
Transcranial direct current stimulation enhances foot sole 
somatosensation when standing in older adults

Junhong Zhou*,1,2,3,4, On-Yee Lo1,2,3, Lewis A. Lipsitz1,2,3, Jue Zhang*,4,5, Jing Fang4,5, and 
Brad Manor1,2,3

1Hebrew SeniorLife Institute for Aging Research, Roslindale, MA, USA

2Beth Israel Deaconess Medical Center, Boston, MA, USA

3Harvard Medical School, Boston, MA, USA

4Academy for Advanced Interdisciplinary Studies, Peking University, Beijing, China

5College of Engineering, Peking University, Beijing, China

Abstract

Foot-sole somatosensation is critical for safe mobility in older adults. Somatosensation arises 

when afferent input activates a neural network that includes the primary somatosensory cortex. 

Transcranial direct current stimulation (tDCS), as a strategy to increase somatosensory cortical 

excitability, may therefore enhance foot-sole somatosensation. We hypothesized that a single 

session of tDCS would improve foot-sole somatosensation, and thus mobility, in older adults. 

Twenty healthy older adults completed this randomized, double-blinded, cross-over study 

consisting of two visits separated by one-week. On each visit, standing vibratory threshold (SVT) 

of each foot and the timed-up-and-go test (TUG) of mobility were assessed immediately before 

and after a 20-minute session of tDCS (2.0 mA) or sham stimulation with the anode placed over 

C3 (according to the 10/20 EEG placement system) and the cathode over the contralateral 

supraorbital margin. tDCS condition order was randomized. SVT was measured with a shoe insole 

system. This system automatically ramped up, or down, the amplitude of applied vibrations and 

the participant stated when they could or could no longer feel the vibration, such that lower SVT 

reflected better somatosensation. The SVTs of both foot soles were lower following tDCS as 

compared to sham and both pre-test conditions (F(1,76)>3.4, p<0.03). A trend towards better TUG 

performance following tDCS was also observed (F(1,76)=2.4, p=0.07). Greater improvement in 

SVT (averaged across feet) moderately correlated with greater improvement in TUG performance 

(r=0.48, p=0.03). These results suggest that tDCS may enhance lower-extremity somatosensory 

function, and potentially mobility, in healthy older adults.
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Introduction

The foot soles are the only point of contact with the environment when standing and 

walking. Adequate foot sole somatosensation is thus critical to numerous aspects of 

mobility, including standing postural control, gait, postural transitions, turning and both 

planned and responsive motor adaptation to changing task constraints (Eils et al., 2002; Eils 

et al., 2004; Manchester et al., 1989; Lord et al., 1991). Previous studies have demonstrated 

that, for example, impaired ability to detect vibrations applied to the foot soles was 

correlated with worse standing balance (i.e., greater postural sway) and slower walking 

speed in healthy older adults and in those with multiple sclerosis or diabetic peripheral 

neuropathy (DPN) (Kristinsdottir et al., 2001; Citaker et al., 2011; Menz et al., 2004). 

Afferent inputs arising from mechanoreceptors in the feet are involved in the control of these 

behaviors via numerous spinal reflex arcs and supraspinal sensory integration. The 

conscious perception of somatosensory stimuli occurs when such afferent inputs activate a 

distributed cortical network that includes the primary somatosensory cortex (S1) (Gilbert & 

Sigman, 2007; Borich et al., 2015). It is now evident that in addition to peripheral nervous 

system degradation (Shaffer & Harrison, 2007), age-related somatosensory impairments 

arise in part from altered cortical activation in response to a given stimulus (Brodoehl et al., 

2013; Malandraki et al., 2011). As such, therapeutic strategies designed to facilitate the 

excitability of somatosensory brain networks hold great potential to enhance foot sole 

somatosensation—and ultimately improve mobility—in older adults.

Transcranial direct current stimulation (tDCS) is a non-invasive technology that modulates 

cortical excitability by inducing low amplitude current flow between two or more electrodes 

placed on the scalp (Nitsche & Paulus, 2000). In healthy young adults with intact 

somatosensory function, 20 minutes of continuous tDCS with the anode electrode placed 

over the left sensorimotor cortex (i.e., C3 of the 10/20 EEG electrode placement system) and 

the cathode over the contralateral supraorbital margin appears to improve the ability to 

detect and discriminate vibrotactile stimuli applied to a finger of the right hand, when tested 

immediately following stimulation (Ragert et al., 2008; Mori et al., 2013). We therefore 

contend that this type of tDCS may also serve as a noninvasive strategy to enhance weight-

bearing foot sole somatosensation in older adults. The aim of this study was to provide proof 

of this principle by examining the immediate effects of a single tDCS session on the ability 

to perceive vibrations applied to the foot soles when standing, as assessed by an 

instrumented shoe insole system. Our primary hypothesis was that tDCS, as compared to 

sham (i.e., control) stimulation, would decrease standing vibratory threshold (SVT) of the 

right foot sole; that is, improve somatosensation associated with the contralateral foot. We 

further hypothesized that tDCS-induced augmentation of foot sole SVT would correlate with 

improved performance in the timed up-and-go test of mobility.
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Material and Methods

Participants

Twenty healthy older adults (age=61±4 years, height=1.58±0.04 m, body mass=61±8 kg) 

were recruited and provided written informed consent as approved by the Institutional 

Review Board of Peking University First Hospital, Beijing. All participants were right-

handed as determined by the Edinburgh Handedness Inventory (Oldfield, 1971). Exclusion 

criteria included any self-reported musculoskeletal, neurological, or cardiovascular disorder; 

recent hospitalization, current use of any centrally-acting medication, and an inability to 

stand or walk without the use of an assistive device. We also excluded individuals who were 

unable to perceive vibrations applied to the foot soles, as delivered by an instrumented shoe 

insole at maximum output (See related section below for details).

Experimental protocol

Each participant completed two study visits at the same time of day separated by one week, 

during which SVT of each foot sole were assessed, along with mobility, immediately before 

and after a 20-minute session of tDCS. They received tDCS on one visit and sham 

stimulation on the other. The order of tDCS and sham stimulation was randomized, and both 

participants and study personnel were blinded to this order.

Determination of foot sole vibratory thresholds when standing

Foot sole vibratory thresholds were assessed with the participant standing. SVTs were 

measured by a vibratory insole system, which delivers vibrations varying randomly in 

frequency below 100 Hz (Lipsitz et al., 2015; Zhou et al., 2016; Miranda et al., 2016a; 

Miranda et al., 2016b). A full description of these vibratory insoles was previously reported 

(Lipsitz et al., 2015). Briefly, two urethane foam insoles, each containing two 2.5cm piezo-

electric actuators (C-2 Actuators, Engineering Acoustics, Winter Park, FL, USA), were 

placed on the ground beneath the participant’s bare feet, which were placed shoulder-width 

apart (Lipsitz et al., 2015). Before the first assessment, the outlines of the foot placement 

were traced on paper and this outline was used for all subsequent trials to ensure consistency 

of foot placement. A custom-developed software program enabled the amplitude of 

vibrations to be automatically ramped up or down in 1% increments between 0% and 100% 

of maximum output (Lipsitz et al., 2015; Zhou et al., 2016; Miranda et al., 2016a; Miranda 

et al., 2016b). Each foot sole was tested separately and the testing order was randomized 

across participants, visits and trials. During each trial, participants were instructed to press a 

button when they could feel, or no longer feel, the vibrations. This procedure was repeated 

three times for each foot sole to determine the vibratory threshold. Lower percentage of the 

insole output at which the vibrations could be felt (i.e., lower SVTs) reflected better 

somatosensation.

Timed-up and go test (TUG)

The TUG test measures the time taken to stand from a chair, walk forward three meters, turn 

around, walk back and return to a seated position (Podsiadlo, & Richardson, 1991). This 

common clinical test was chosen because it correlates with general mobility (Podsiadlo, & 
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Richardson, 1991) and is predictive of future falls (Shumway-Cook et al., 2000) in older 

adults. Participants completed two TUG trials (separated by one minute of rest), following 

determination of vibratory thresholds, both immediately before and after tDCS or sham 

stimulation. The averaged TUG time, where faster times reflect better mobility, was used for 

analysis.

tDCS

tDCS was administered by personnel uninvolved with any other study procedure. It was 

delivered with a battery-driven electrical stimulator (Chattanooga Ionto® Iontophoresis 

System) connected to a pair of saline-soaked 35 cm2 (7cm×5cm) synthetic surface sponges 

placed on the scalp. The anode was placed over left sensorimotor cortex, as defined by the 

C3 location of the 10/20 EEG electrode placement system (Boggio et al., 2008). The cathode 

was placed over the right supraorbital margin (Boggio et al., 2008) (Figure 1). The 

computational current flow model using standard head model indicated that the electrical 

field produced by this tDCS montage likely influenced the superficial and deep regions of 

the brain, including the foot regions of S1 (regions within the red circle in Figure 1). tDCS 

was administered for 20 continuous minutes at a target intensity of 2.0 mA. This dose of 

tDCS induces changes in cortical excitability lasting for at least 1.5 hours following 

stimulation (Nitsche & Paulus, 2001). Moreover, this intensity has been proven to be safe 

and well-tolerated by participants (Nitsche et al., 2008). At the beginning of stimulation, the 

investigator increased current manually from 0.1 to 2.0 mA in 0.1 mA increments over a 60 

second period. Participants were instructed to notify the investigator when they felt any 

uncomfortable sensations induced by the stimulation. The ramp-up procedure was stopped at 

this point. tDCS was then delivered for the remainder of the session at an intensity of 0.1 

mA below the highest level reached. Current was automatically ramped down to 0.0 mA 

over a 60-second period at the end of the session. The sham (i.e., control) condition utilized 

an “inactive” stimulation protocol (Davis et al., 2013). The same session duration, electrode 

montage and ramp-up procedures as tDCS were used; however, current was only delivered 

for 60 seconds following the initial ramp-up procedure. At this point, the current was 

automatically ramped back down to zero. This sham procedure has proven reliable as 

sensations arising from tDCS become negligible after the first 60 seconds of stimulation 

(Gandiga et al., 2006). At the end of each visit, participants completed a short questionnaire 

(Brunoni et al., 2011) to assess potential side effects. They were also asked to state if, in 

their opinion, they received tDCS or sham stimulation on that visit.

Statistical analysis

Analyses were performed with JMP Pro 12 software (SAS Institute, Cary NC). The efficacy 

of tDCS blinding was examined using Fisher’s exact test to determine if participants’ 

guesses of tDCS condition were correct to a greater degree than that expected by chance. 

Dependent variables included the SVT of each foot sole and TUG time. Variable normality 

was examined with the Shapiro-Wilk W test and homogeneity of variance was determined 

with the Levene test. Two-way repeated-measures ANOVAs were then used to analyze the 

effects of tDCS on SVT of foot soles and TUG time. Model effects included time (pre-, 

post-tDCS), condition (tDCS, sham) and their interaction. Tukey’s post-hoc testing was used 

on statistically significant models to identify differences between variable means within each 
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condition and time combination. Separate models were used for the SVT of each foot. Effect 

sizes were calculated using Cohen’s d.

To test the hypothesis that potential tDCS-induced increases in foot sole somatosensation 

would associate with an improvement in mobility, linear regression analyses were used to 

determine the relationship between the percent changes of SVT and the percent change in 

TUG time from pre- to post-tDCS. As both baseline foot sole SVT and the applied intensity 

of tDCS varied across participants, we further explored the potential influence of these two 

factors on observed tDCS-induced changes in foot sole somatosensation using linear 

regression analyses. Specifically, these tests were used to determine whether percent or 

absolute changes in SVT were dependent upon baseline vibratory thresholds, or applied 

tDCS intensity. Significance level was set to p<0.05 for all analyses.

Results

All 20 participants completed all study procedures. At baselines (i.e., prior to the 

administration of tDCS or sham stimulation), SVTs of the left and right foot soles were 

positively correlated with each other (r2>0.39, p<0.003). These data were normally 

distributed and exhibited homogeneity of variance.

The average current intensity of tDCS was 1.7±0.3 mA. Four participants received the 

maximum intensity of 2 mA. Stimulation was well-tolerated by all participants and no 

unexpected side effects or adverse events were reported. Participants were successfully 

blinded to stimulation condition. The percentage of correct “guesses” of condition were no 

more than that expected due of chance (30% correct rate after tDCS and 45% correct rate 

after sham, p = 0.51).

The effects of tDCS on standing foot sole vibratory sensation

tDCS improved vibratory detection thresholds. In fact, fifteen of 20 participants exhibited 

lower SVTs in both the right and left foot soles following real tDCS (Figure 2). Significant 

interactions were observed between time (pre-, post-stimulation) and condition (tDCS, 

sham) for SVTs of both the right (F(1, 76) =3.4, p=0.03, Cohen’s d=0.72) and left 

(F(1, 76)=4.6, p=0.01, Cohen’s d=0.67) foot soles (Figure 3A). Post-hoc analyses revealed 

that for both feet, SVTs were lower (i.e., better vibratory somatosensation) following tDCS 

as compared to following sham stimulation, as well as compared to both baseline conditions.

The average absolute decrease in SVT induced by tDCS was 6±7 units for the right foot sole 

and 5±7 units for the left foot sole (percent decrease: 21±20% for the right and 16±20% for 

the left). The tDCS-induced changes in SVTs were moderately correlated across feet 

(absolute change: r2=0.34, p=0.007; percent change: r2 =0.21, p =0.04, Figure 3B).

Those with higher baseline SVTs, when averaged across feet (i.e., worse sensory function) 

exhibited greater absolute decreases in the SVT (i.e., greater improvement of vibratory 

somatosensation) following tDCS (r2=0.40, p=0.002). Neither averaged percent nor absolute 

change in SVT was associated with applied current intensity (p>0.16).
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The effects of tDCS on mobility

The average time to complete the TUG test of mobility at baseline was 5.2±0.5 seconds, 

ranging from 4.3 to 6.4 seconds, suggesting that the current cohort of older adults had good-

to-excellent mobility. This variable was also normally distributed and exhibited homogeneity 

of variance across participants. A trend towards a significant interaction between time and 

condition was observed for this variable (F(1, 76)=2.4, p=0.07, Cohen’s d=0.66). The average 

percent decrease in the time needed to complete the TUG test following tDCS was 6.1±6.0% 

(0.3±0.3 seconds), while the percent change following sham stimulation was negligible 

(0.5±7.1%, or 0.01±0.4 seconds).

Relationships between tDCS-induced changes in standing foot sole vibratory sensation 
and mobility

As mobility depends upon somatosensation arising from both feet and the percent change in 

SVTs following tDCS was correlated across feet as described above, we examined the 

relationship between tDCS-induced changes in somatosensation and mobility by using the 

average percent change (from pre-to post-tDCS) in SVT across both feet. A moderate but 

significant correlation between the changes in SVT and TUG time following tDCS was 

observed. Participants who exhibited greater percent decreases in foot sole SVT also 

exhibited greater percent decreases in TUG time (r2=0.23, p=0.03, Figure 4).

Discussion

This double-blinded and sham-controlled study provided proof-of-principle that in healthy 

older adults, a single 20-minute session of tDCS, as compared to sham stimulation, 

enhanced vibratory somatosensation of both the right and left foot soles, when tested 

immediately following stimulation. Moreover, those participants who exhibited greater 

tDCS-related enhancement of somatosensory function tended to exhibit greater performance 

improvements in the TUG test of mobility. These results provide preliminary evidence that 

non-invasive modulation of cortical excitability may be an effective strategy to enhance 

lower-extremity somatosensation, and thus improve functional outcomes, in older adults.

The perception of a somatosensory stimulus is dependent upon the degree to which it 

activates the somatosensory cortical network within the brain (Fregni & Pascual-Leone, 

2007). The degree of cortical activation induced by a given stimulus is dependent upon the 

stimulus’s intensity, the integrity of the individual’s peripheral, spinal and subcortical neural 

circuitry, and the excitability of the involved cortical neurons (Adolphs et al., 2000; Maldjian 

et al., 1999; Goldberg et al., 2006). We previously demonstrated (Wang et al., 2015) that 

tDCS delivered with a similar montage as used in the current study increased activation of 

the left posterior paracentral lobule (including S1), as measured by fMRI, in response to 

relatively large and easily-perceivable pressure stimuli applied to the right foot sole that was 

designed to mimic those pressures experienced when walking. That result suggested that 

tDCS is capable of augmenting cortical activation in response to a relatively large, controlled 
stimulus. Ragert et al (2008) reported that 20 minutes of 1 mA tDCS with a similar montage 

increased spatial tactile acuity of the right hand index finger in healthy younger adults as 

measured by the grating orientation task. After tDCS intervention, participants were able to 
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discriminate the orientation of gratings of much smaller width as compared to sham and pre-

stimulation. Based upon this evidence and our current results, we contend that tDCS with the 

anode placed over C3 and the cathode over the contralateral supraorbital margin lowers the 

amplitude at which individuals are able to perceive vibrations beneath the feet when 

standing, presumably by augmenting somatosensory cortical activation in response to said 

stimuli.

In the current study, tDCS, which was delivered with the intent of increasing the excitability 

of the S1 foot region within the left hemisphere, resulted in improved vibratory perception of 

both the right and left foot soles. This result was somewhat unexpected, as activation of S1 

within one hemisphere is primarily associated with somatosensation on the contralateral side 

of the body, since a majority of the axons ascending from the limbs to S1 via the 

corticospinal tract decussate in the medulla. Still, up to 20% of these axons do not cross and 

instead ascend into the ipsilateral S1. As such, modulation of cortical excitability within the 

left S1 may have directly enhanced somatosensation of both foot soles (Kuypers, 1981; 

Boubker et al., 2012; Martin 2005).

The observed bilateral effect of tDCS may be due to at least two additional mechanisms. 

First, electrical current was delivered through relatively large sponge electrode placed on the 

scalp. As can be observed in the computational current flow model (Figure 1), the electrical 

field induced by tDCS likely influenced numerous regions in addition to the left S1. Several 

of these regions (e.g., the right S1, the motor cortex, secondary somatosensory cortex and 

supplementary motor area) are involved in the processing of bilateral somatosensory 

information (Mori et al., 2013; Zhang et al., 2005; Bachmann et al., 2010; Legon et al., 

2013). Second, S1 activation in one hemisphere influences S1 excitability in the opposite 

hemisphere via corticothalamic circuitry (Seyal et al., 1995; Blankenburg et al., 2008; 

Meehan et al., 2011). Blankenburg et al (2008), for example, demonstrated that transcranial 

magnetic stimulation (TMS) designed to facilitate right S1 excitability increased fMRI-

measured activation of the left S1 in response to stimuli applied to the right wrist and 

enhanced participant ability to detection these stimuli. Future studies are therefore needed 

that utilize sophisticated neuro-imaging and navigation techniques, together with smaller 

multi-electrode arrays to deliver more focal current flow (Ruffini et al., 2014), to better 

understand the observed bilateral effects of tDCS as administered in the current study.

Afferent feedback arising from mechanoreceptors in the foot soles is involved in both 

subcortical reflex loops and complex cortical circuity that are each critical to the control of 

walking, turning and postural transitions (Gilbert & Sigman, 2007; Borich et al., 2015; 

Shaffer & Harrison 2007; Scaglioni et al., 2002; Kavounoudias et al., 2001). Here, we 

observed that tDCS enhanced the conscious perception of vibratory tactile stimuli applied to 

the foot soles. This perception of foot sole stimuli is closely involved in the formation of the 

planned and responsive motor patterns necessary for completing motor tasks, especially 

maintaining one’s balance when standing or walking (Eils et al., 2002; Eils et al., 2004; 

Manchester et al., 1989; Lord et al., 1991). Biological aging from early adulthood into 

senescence is often associated with lower-extremity somatosensory decline that arises from 

alterations to both peripheral (e.g., decreased mechanoreceptor density (Bolton et al., 1966) 

and nerve conduction velocity) and central (e.g., altered excitability of the cortical network 
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(Bordoehl et al., 2013; Malandraki, et al., 2011)) elements of the somatosensory system. 

Age-related diseases, such as DPN or other peripheral nerve deterioration, often accelerate 

such deficits in both peripheral and central components of the somatosensory system 

(Selvarajah et al., 2014; Tesfaye & Selvarajah, 2012), causing the loss of balance and high 

risk of falling in everyday life (Meyer et al., 2004; Richardson et al., 1992). Here, we 

observed preliminary evidence that participants who exhibited greater enhancement in the 

ability to perceive foot sole vibratory stimuli when standing tended to also exhibit greater 

improvement in mobility. As observed correlations were moderate, future studies should 

confirm these results, and ultimately, explore the effects of tDCS on the cortical integration 

and utilization of sensory feedback during standing, walking, and other weight-bearing 

volitional movements.

Participants in this study were heathy older adults and their baseline TUG performance was 

quite good. As such, the ability to capture tDCS-induced improvements in mobility may 

have been limited by a “floor effect” in this test. Future studies implementing other types of 

mobility tests, as well as more sophisticated gait and balance assessments, are thus needed to 

fully study the effects of tDCS on more subtle elements of the neuro-motor control of these 

behaviors.

As this study focused on standing vibratory sensation, the effects of tDCS on other forms of 

lower-extremity somatosensation involved to the control of balance and mobility (e.g., 

pressure detection, joint position sense, etc.) should also be explored. Moreover, this study 

focused on the acute effects of a single session of tDCS on foot sole vibratory sensation and 

mobility. Several previous studies have demonstrated that multi-session tDCS intervention 

induces longer-lasting effects on sensory function as compared to a single session (Mori et 

al., 2013; Reis et al., 2009; Alonzo et al., 2015; Boggio et al., 2007). Mori et al (2013) 

demonstrated that, for instance, in patients with multiple sclerosis, five consecutive daily 

sessions of this type of tDCS at a target current intensity of 2.0 mA improved spatial 

discrimination thresholds on the hypoesthetic hand for at least two weeks following the 

intervention. Additional work is thus warranted to explore the longer-term effects of multi-

session tDCS on foot sole somatosensation and mobility in older adults.
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Figure 1. tDCS electrode placement and electrical current flow model
A pair of saline-soaked 35 cm2 (7cmX5cm) synthetic surface sponges were used. The anode 

was placed over the C3 location of the 10/20 EEG electrode placement system, which 

covered the left S1 region. The cathode was placed over the right supraorbital margin. A 

computational model based upon a standard head model was generated via Stimweaver 

technology (Miranda et al., 2013). This computational model indicated that the produced 

electrical field likely influenced numerous superficial and deep regions of the brain, 

including the foot regions of the primary somatosensory cortex (regions within the red 

circle). Warmer and cooler colors depict the normal component of the electrical field (nE, 

V/m) produced by this stimulation.
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Figure 2. Individual effects of tDCS and sham stimulation on standing vibratory thresholds of 
the left (A) and right (B) foot soles
Real tDCS decreased standing vibratory thresholds of the left foot sole in 16 of 20 

participants (A) and of right foot sole in 17 participants (B). In total, 15 participants 

exhibited lower thresholds of both foot soles following real tDCS. In contrast, only seven 

participants exhibited improvement in sensation of the left foot, and five for the right foot, 

following sham stimulation.
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Figure 3. The effects of tDCS on standing foot sole somatosensation
Real tDCS decreased standing vibratory thresholds of both the left and right foot soles (i.e., 

better somatosensation) as compared to sham stimulation and to both pre-tDCS conditions 

(F>3.4, p<0.03) (A). Observed enhancements in standing vibratory thresholds were similar 

between the left and right foot soles (r2 =0.21, p =0.04) (B). Errors bar reflect standard 

deviations and * indicates a significant tDCS condition by time interaction (p < 0.05).
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Figure 4. Relationships between tDCS-induced changes in standing foot sole somatosensation 
and mobility
Participants who exhibited greater average percent decrease in standing vibratory thresholds 

across the left and right foot soles (i.e., greater enhancement of foot sole somatosensation) 

following real tDCS also exhibited greater percent reduction in the time needed to complete 

the timed up-and-go test (i.e., greater improvement in mobility) (r2=0.23, p=0.03).
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