have chronic neu-
ropathic pain.

Design: Sham-controlled, single-blinded, single-
centre, cross-over study of 12 participants with in-
complete spinal cord injury. The treatment protocol
included a 20-min transcranial direct current stimu-
lation (sham or active), followed by a 20-min brea-
thing-controlled electrical stimulation to the median
nerve on the dominant side. The treatment session
with sham or control transcranial direct current sti-
mulation was given on different days in a randomi-
zed order. Visual analogue scale was used to assess
neuropathic pain at baseline, 10 min after trans-
cranial direct current stimulation, and 10 min after
breathing-controlled electrical stimulation.

Results: Participants were blinded to the status of
transcranial direct current stimulation. Out of the 12
participants, 10 completed sessions of both sham
and active transcranial direct current stimulation,
while the other 2 completed only active transcranial
direct current stimulation and breathing-controlled
electrical stimulation treatment. Out of the 12 par-
ticipants, 7 showed analgesic effects after active
transcranial direct current stimulation, while sham
transcranial direct current stimulation produced
some analgesic effects in 4 out of 10 participants.
At the group level, there was no difference between
active and sham transcranial direct current stimula-
tion treatment. All except one participant responded
positively to breathing-controlled electrical stimula-
tion in all sessions. Visual analogue scale score for
pain decreased significantly after breathing-control-
led electrical stimulation combined with either ac-
tive transcranial direct current stimulation or sham
transcranial direct current stimulation treatment.
Conclusion: The immediate analgesic effect of brea-
thing-controlled electrical stimulation was confir-
med. However, this effect was not augmented after
one session of transcranial direct current stimula-
tion treatment.

*An abstract of this paper was presented as a scientific paper at the
Association of Academic Physiatrists (AAP) Annual Meeting, Atlanta,
GA, USA, during February 14-17, 2018.

(LAY ABSTRACT )
This study examined whether transcranial direct cur-
rent stimulation (tDCS) augments the analgesic effect
of breathing-controlled electrical stimulation (BreEStim)
in patients with spinal cord injury who have chronic neu-
ropathic pain. The same cohort of 12 subjects with spi-
nal cord injury received active or sham tDCS prior to a
single session of BreEStim treatment on a different day.
Both active and sham tDCS were found to have some
analgesic effects in some patients, but there was no dif-
ference at the group level. BreEStim had an immediate
analgesic effect; however, this effect was not augmen-
ted by the priming tDCS treatment. In summary, the
immediate analgesic effect of BreEStim was not aug-

@ented by one session of tDCS treatment. )
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europathic pain is an important contributor to suf-

fering, poor rehabilitation outcomes and reduced
quality of life in persons with spinal cord injury (SCI).
Several factors affect this situation. Neuropathic pain
is common (1-3). According to the US National Spinal
Cord Injury Statistical Center (https://www.nscisc.uab.
edu/), there are approximately 17,000 new cases of
SCI per year, resulting in an estimated total of 282,000
patients with SCI in the USA. Approximately 65-85%
of people with SCI experience neuropathic pain and, of
these, approximately 33% have severe neuropathic pain
(4). Neuropathic pain is difficult to manage (5). Phar-
macological interventions are the first line of treatment
(6), but are often associated with side-effects, such as
addiction, withdrawal, constipation, and sedation; all
of which may affect participation in activities of daily
living. Neuropathic pain does not resolve over time.
In contrast, many people with SCI report that the pain
continues, and even worsens, over time (7). There are
currently no effective pharmacological treatments for
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neuropathic pain. A number of pharmacological agents
have been recommended by the Neuropathic Pain
Special Interest Group (NeuPSIG) of the International
Association for the Study of Pain (8). Unfortunately,
opioids are currently the primary therapeutic options for
neuropathic pain after SCI (9). Surprisingly, only 7% of
responders in a postal survey reported that pharmaco-
logical treatment is effective (10). These challenges in
treating neuropathic pain after SCI probably contribute
to opioid overuse and the current epidemic of opioid
use (11). The US Senate recently passed the Compre-
hensive Addiction and Recovery Act (CARA), which
takes incremental steps to combat the epidemic, signing
it into law in July 2016 (12). To combat this epidemic
and to help manage neuropathic pain after SCI, in par-
ticular, further investigation of non-pharmacological
modalities is needed.

Different neuromodulation interventions have
been developed for pain management, such as trans-
cutaneous electrical nerve stimulation (TENS) (13),
electroacupuncture (14), spinal cord stimulation (15),
deep brain stimulation (16), and transcranial direct
current stimulation (tDCS) (17-19). tDCS is a pro-
mising non-invasive brain stimulation technique for
pain management, which uses weak electrical currents
applied through 2 oppositely-charged electrodes on the
scalp to induce neuroplastic changes. These changes
can alter pain perception in people with chronic pain,
such as those with SCI. A meta-analysis of different
neuromodulation techniques for pain management
after SCI identified 8 clinical trials that have used va-
rious neuromodulation techniques in the last 15 years
(20). Specifically, there were 3 tDCS, 2 transcranial
electrical stimulation (TES), 2 repetitive transcranial
magnetic stimulation (rTMS) and 1 TENS study. Over-
all, the effect was heterogeneous. However, patients
with SCI were most responsive to tDCS compared
with other interventions. Anodal tDCS targeting the
primary motor cortex (M1) is thought to specifically
modulate the excitability of cortico-thalamic pathways,
thus altering the sensory component of pain (21). This
hypothesis is supported by the findings of increased
sensory perception and pain threshold after anodal
tDCS targeting M1 (19). Furthermore, the analgesic
effect was better and longer-lasting when tDCS was
combined with visual illusion in patients with SCI (22).

Previously, we developed an innovative treatment
for the management of neuropathic pain, termed
breathing-controlled electrical stimulation (BreEStim)
(23, 24). This technique is based on research into the
systemic effects of human voluntary breathing on
motor function and pain perception (23-29). In the
BreEStim treatment (see details in (23)), human volun-
tary breathing triggers an external electrical stimulator

that delivers a single pulse of electrical stimulation to
a peripheral nerve, such as the median, ulnar, or radial
nerve. Following BreEStim treatment on one side,
pain thresholds increased without change in sensation
thresholds in both the treatment and contralateral sides
in pain-free healthy participants (30-32). Therefore,
the BreEStim mechanism is postulated to occur at the
central level, modifying how participants react to the
noxious stimuli, i.e. the affective response to the same
stimuli, or de-sensitization. In a previous study we
found that patients with SCI who have chronic neuro-
pathic pain demonstrate significant analgesic effects
after receiving BreEStim treatment (33).

Both tDCS and BreEStim interventions have been
shown to have analgesic effects in patients with SCI.
The current study investigated whether neuromo-
dulatory effects of tDCS could further augment the
immediate analgesic effects of BreEStim in patients
with SCI who have chronic neuropathic pain. It was
hypothesized that tDCS could augment the analgesic
effects of BreEStim treatment. Specifically, it was
expected that BreEStim combined with active tDCS
targeting M1 would result in a greater reduction in pain
than BreEStim alone in patients with SCI who have
chronic neuropathic pain.

METHODS

Participants

Twelve subjects with SCI (see Table I) from TIRR Memorial
Hermann Outpatient SCI Clinic were enrolled in the study.
All participants were assessed neurologically and referred by
SCI board-certified physicians according to the International
Standards for Neurological Classification of Spinal Cord Injury
(ISNCSCI) (34).

The inclusion criteria were: SCI participants who: (i) had
neuropathic pain after SCI with a score of 12 or above on the
LANSS scale Leeds Assessment of Neuropatic Symptoms and
Signs as in our previous study (33); (i7) were aged 18-75 years;
(iif) had chronic pain for >3 months, and; (iv) had been stable
on oral pain medications for the preceding 2 weeks. Participants
were allowed to continue their pain medication at the prescribed
dose and frequency. Patients were excluded if they: (i) were cur-
rently adjusting oral pain medication for neuropathic pain; (i7)
had non-neuropathic pain, e.g. shoulder pain due to wheelchair
use; (ii7) had a pacemaker (to avoid possible side-effects of
electrical stimulation); (iv) were not able to follow commands or
to provide consent; (v) had asthma or other pulmonary diseases;
or (vi) were not medically stable. Detailed information for the
participants is listed in Table I. The study was approved by the
Committee for the Protection of Human Subjects at the Univer-
sity of Texas Health Science Center at Houston. All participants
provided written informed consent. The study is registered at
https://clinicaltrials.gov (NCT03302793).

Experimental design

This study has a single-blinded, single-centre, sham-controlled,
crossover design (Fig. 1). The protocol included a 20-min tDCS
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Table I. Characteristics of participants and neuropathic pain

Age, Neurological History Injury
Subject years/sex Race Pain medications level ISNCSCI  (years) reason Neuropathic pain characteristics
1 53/F Hispanic Hydracodone/acetaminophen, C5 Incomplete 3 Surgery Left leg and right shoulder and arm: 7/10
gabapentin, fentanyl sharp pain, burning and throbbing; neck: 7/10
stiffness and burning pain
2 39/F White Pregabalin C6 Incomplete 15 MVA Blowing and light touching cause burning and
shooting pain on hands and index fingers on
both side; deep and sharp pain, burning on low
back down to right hip; tight muscles
3 24/M Hispanic Gabapentin C5 Incomplete 4 GSW Constant pins and needles pain 6/10 on right
forearm, aggregates moreiflight touch (clothes,
blanket) or air blow
4 45/M White Morphine C5 Incomplete 29 MVA 5-8/10 burning pain inside of both legs; 5-8
/10 both shoulder pain muscular, dulland aching
5 56/M White Gabapentin, trazadone, pregabalin, C7 Incomplete 37 Fall Mainly stinging &electrical shocks, also burning,
hydracodone/acetaminophen sharp shooting
6 56/M White Hydrocodone C4 Incomplete 10 MVA Both arms burning, pins and needles: 3-6/10
7 50/M White Pregabalin, duloxetine, trazadone, T12 Incomplete 9 GSW Burning tingling stabbing, sensitive to touch
tramadol on buttocks, thighs, calves and feet, especially
right side
8 31/F Hispanic Pregabalin Cc6 Incomplete 3 MVA Right upper arm (bottom part); 2 palms
burning pain
9 29/F White Pregabalin, duloxetine, T12 Incomplete 10 Fall Knees ant-crawling pain, legs stabbing, shooting
hydracodone/acetaminophen and electrical shocks
10 49/M Black Gabapentin, hydracodone/ Cc4 Incomplete 12 Fall Back throbbing, left leg tingling, pins and
acetaminophen needles
11 33/F White Tramadol, pregabalin, duloxetine C7 Incomplete 17 MVC Lower back, buttocks and legs burning,
tingling, pins and needles
12 56/M Black Hydracodone/acetaminophen c4 Incomplete 37 MVA Lower back, left leg and left foot throbbing

M: male; F: female; MVA: motor vehicle accident; GSW: gunshot wound; MVC: motor vehicle collision; ISNCSCI: International Standards for Neurological

Classification of Spinal Cord Injury.

(sham or active) to the current dominant primary motor cortex
(M1), followed by a 20-min BreEStim to the median nerve
(160 times) transcutaneously on the current dominant side.
Each combined intervention was given at least 3 days apart in
arandomized order (33). Ten participants completed both active
and sham tDCS sessions, while, due to scheduling issues, the
remaining 2 participants only completed active tDCS sessions.
Participants were blinded to the status of tDCS (sham or
active). Anodal tDCS targeting M1 (19) was used. During each
session, participants received either active or sham stimulation
to M1. A pair of surface sponge electrodes (35 cm?) were so-
aked in saline water and then applied to the scalp. The anode
electrode was placed over C3 according to the 10-20 system for
EEG electrode placement. The reference cathode electrode was
placed over the supraorbital area on the opposite side.
For all active tDCS conditions, direct current was

delivered by a specially developed, battery-driven, VAS

constant current stimulator (Soterix Medical, NY,
USA) with a maximum output of 10 mA. A constant
current of 2 mA was applied for 20 min (the effect
is usually expected to last 1-2 h after tDCS) (19).
BreEStim was then delivered after the 20-min tDCS
(active or sham).

The previous BreEStim protocol (30, 33) was used
in this study. Briefly, participants wore a facemask

airflow reached its threshold. The airflow rate was measured
with the Pneuotach system real-time. It is important to note that
the participants controlled the intensity of electrical stimulation,
increasing the intensity gradually if tolerated. Participants were
explicitly instructed that awareness of painful stimulation was
part of treatment protocol. The detailed protocol for BreEStim
is available at https://www.jove.com/video/50077/. To stan-
dardize, the total number of electrical stimuli was 160, with
sufficient rest allowed during the treatment as needed. The
BreEStim treatment took approximately 20 min. As in previous
studies, participants tolerated the procedure well.

The outcome measurement was a visual analogue scale
(VAS) for pain assessment. VAS has been extensively used and
validated (35). Each subject with SCI was given a standard and

Baseline VASlDCS VASBreEStim
Sham tDCS
20 min
s > ¢ 7 10 min_ | BreEStim | 10 mi
PR N _—> : Y min,
20 min
Active tDCS
20 min

connected to a Pneumotach system to record brea-
thing signals. Surface electrodes were trimmed and
placed transcutaneously over the median nerve 3 cm
above the wrist (for experimental set-up, see Fig.
1). In the BreEStim treatment, a single-pulse (pulse
width of 0.1 ms square wave) electrical stimulus
was triggered and delivered transcutaneously to the
median nerve, while participants were taking a fast,
strong, deep inhalation, similar to a deep breath, but
faster and stronger. The trigger threshold was set at
40% of peak airflow rate, i.e. the electrical stimulator
was triggered to deliver an electrical pulse when the

www.medicaljournals.se/jrm

Fig. 1. The experimental design and settings. Neuropathic pain was assessed
by visual analogue scale (VAS) at baseline (VAS
transcranial direct current stimulation (tDCS) (VAS
controlled electrical stimulation (BreEStim) (VAS

saseine)s 10 min after sham/active
) and 10 min after breathing-

tDCs

BreEStim) N
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detailed explanation of the VAS scoring system prior to any
intervention, and a card showing the scale and facial expres-
sions. In a previous study (33), we applied the VAS 10 min after
BreEStim. Similarly, in this study, VAS was applied at baseline
(VAS,, ine)» 10 min after tDCS (VAS ) and 10 min after
BreEStim (VAS, . . ) (Fig. 1). Participants were instructed to
self-assess and report the level of pain at the time of evaluation.
Therefore, VAS scores were reflective of immediate effects of
interventions (sham/active tDCS or BreEStim). It was reported
that the levels of pain were different in the different locations
of the body across patients with SCI (36). To assess the overall
analgesic effects of tDCS and BreEStim, VAS scores averaged
across different body locations were used as an index of the
global pain intensity in this study (33, 37). Participants were
instructed to maintain the same schedule for pain medications.
To minimize possible confounding effects of medications on the
interventions, both sessions (sham/active tDCS) were performed
at similar times of day in individual participants.

Statistical analysis

Statistical analysis of VAS is controversial (38). Both parame-
tric and non-parametric tests have been used for VAS scores
and both performed similarly (39). Although VAS is an ordinal
scale, it is considered to possess properties of interval and ratio
data, and can be analysed using parametric methods (40). The
current study used parametric tests for power calculation and
statistical analysis.

Power calculations were performed based on published data
on tDCS (20) and BreEStim (33). A meta-analysis comparing the
effects of tDCS treatment for neuropathic pain after SCI showed
a standardized effect size of 0.52 (20). Using a paired Student’s
t-test, and assuming the within-subject correlation to be 0.5, to
achieve a power of 0.8 with an alpha level of 0.05, we needed
to recruit 4 patients to be tested under both sham and active
tDCS conditions. To study the interactions between BreEStim
and tDCS, i.e. to compare the changes from post-tDCS to post-
BreEStim in groups of BreEStim + active tDCS and BreEStim
+ sham tDCS, we found that in BreEStim+sham tDCS group
(i.e. BreEStim alone in our previous study (33)), the VAS score
reduced by 2.6 (from 6.3 to 3.7, with an approximate standard
deviation (SD) of 1.5) (33). We hypothesized that active tDCS
would augment the BreEStim-induced analgesia. Therefore, we
assumed that in BreEStim + active tDCS group, the VAS score

10

e SUDJ 1

would be reduced by approximately 4, with a similar SD of 1.5.
Using the paired ¢-test with the same correlation, to achieve a
power of 0.8 with an alpha level of 0.05, we needed to recruit
10 patients to be tested under both sham and active tDCS.

Descriptive statistics were used for the characteristics of
participants with SCI. Within-subject repeated measures 2-way
analysis of variance (ANOVAs) were performed on the VAS sco-
res by interventions in the 10 participants who completed both
active and sham treatments. The factors were “Intervention” (2
levels, sham tDCS+BreEStim vs. active tDCS+BreEStim) and
“Time” (3 levels, baseline, post-tDCS, and post-BreEStim). In
all 12 participants who completed the active tDCS treatment, a
within-subject 1-way ANOVA was performed to assess whether
active tDCS and BreEStim had additive analgesic effects. Post-
hoc analyses were further performed to compare the individual
and combined analgesic effects. p<0.05 was chosen to indicate
statistically significant differences.

RESULTS

All participants tolerated the protocol well. Ten of
the 12 participants completed both sham and active
tDCS sessions, while the remaining 2 only completed
active tDCS and BreEStim treatment. As shown in
Fig. 2, 7 out of 12 participants had positive analgesic
responses to active tDCS, while sham tDCS produ-
ced analgesic effects in only 4 out of 10 participants.
However, BreEStim had immediate analgesic effects
in all except one subject. At the group level (Fig. 3),
there was no difference between active and sham
tDCS treatment. VAS decreased from 5.7 (VAS
ine) 10 S.I(VAS | ) after active tDCS, and from 6.0
(VAS,, .i.0) to 5.4 (VAS ) after sham tDCS. VAS
score decreased significantly after BreEStim in the
active tDCS group (VAS, ... 3.2) and in the sham
tDCS group (VAS g 3-5) (F, ;=45.96, p<0.00001)
(Fig. 3). For all 12 participants who completed active
tDCS and BreEStim, a main effect of Time was found
(F,,,=44.07, p<0.00001). Post-hoc tests showed no

Base-

2,22
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e SUbj 1

e subj 2

subj 11
subj 12

sham tDCS BreEstim

Baseline

bj 3
e subj 2
e subj 4
bj 3
e subj 5
e SUDJ 6
e subj 6
e sUbj 7
e sUbj 7
e SUDJ 8 .
e subj 8
subj 9
subj 9
——subj 10
e sUbJ 10

e subj 11
e subj 12

M1 tDCS BreEstim

Baseline

Fig. 2. Individual analgesic responses to combined sham (/eft) or active (right) transcranial direct current stimulation (tDCS) and breathing-controlled

electrical stimulation (BreEStim) therapy. VAS: visual analogue scale.
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Fig. 3. Mean analgesic responses to combined sham (black) or active
(grey) transcranial direct current stimulation (tDCS) and breathing-
controlled electrical stimulation (BreEStim) therapy. Visual analogue
scale (VAS) was assessed at baseline (VAS,_. ), 10 min after sham/
active tDCS (VAS, ) and 10 min after BreEStim (VAS . *Statistical
significance.

BreESt\m)

significant change in VAS after active tDCS (VAS .
5.9 vs. VAS | 5.3), but VAS decreased significantly

after BreEStim (VAS 3.1).

BreESti

DISCUSSION

In this study, a cohort of 12 participants with SCI who
had chronic neuropathic pain received active or sham
tDCS on different days prior to receiving BreEStim
treatment. Both active and sham tDCS produced some
analgesic effects in a subgroup of participants, but at
the group level, neither tDCS interventions produced
a significant analgesic effect. As seen in the previous
study (33), the current results confirm that BreEStim
produced immediate analgesic effects. No augmented
analgesic effects were observed in the combined tDCS
and BreEStim treatment.

Active vs. sham tDCS for neuropathic pain in spinal
cord injury

In this study, participants with SCI responded more
frequently after active tDCS than after sham tDCS for
neuropathic pain. However, no significant differences
were observed in analgesic effects between sham and
active tDCS interventions at the group level. This re-

www.medicaljournals.se/jrm

sult was inconsistent with previous studies. In general,
tDCS has moderate analgesic effects for neuropathic
pain after SCI, according to a meta-analysis (20). Pain
reduction of 1.33 units on a 10-item scale was found
post-tDCS treatment from pooled data in an SCI po-
pulation. However, results from the included studies
were heterogeneous. Many factors, such as history of
depression, duration of chronic pain after SCI, and
duration of treatment can influence the effectiveness
of tDCS treatment. Patients with SCI with a mean pain
duration <5 years had significant pain reduction after
tDCS treatment (17, 41, 42). In contrast, patients with
SCI with a pain duration >5 years did not benefit from
tDCS treatment (22, 43). These findings demonstrate
that patients with SCI with longstanding neuropathic
pain are refractory to tDCS treatment. In our cohort
of participants with SCI, 9 out of 12 participants had
a pain duration >5 years. This could explain why we
did not observe significant improvements at the group
level after active tDCS treatment.

It has been shown that, when combined with visual
illusion, tDCS treatment leads to augmented analge-
sic effects in patients with SCI, compared with tDCS
alone or visual illusion (VI) alone (22). In contrast, in
the current study, there was no difference in analgesic
effects between BreEStim with active tDCS or with
sham tDCS. The contrasting findings were probably
attributable to subject enrolment, rather than the
modality difference between illusion and BreEStim.
In Soler et al.’s study, 9 of 10 participants had a pain
duration of 5 years or less in the tDCS + VI group,
while the pain duration was longer than 5 years for the
majority of participants in the other 3 groups (tDCS,
VI, or placebo). This difference in pain duration among
experimental groups may explain the different outco-
mes, at least for tDCS vs tDCS+VI groups, as shown
by a meta-analysis highlighting the important role of
pain duration (20).

Comparisons between tDCS and BreEStim

In contrast to the observation that there was no dif-
ference in analgesic effects between active and sham
tDCS in patients with SCI who had chronic neuropathic
pain, BreEStim treatment had significant analgesic
effects post-treatment. The contrasting results sug-
gested different underlying mechanisms between 2
interventions for neuropathic pain after SCI. In this
study, a commonly used tDCS was adopted, including
2 mA anodal tDCS targeting M1 for 20 min (44). It is
known that anodal tDCS targeting M1 increases both
pain and sensory perception thresholds (19). A study
on positron emission tomography findings after anodal
tDCS to M1 reported decreased metabolism in dorso-
lateral prefrontal cortex and increased metabolism in
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medulla and anterior cingulate cortex and insula in
patients with SCI who had neuropathic pain (41). These
findings suggest that tDCS can modulate emotional
and cognitive components of pain.

BreEStim has been shown to increase the pain
threshold, without affecting the sensory perception
threshold, in a number of studies (30-32). As such,
BreEStim provides central de-sensitization effects and
thus analgesic effects for chronic neuropathic pain after
SCI (33, 45) and amputation (45). BreEStim-induced
analgesia and de-sensitization is probably related to
impaired memory consolidation of peripheral electri-
cal stimulation. Voluntary breathing activates cortical
and subcortical areas extensively, including the insula.
If peripheral aversive stimulation, such as electrical
stimulation, is given during activation of the insular
cortex, painful electrical stimulation is not remem-
bered, or is remembered to a lesser degree. In other
words, there is item-specific impairment of aversive
memory reconsolidation, i.e. anterograde amnesia (46).
In agreement with these findings, in the current study
participants with SCI reported electrical stimulation
during BreEStim was not sharp or aversive. This is pos-
sibly related to de-sensitization of painful stimulation.

Neuropathic pain after SCI is probably due to ma-
ladaptive plastic cortical reorganization and sensitiza-
tion of the central nervous system (CNS), although
this is poorly understood (3, 47-50). As a result of SCI
and partial/complete denervation of spinal neurones,
communication between the brain and the periphery is
partially or completely interrupted. Neuroplasticity at
the injury level can lead to recovery, but maladaptive
neuroplasticity, such as collateral sprouting, astrocytic/
microglia activation, and loss of descending inhibition,
also occurs at the spinal and supraspinal levels, leading
to CNS sensitization and subsequent central pain.
Because of its de-sensitization effects, BreEStim was
able to provide immediate analgesic effects for patients
with SCI who had longstanding chronic neuropathic
pain, while such relief was not always seen after tDCS.

Study limitations

The “negative” effect of tDCS in this study should not
be interpreted as “negative analgesic effects” of tDCS
treatment. It is more appropriate to interpret it as a lack
of immediate analgesic effect after 1 session of tDCS
treatment (51). This finding is probably attributable to
study design limitations. In contrast to previous studies
of the long-term use of tDCS (1~2 weeks), only one
session of active or sham tDCS was given in the current
study. Some cumulative effects may occur after a delay.
In a more recent study, Thibaut et al. (51) reported
analgesic benefits of a 5-day treatment with tDCS com-
pared with sham tDCS, measured at 4-week follow-up.

A long-term combined tDCS and BreEStim therapy in
the future will be able to better examine whether there
is a synergistic effect. Such study is better performed
in SCI participants with a shorter pain duration (<5
years), that tDCS-induced analgesia is evident (17, 41,
42). Further research is needed into whether there is
a synergistic effect in long-term combined tDCS and
BreEStim therapy. Such a study should be performed
in subjects with SCI with a shorter pain duration (<5
years), so that tDCS-induced analgesia is evident (17,
41, 42). Similarly, research into long-term BreEStim
treatment (5 days or more) is needed to elucidate pos-
sible cumulative analgesic effects.

Conclusion

An immediate analgesic effect occurs after BreEStim,
but not after active tDCS. No additive analgesic ef-
fect was observed in a combined tDCS and BreEStim
intervention for neuropathic pain after SCI.

ACKNOWLEDGEMENTS

This study was supported in part by NIH NICHD/NCMRR
R21HDO087128, R21HD090453, Mission Connect, a programme
of the TIRR Foundation (015-116). The authors thank Liang
Zhou, PhD, statistician and Associate Professor at the Center
for Clinical and Translational Sciences at McGovern Medical
School, University of Texas Health Science Center — Houston,
who performed power calculations.

Competing interests: Sheng Li holds US Patent No. 8,229,566
“’Method and Apparatus of Breathing-Controlled Electrical
Stimulation for Skeletal Muscles”, issued on 7/24/2012 and
U.S. Patent No. 8,588,919 “’Method and Apparatus of Brea-
thing-Controlled Electrical Stimulation for Skeletal Muscles”
Divisional of Application No. 12/146,176 (issued as U.S. Patent
8,229,566). Sheng Li was blinded to all experiments and had
no direct patient contact in this study.

REFERENCES

1. Burke D, Fullen BM, Stokes D, Lennon O. Neuropathic
pain prevalence following spinal cord injury: A systematic
review and meta-analysis. Eur J Pain 2017; 21: 29-44.

2. Werhagen L, Budh CN, Hultling C, Molander C. Neuropa-
thic pain after traumatic spinal cord injury - relations to
gender, spinal level, completeness, and age at the time
of injury. Spinal Cord 2004; 42: 665-673.

3. Finnerup NB. Pain in patients with spinal cord injury. Pain
2013; 154: S71-S76.

4. Siddall PJ, McClelland JM, Rutkowski SB, Cousins MJ]. A
longitudinal study of the prevalence and characteristics of
pain in the first 5 years following spinal cord injury. Pain
2003; 103: 249-257.

5. Woolf CJ, Mannion RJ. Neuropathic pain: aetiology, symp-
toms, mechanisms, and management. The Lancet 1999;
353: 1959-1964.

6. Hatch MN, Cushing TR, Carlson GD, Chang EY. Neuropathic
pain and SCI: identification and treatment strategies in
the 21st century. J Neurol Sci 2018; 384: 75-83.

7. Jensen MP, Kuehn CM, Amtmann D, Cardenas DD. Symp-
tom burden in persons with spinal cord injury. Arch Phys
Med Rehabil 2007; 88: 638-645.

J Rehabil Med 50, 2018



=
oc
==

JRM

JRM

820

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

S. Lietal.

O’Connor AB, Dworkin RH. Treatment of neuropathic pain:
an overview of recent guidelines. Am J Med 2009; 122:
S22-S32.

. Schomberg D, Miranpuri G, Duellman T, Crowell A, Vemu-

ganti R, Resnick D. Spinal cord injury induced neuropathic
pain: molecular targets and therapeutic approaches. Metab
Brain Dis 2015; 30: 645-658.

Finnerup NB, Johannesen IL, Sindrup SH, Bach FW, Jen-
sen TS. Pain and dysesthesia in patients with spinal cord
injury: a postal survey. Spinal Cord 2001; 39: 256-262.
Manchikanti L, Helm 2nd S, Fellows B, Janata JW, Pampati
V, Grider JS, et al. Opioid epidemic in the United States.
Pain Physician 2012; 15: ES9-ES38.

act Caar. http://nasadad.org/2016/07/comprehensive-
addiction-and-recovery-act-of-2016-s-524-as-passed-by-
house-and-senate-a-section-by-section-analysis/. 2016;
2016.

Norrbrink Budh C, Lundeberg T. Non-pharmacological pain-
relieving therapies in individuals with spinal cord injury:
a patient perspective. Complement Ther Med 2004; 12:
189-197.

Ulett GA, Han S, Han JS. Electroacupuncture: mechanisms
and clinical application. Biol Psychiatry 1998; 44: 129-138.
Finnerup NB, Yezierski RP, Sang CN, Burchiel KJ, Jensen
TS. Treatment of spinal cord injury pain. Pain Clin Updates
2001; 9: 1-6.

Murphy D, Reid DB. Pain treatment satisfaction in spinal
cord injury. Spinal Cord 2001; 39: 44-46.

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

Boggio PS, Zaghi S, Fregni F. Modulation of emotions as-
sociated with images of human pain using anodal trans-
cranial direct current stimulation (tDCS). Neuropsychologia
2009; 47: 212-217

Boggio PS, Zaghi S, Lopes M, Fregni F. Modulatory effects
of anodal transcranial direct current stimulation on per-
ception and pain thresholds in healthy volunteers. Eur ]
Neurol 2008; 15: 1124-1130.

Mehta S, McIntyre A, Guy S, Teasell RW, Loh E. Effecti-
veness of transcranial direct current stimulation for the
management of neuropathic pain after spinal cord injury:
a meta-analysis. Spinal Cord 2015; 53: 780-785.

Plow EB, Pascual-Leone A, MacHado A. Brain stimulation in
the treatment of chronic neuropathic and non-cancerous
pain. J Pain 2012; 13: 411-424.

Soler MD, Kumru H, Pelayo R, Vidal J, Tormos JM, Fregni F,
et al. Effectiveness of transcranial direct current stimula-
tion and visual illusion on neuropathic pain in spinal cord
injury. Brain 2010; 133: 2565-2577.

Li S. Breathing-controlled Electrical Stimulation (BreEStim)
for management of neuropathic pain and spasticity. J Vis
Exp: JoVE 2013: e50077.

Li S, Melton DH, Berliner JC. Breathing-controlled elec-
trical stimulation (BreEStim) could modify the affective
component of neuropathic pain after amputation: a case
report. J Pain Res 2012; 5: 71-75.

Li S, Laskin JJ. Influences of ventilation on maximal iso-
metric force of the finger flexors. Muscle Nerve 2006;
34: 651-655.

Li S, Park WH, Borg A. Phase-dependent respiratory-
motor interactions in reaction time tasks during rhythmic
voluntary breathing. Motor Control 2012; 16: 493-505.

Li S, Rymer WZ. Voluntary breathing influences corti-
cospinal excitability of nonrespiratory finger muscles. J
Neurophysiol 2011; 105: 512-521.

Li S, Yasuda N. Forced ventilation increases variability of
isometric finger forces. Neurosci Lett 2007; 412: 243-247.
Ikeda ER, Borg A, Brown D, Malouf J, Showers KM, Li S.
The valsalva maneuver revisited: the influence of voluntary
breathing on isometric muscle strength. J Strength Cond
Res 2009; 23: 127-232.

Li S, Berliner JC, Melton DH, Li S. Modification of electrical

www.medicaljournals.se/jrm

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

pain threshold by voluntary breathing-controlled electrical
stimulation (BreEStim) in healthy subjects. PLoS One
2013; 8: e70282.

Li S, Hu T, Beran MA, Li S. Habituation to experimentally
induced electrical pain during voluntary-breathing con-
trolled electrical stimulation (BreEStim). PLoS One 2014;
9: el04729.

Hu H, Li S, Li S. Pain modulation effect of breathing-
controlled electrical stimulation (BreEStim) is not likely
to be mediated by fast and deep voluntary breathing.
Scientific Reports 2015; 5: 14228.

Li S, Davis M, Frontera JE, Li S. A novel nonpharmacological
intervention - breathing-controlled electrical stimulation
for neuropathic pain management after spinal cord injury
— a preliminary study. J Pain Res 2016; 9: 933-940.
Kirshblum SC, Burns SP, Biering-Sorensen F, Donovan
W, Graves DE, Jha A, et al. International standards for
neurological classification of spinal cord injury (revised
2011). J Spinal Cord Med 2011; 34: 535-546.

McCarthy M, Jr., Chang CH, Pickard AS, Giobbie-Hurder A,
Price DD, Jonasson O, et al. Visual analog scales for as-
sessing surgical pain. J Am Coll Surg 2005; 201: 245-252
Miro J, Gertz KJ, Carter GT, Jensen MP. Pain location and
functioning in persons with spinal cord injury. PM R 2014;
6: 690-697.

Raichle KA, Osborne TL, Jensen MP, Cardenas D. The
reliability and validity of pain interference measures in
persons with spinal cord injury. J Pain 2006; 7: 179-186
.Kannan S, Gowri S. Visual analog scale: verify appropriate
statistics. Perspect Clin Res 2015; 6: 120.

Dexter F, Chestnut DH. Analysis of statistical tests to com-
pare visual analog scale measurements among groups.
Anesthesiology 1995; 82: 896-902.

Philip BK. Parametric statistics for evaluation of the visual
analog scale. Anesth Analg 1990; 71: 710.

Yoon EJ, Kim YK, Kim HR, Kim SE, Lee Y, Shin HI. Trans-
cranial direct current stimulation to lessen neuropathic
pain after spinal cord injury: a mechanistic PET study.
Neurorehabil Neural Repair 2014; 28: 250-259.
Ngernyam N, Jensen MP, Arayawichanon P, Auvichayapat N,
Tiamkao S, Janjarasjitt S, et al. The effects of transcranial
direct current stimulation in patients with neuropathic
pain from spinal cord injury. Clin Neurophysiol 2015;
126: 382-390.

Wrigley PJ, Gustin SM, McIndoe LN, Chakiath RJ, Hender-
son LA, Siddall P]. Longstanding neuropathic pain after
spinal cord injury is refractory to transcranial direct cur-
rent stimulation: a randomized controlled trial. Pain 2013;
154: 2178-2184.

Moreno-Duarte I, Morse LR, Alam M, Bikson M, Zafonte
R, Fregni F. Targeted therapies using electrical and mag-
netic neural stimulation for the treatment of chronic pain
in spinal cord injury. Neurolmage 2014; 85: 1003-1013.
Li S. Breathing-controlled electrical stimulation (BreEStim)
for management of neuropathic pain and spasticity. J Vis
Exp: JOVE 2013: e50077.

Stehberg J, Levy D, Zangen A. Impairment of aversive
memory reconsolidation by localized intracranial electrical
stimulation. Eur J Neurosci 2009; 29: 964-969.

Wrigley PJ, Press SR, Gustin SM, Macefield VG, Gandevia
SC, Cousins MJ, et al. Neuropathic pain and primary so-
matosensory cortex reorganization following spinal cord
injury. Pain 2009; 141: 52-59.

Brown A, Weaver LC. The dark side of neuroplasticity. Exp
Neurol 2012; 235: 133-141.

Watson JC, Sandroni P. Central Neuropathic Pain Syndro-
mes. Mayo Clinic Proceedings 2016; 91: 372-385.
KarriJ, Zhang L, Li S, Chen YT, Stampas A, Li S. Heart rate
variability: a novel modality for diagnosing neuropathic
pain after spinal cord injury. Front Physiol 2017; 8: 495.
Thibaut A, Carvalho S, Morse LR, Zafonte R, Fregni F.
Delayed pain decrease following M1 tDCS in spinal cord
injury: a randomized controlled clinical trial. Neurosci Lett
2017; 658: 19-26.



