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Bi-Anodal Transcranial Direct Current Stimulation Combined With Treadmill Walking Decreases Motor Cortical Activity in Young and Older Adults
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Background: Walking in the “real world” involves motor and cognitive processes. In relation to this, declines in both motor function and cognition contribute to age-related gait dysfunction. Transcranial direct current stimulation (tDCS) and treadmill walking (STW) have potential to improve gait, particularly during dual-task walking (DTW); walking whilst performing a cognitive task. Our aims were to analyze effects of combined anodal tDCS + STW intervention on cortical activity and gait during DTW.

Methods: Twenty-three young adults (YA) and 21 older adults (OA) were randomly allocated to active or sham tDCS stimulation groups. Participants performed 5-min of mixed treadmill walking (alternating 30 s bouts of STW and DTW) before and after a 20-min intervention of active or sham tDCS + STW. Anodal electrodes were placed over the left prefrontal cortex (PFC) and the vertex (Cz) using 9 cm2 electrodes at 0.6 mA. Cortical activity of the PFC, primary motor cortex (M1), premotor cortex (PMC), and supplementary motor area (SMA) bilaterally were recorded using a functional near-infrared spectroscopy (fNIRS) system. Oxygenated hemoglobin (HbO2) levels were analyzed as indicators of cortical activity. An accelerometer measured gait parameters. We calculated the difference between DTW and STW for HbO2 and gait parameters. We applied linear mixed effects models which included age group (YA vs. OA), stimulation condition (sham vs. active), and time (pre- vs. post-intervention) as fixed effects. Treadmill belt speed was a covariate. Partial correlation tests were also performed.

Results: A main effect of age group was observed. OA displayed higher activity bilaterally in the PFC and M1, unilaterally in the right PMC and higher gait variability than YA. M1 activity decreased in both YA and OA following active tDCS + STW. There was no overall effect of tDCS + STW on PFC activity or gait parameters. However, negative correlations were observed between changes in left PFC and stride length variability following active tDCS + STW intervention.

Conclusion: Increased activity in multiple cortical areas during DTW in OA may act as a compensatory mechanism. Reduction in M1 activity following active tDCS + STW with no observed gait changes suggests improved neural efficiency.
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INTRODUCTION

Walking ability is a sensitive indicator of health status in older adults (OA) (Studenski et al., 2011; Morris et al., 2016). Gait dysfunction is common in OA which decreases independence, heightens falls risk (Lord et al., 1996; Hausdorff et al., 2001; Verghese et al., 2009), increases health care costs (Heinrich et al., 2009), and results in an overall decreased quality of life (Lin et al., 2015). Age-related gait changes linked with increased falls risk include reduced gait speed and step length, and increased gait variability in comparison to young adults (YA) (Hausdorff et al., 2001; Verghese et al., 2009; Sawa et al., 2014; Aboutorabi et al., 2016). These gait parameters have also been associated with deficits in cognitive parameters such as executive function and attention in OA and are a potential indicator of cognitive impairment (Yogev-Seligmann et al., 2008; Morris et al., 2016). The interplay between cognition and gait is frequently assessed in the laboratory with a dual-task walking (DTW) paradigm: walking whilst simultaneously conducting a cognitive task. DTW attempts to replicate features of “real world” walking when a person walks whilst performing additional tasks. Age-related gait impairments have been reported to be more pronounced during DTW, referred to as cognitive-motor interference [i.e., difference between DTW and single-task walking (STW)] (Al-Yahya et al., 2011; Plummer-D’Amato et al., 2012). These findings emphasize the need to investigate strategies for gait rehabilitation in OA during DTW.

Physical training may improve mobility, cognition and promote functional and structural brain adaptations (Steinberg et al., 2018; El-Sayes et al., 2019). Additional interventions, such as transcranial direct current stimulation (tDCS), may also enhance mobility and cognition (Fregni et al., 2005; Javadi and Walsh, 2012; Zhou et al., 2014; Hurley and Machado, 2018; Manor et al., 2018; Steinberg et al., 2018). tDCS is a low-cost method of non-invasive brain stimulation involving the application of low-amplitude currents over cortical regions of interest to modulate cortical excitability, but insufficient to generate action potentials (Nitsche and Paulus, 2000; Nitsche et al., 2008). Briefly, a direct current device delivers low current (0.5–2 mA) through anodal (positive) and cathodal (negative) electrodes placed at specific locations on the scalp (Nitsche et al., 2008; Brunoni et al., 2012; Hurley and Machado, 2018). Anodal tDCS results in depolarization and cathodal tDCS in hyperpolarization of resting membrane potential, leading to increased neuronal excitability or reduced neuronal excitability, respectively (Nitsche and Paulus, 2000; Nitsche et al., 2008; Hurley and Machado, 2018). Previous studies have shown that anodal tDCS causes enhancement of neural activity, which can result in improvement of motor control and cognitive function (Fregni et al., 2005; Nitsche et al., 2008; Brunoni et al., 2012; Hurley and Machado, 2018; Manor et al., 2018). Since physical training and anodal tDCS can each independently improve gait and cognitive performance, applying both simultaneously may enhance outcomes and prolong effects (Fregni et al., 2005; Steinberg et al., 2018). Studies have demonstrated that acute physical training combined with anodal tDCS beneficially modifies gait parameters and cognition (Kaski et al., 2014b,a; Park et al., 2015; Manenti et al., 2016; Ishikuro et al., 2018). However, recent reviews of the literature (de Paz et al., 2019; Beretta et al., 2020) on the efficacy of combining physical training with anodal tDCS on gait were inconclusive. For example, a total of seven studies (Costa-Ribeiro et al., 2016, 2017; Kumru et al., 2016; Manenti et al., 2016; Fernández-Lago et al., 2017; Seo et al., 2017; Yotnuengnit et al., 2018) did not observe an improvement in walking performance after physical training combined with tDCS in patients with neurological disorders. The interpretation of such studies is limited by the fact that most previous studies applied tDCS over a single cortical area, typically either over the primary motor cortex (M1) or prefrontal cortex (PFC) (de Paz et al., 2019; Beretta et al., 2020). The efficacy of tDCS combined with physical training in gait rehabilitation therefore remains uncertain.

M1 and PFC play an important and specific role during walking. M1 is involved in the execution of movements (control of lower limb and trunk muscles) related to walking (Petersen et al., 2001, 2012), whilst the PFC has a modulatory function in the allocation of attention during gait (Koenraadt et al., 2014). In addition, M1 is the main contributor to the direct locomotor pathway, which is activated in the absence of pathologies or challenging situations (la Fougère et al., 2010; Herold et al., 2017). PFC is involved in the indirect locomotor pathway, which contributes more to gait control when the direct locomotor pathway is impaired, even during single-task walking (STW) (la Fougère et al., 2010; Herold et al., 2017). Studies assessing cortical activity using functional near-infrared spectroscopy (fNIRS) during different walking tasks provide evidence for the different roles of M1 and PFC. Previous studies have demonstrated that OA have higher prefrontal cortex (PFC) activity during STW compared to YA (Herold et al., 2017; Vitorio et al., 2017; Stuart et al., 2018; Pelicioni et al., 2019; Nóbrega-Sousa et al., 2020), which is increased during DTW (Herold et al., 2017; Vitorio et al., 2017; Stuart et al., 2018; Pelicioni et al., 2019; Nóbrega-Sousa et al., 2020). The increased PFC activity is theorized to be a cognitive compensation for age-related deficits (Cabeza et al., 2002; Bierre et al., 2017; Machado, 2021), recruiting additional cognitive resources, such as increased attention, during walking (Cabeza et al., 2002). Previous studies have indicated that increased M1 activity improves gait parameters (Koganemaru et al., 2018) and increased PFC activity improves cognitive function (Yanagisawa et al., 2010; Byun et al., 2014; Ji et al., 2019). Thus, M1 stimulation may facilitate the movement execution and PFC stimulation may promote greater cognitive resources for the task, which suggests that stimulation of both cortical areas may improve DTW performance.

In this study, we aimed to analyze the effect of a combined anodal tDCS (M1 and PFC stimulation) and treadmill walking intervention (tDCS + STW) on cortical activity (as measured by fNIRS) and gait parameters during DTW in YA and OA. As anodal tDCS is considered to increase excitability and facilitate the functional activation of M1 and PFC (Nitsche and Paulus, 2000), we hypothesized that activity in these areas would increase in both age groups during DTW following the anodal tDCS + STW intervention, but no such increases would occur in the control groups (following sham tDCS + STW). We also expected treadmill gait parameters during DTW in both OA and YA to improve (e.g., reduced gait variability) following the active tDCS + STW intervention but not in the control groups (following sham tDCS + STW), with greater benefits in OA, due to this group having greater gait impairments (Hausdorff et al., 2008; Yogev-Seligmann et al., 2008; Beurskens and Bock, 2012).



MATERIALS AND METHODS

This study used a double-blinded, randomized, and sham-controlled design. Ethical approval was granted by Newcastle University (ref. 6770/2018). We performed a power analysis, using data from a previous study investigating age-related differences in cortical activity, to determine the sample size of 7 necessary to detect a difference in HbO2 of 12% with a standard deviation of 7% and power of 0.8 (Vitorio et al., 2018). An increase of over 38% in HbO2 levels in the PFC has previously been reported following the application of single anodal tDCS to the PFC (da Conceição et al., 2021). A minimum sample size of 7 per group is therefore sufficient to detect anticipated changes in HbO2 following administration of tDCS.

Forty-four participants were recruited and assigned into two groups: healthy young adults (YA; n = 23) and healthy older adults (OA; n = 21). Prior to the experiment, OA and YA were randomly allocated to active tDCS intervention (active-OA and active-YA) or sham tDCS intervention (sham-OA and sham-YA) (Figure 1). The inclusion criteria were YA aged between 18–40 years and OA aged ≥60 years, able to walk unaided for 5-min and good English language comprehension. Exclusion criteria included cognitive impairment [Montreal Cognitive Assessment (MoCA) score ≤ 21], psychiatric co-morbidities, history of drug or alcohol abuse, chronic musculoskeletal, cardiovascular or respiratory disease affecting gait, implanted metal objects, and a history of seizures or any contraindication to tDCS. This study was conducted according to the declaration of Helsinki and all participants signed an informed consent form prior to testing.
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FIGURE 1. Participant recruitment flowchart. YA: young adults; OA: older adults; tDCS: transcranial direct current stimulation; fNIRS: functional near-infrared spectroscopy.



Study Design

Demographic characteristics and cognitive status were obtained for all participants at the beginning of the experiment. The MoCA was used to determine global cognitive function (Nasreddine et al., 2005). Fear of falling was assessed with the Falls Efficacy Scale - International (FES-I) score (Yardley et al., 2005). Participants also reported how many hours a week they exercised.

Participants performed two bouts of 5-min mixed treadmill walking before and after 20-min of tDCS + STW at self-selected speeds. We used the block design, adhering to previous recommendations for fNIRS studies (Herold et al., 2017; Vitorio et al., 2017). The 5-min mixed treadmill walking consisted of 10 trials of alternating 30 s STW and 30 s DTW bouts. The self-selected treadmill speed was maintained during the entire experiment and was determined by increasing belt speed until it was faster than the participants’ preferred speed, then reducing belt speed until preferred speed was achieved (Vitorio et al., 2018). This was conducted whilst participants were blinded to their walking speed. DTW consisted of a digit vigilance task, which required participants to walk while listening to random numbers (from 1 to 9) played over a loudspeaker for 30 s. The intervals between numbers were randomized to prevent gait synchronization. Following cessation of the numbers, participants stated how many odd or even numbers they had heard. Speech was minimized to prevent motion artifact contaminating the fNIRS signals. Immediately before walking commenced, participants were given the class of numbers (odd or even) they were required to count. The performance in the cognitive digit vigilance task was quantified by the absolute error (difference between the correct answer and the response given by the participant) and expressed in percentage (0% indicates that there is no error).



Transcranial Direct Current Stimulation and Treadmill Walking Intervention

The experimental setup is summarized in Figure 2. Participants performed a total of 20-min of single-task treadmill walking at self-selected speed combined with anodal tDCS. Only the experimenter that applied the tDCS was aware of the intervention allocation of the individual (active or sham) to ensure both the participant and other experimenters were blinded. The active group received anodal tDCS over Cz (i.e., the vertex, which overlies M1) and the left PFC, between AF3 to Fp1 (9 cm anterior and 3 cm lateral to Cz), on the 10/20 EEG system, using a 3 × 3 cm2 electrode. The cathode (5 × 5 cm2) was positioned over the right mastoid, contralateral to the left PFC (Figure 2A). We selected the left PFC because tDCS applied to this area acutely was observed to improve both cognitive (Andrews et al., 2011; Chrysikou et al., 2013; Vanderhasselt et al., 2013) and motor functions (Wrightson et al., 2015; Manor et al., 2018; Schneider et al., 2021). tDCS was applied using a battery-driven constant current stimulator (HDCStim, Newronika, Italy) with conductive paste to affix the electrodes to the scalp. tDCS was delivered at 0.6 mA for 20-min with a ramp-up of 10 s. We chose 0.6 mA because we used small tDCS electrodes (area 9 cm2). Thus, we decreased the intensity of the current to ensure that the current density (current strength divided by electrode size) was maintained at 0.067 mA/cm2, within the recommended safety limits (0.029–0.08 mA/cm2) (Nitsche et al., 2008). In the sham stimulation, the tDCS montage was the same, but the current ramped down 10 s after the beginning of stimulation. This procedure provided a similar sensation of active stimulation but did not induce neurophysiological changes (Nitsche et al., 2008). At the end of the experiment, the participants completed an adverse events questionnaire to monitor differences in the perception of the stimulation experienced during active and sham tDCS (Brunoni et al., 2011). The rating of perceived exertion scale (Borg scale) was applied at the beginning, middle and end of the intervention period (0, 10, and 20 min, respectively) to measure the participant’s effort and exertion.
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FIGURE 2. Experimental setup. (A) Transcranial direct current stimulation (tDCS) was positioned over the left prefrontal cortex (lPFC) and Cz (i.e., the vertex, which overlies the primary motor cortex - M1), following the 10/20 EEG system. After tDCS positioning, (B) a headcap with fNIRS optodes was positioned on the participants’ head. (C) Spatial registration of the 45-channels was calculated using a digitizer (FASTRAK) to confirm the optode position. (D) A tri-axial accelerometer was positioned over the 5th lumbar vertebra. Then, participants performed two bouts of 5-min mixed treadmill walking before and after 20-min treadmill walking combined with tDCS protocol. (E) Participants were randomly allocated to active tDCS intervention and received a 0.6 mA stimulation for 20-min, or sham tDCS intervention, and received a 0.6 mA stimulation for only 10 s. (F) The 5-min mixed treadmill walking consisted of 10 trials of alternating 30 s for both single task walking (STW) and dual task walking (DTW) bouts. HbO2 concentration from the STW was subtracted from the DTW to evaluate the relative change in HbO2 concentration (ΔDTW–STW). (G) Gait cycles were calculated using the accelerometer and the cognitive-motor interference was also calculated (difference between DTW and STW).




Functional Near-Infrared Spectroscopy Recordings and Processing

After tDCS positioning, a headcap with fNIRS optodes was positioned on the participants’ head. Both the fNIRS system and tDCS electrodes remained in place during the entire experimental protocol. We did not remove the fNIRS system during the intervention to ensure the consistency in the brain regions sampled pre- and post-intervention. Changes in oxygenated (HbO2) and deoxygenated hemoglobin (HHb) were recorded with a sampling frequency of 22.2 Hz using a tethered fNIRS optical imaging system (LABNIRS; Shimadzu, Kyoto, Japan), with continuous wave laser diodes with wavelengths of 780, 805, 830 nm. The optical density of the raw signal was converted into HbO2 and HHb using a modified Beer-Lambert Law. A 45-channel arrangement with 24 fiber optic optodes, consisting of 12 transmitters and 12 detectors, covered both hemispheres of the frontal lobe (Figures 2B–C). Emitter-detector distance was 30 mm. Participants wore a custom-made whole-head optode holder marked according to the international 10–20 EEG System (Figure 2B). A digitizer (FASTRAK, Polhemus, VT, United States) was used to register 3-dimensional coordinates of optodes and stimulation sites relative to landmarks (nasion, Cz, left and right pre-auricular points). The spatial registration was calculated using the free software package NIRS-SPM (Ye et al., 2009), which allows registration of fNIRS channel data onto the Montreal Neurological Institute standard space (Tsuzuki and Dan, 2014; Figure 2C). The brain regions of interest (ROI) measured included PFC (Brodmann areas 8, 9, 10, 45, and 46), PMC (Brodmann area 6, lateral), SMA (Brodmann area 6, medial), and M1 (Brodmann area 4) (Vitorio et al., 2018).

Processing of fNIRS followed previous recommendations (Vitorio et al., 2017). We selected the HbO2 concentration as it is the most sensitive indicator of walking-related changes in cortical activity (Suzuki et al., 2004; Harada et al., 2009). The fNIRS data were pre-processed using NIRS-SPM open source toolbox for MATLAB (Ye et al., 2009). A low-pass filter (cut-off 0.14 Hz) based on a canonical hemodynamic response function was used to reduce the high-frequency noise (Friston et al., 2000). A wavelet-minimum description length detrending algorithm was applied to decompose NIRS measurements into global trends, hemodynamic signals, and uncorrelated noise components as distinct scales (Jang et al., 2009). Pre-processed data were exported to MATLAB (MATLAB and Statistics Toolbox Release 2015a, The MathWorks, Inc., Natick, MA, United States), in which further data processing was performed using customized scripts. Firstly, HbO2 concentration signals were averaged per ROI (right and left PFC, PMC, SMA, and M1) and normalized by dividing them by corresponding signal amplitude (from minimum to maximum) value during the mixed treadmill walking (Koenraadt et al., 2014; Vitorio et al., 2018; Orcioli-Silva et al., 2020, 2021). Then, data were divided into two phases (Figure 2F): (i) a period running from 5 to 25 s of STW and (ii) a period running from 5 to 25 s of DTW. The initial 5 s and final 5 s of the tasks were removed due to the hemodynamic response phase lag (Vitorio et al., 2018). Subsequently, the normalized HbO2 concentration was averaged (in time) over the STW (20 s) and DTW periods (20 s) for each ROI and each trial. Normalized HbO2 concentration from STW was subtracted from the DTW to evaluate the relative change in HbO2 concentration (ΔDTW–STW) (Maidan et al., 2016; Mirelman et al., 2017; Vitorio et al., 2018; Nóbrega-Sousa et al., 2020; Orcioli-Silva et al., 2020, 2021). The fNIRS outcome measure, ΔHbO2, therefore represents the change in cortical activity during DTW compared to STW.



Gait Parameters Recordings and Processing

A tri-axial accelerometer (Axivity Ltd., Newcastle upon Tyne, United Kingdom), sampling at 100 Hz, positioned over the 5th lumbar vertebra, recorded trunk acceleration during the 5-min mixed treadmill walking before and after the intervention (Figure 2D). Gait parameters were extracted from the accelerometry data using previously validated algorithms (Del Din et al., 2016). Briefly, acceleration data were transformed to a horizontal-vertical coordinate system (Moe-Nilssen, 1998) and filtered with a fourth-order Butterworth filter (20 Hz) (Zijlstra and Hof, 2003; McCamley et al., 2012). Initial and final contact events within the gait cycle were estimated with a continuous wavelet transform (CWT) of the vertical acceleration which was first integrated and then differentiated using a Gaussian CWT. The initial and final contact events were detected as the local minima and maxima of the CWT, respectively (Del Din et al., 2016; Figure 2G). Both right and left heel strike were identified. Initial contact and final contact detection times were used to estimate the step, stance time (Del Din et al., 2016). Step/stride length was determined from the initial contact events through application of the inverted pendulum model described by Zijlstra and Hof (2003). We chose gait parameters that have been previously related to falls, such as the stance time ratio (Verghese et al., 2009), cadence (Lord et al., 1996), stride time variability (Hausdorff et al., 2001), and stride length variability (Verghese et al., 2009). We calculated the gait variability using the standard deviation from all steps (Del Din et al., 2016). Stance time ratio, also referred to as duty factor, is the ratio between the foot contact time and the stride time (Voigt et al., 2019). This parameter has important links to motor control system dynamics as well as to muscle metabolic energy expenditure (Beck et al., 2020). Gait speed was a covariate because we used a fixed treadmill speed for each individual. The difference between DTW and STW (ΔDTW–STW) for these selected gait parameters, which represents the cognitive-motor interference, was also calculated (Al-Yahya et al., 2011).



Statistical Analysis

Statistical analysis was performed using SPSS (v22, IBM, Armonk, NY, United States) for Windows. The level of significance was set at p ≤ 0.05. Characterization data were analyzed using two-way ANOVAs with age group (YA and OA) and stimulation condition (active vs. sham tDCS) as independent variables. Chi-square test was applied to compare difference in sex between age groups or stimulation condition. The Borg scale was analyzed using linear mixed effects models with age group, stimulation condition, intervention duration (0, 10, and 20 min), and interactions as fixed effects. Differences in DTW related changes in gait, HbO2 per ROI, and cognitive task were analyzed using linear mixed effects models. Fixed effects included were age group, stimulation condition, and time (pre- vs. post-intervention) with treadmill speed as a covariate. Post hoc tests with Bonferroni adjustment were used to localize the differences in significant main effects or interactions. Partial correlation tests were calculated separately for active and sham groups to explore the associations between gait parameters and cortical activity in response to intervention (ΔPOST–PRE), while controlling for treadmill velocity and age. The partial eta-squared (η2p: 0.01 = small, 0.06 = moderate, 0.14 = large) and Cohen’s d (d: 0.2 = small, 0.5 = moderate, 0.8 = large) statistic provided estimates of the effect sizes.




RESULTS

The characteristics of the participants are summarized in Table 1. The two-way ANOVA revealed a main effect of age group for body mass [F(1,38) = 27.37, p = 0.045, η2p = 0.113], preferred treadmill speed [F(1,38) = 27.37, p < 0.001, η2p = 0.419] and the Adverse Effects of tDCS Questionnaire [F(1,38) = 16.05, p < 0.001, η2p = 0.297]. OA had higher body mass compared to YA (77.0 ± 4.4 kg; 64.3 ± 4.2 kg); OA walked at a slower treadmill speed than YA (2.71 ± 0.17 ms–2; 3.87 ± 0.15 ms–2), OA showed lower scores (fewer adverse effects) on the Adverse Effects of tDCS Questionnaire than YA (10.58 ± 0.55; 13.56 ± 0.50). There was no significant effect of stimulation condition.


TABLE 1. Participant characteristics (Mean ± SD).
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 The linear mixed effects models showed a main effect of intervention duration (0, 10, and 20 min) for the Borg scale [F(2,108) = 10.398, p < 0.001, η2p = 0.161] (Figure 3). The perceived exertion increased throughout the tDCS + STW intervention with the Borg scale score being higher in the 10th min compared to 0 min (p = 0.015, d = 0.728) and in the 20th min compared to 0 min (p < 0.001, d = 1.007) and 10th min (p = 0.039, d = 0.409).
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FIGURE 3. Individuals (light gray lines) and means data (black lines) of perceived exertion scale (Borg) applied during 20-min treadmill walking combined with tDCS. &: indicates a main effect of intervention duration.


Linear mixed effects models did not show main effects of age group, stimulation condition, and time, in addition to interaction effects for the performance (% of error) in the cognitive digit vigilance task during DTW (Table 2).


TABLE 2. Means and standard deviation of dual task interference on gait parameters (ΔDTW–STW) and cognitive task error for pre- and post-intervention.
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 Data from some participants were excluded from analysis because of excessive fNIRS noise across all channels (one from sham-OA group), or because of problems with the accelerometer recordings (one from sham-OA group and one from sham-YA group). Hence, fNIRS analysis was based on n = 10 for the active-OA, n = 8 for the sham-OA, n = 12 for the active-YA, and n = 11 for the sham-YA. The accelerometer analysis was based on n = 10 for the active-OA, n = 8 for the sham-OA, n = 12 for the active-YA, and n = 10 for the sham-YA.


Effect of Transcranial Direct Current Stimulation Combined With Treadmill Walking on ΔHbO2 Levels

The linear mixed effects models showed a main effect of age group, with OA presenting higher ΔHbO2 in the left PFC [F(1,74) = 5.348, p = 0.024, η2p = 0.067], right PFC [F(1,74) = 11.859, p = 0.001, η2p = 0.138], right PMC [F(1,74) = 6.601, p = 0.012, η2p = 0.082], left M1 [F(1,74) = 4.579, p = 0.036, η2p = 0.058], and right M1 [F(1,74) = 4.084, p = 0.047, η2p = 0.052] compared to YA (Figure 4). In addition, an interaction effect between stimulation condition and time was found for ΔHbO2 in the left M1 [F(1,74) = 4.795, p = 0.032, η2p = 0.061] (Figure 4). Post hoc test showed that both OA and YA receiving active tDCS decreased left M1 ΔHbO2 after the tDCS + STW intervention compared to pre-intervention (p = 0.040, d = 0.615). No other main effects of age group, stimulation condition or time, or interaction effects, were found.
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FIGURE 4. Means and standard errors of change in oxygenated hemoglobin (ΔHbO2 = DTW periods minus STW periods) in pre- and post-intervention walking test of active-Older adults (n = 10), sham-Older adults (n = 8), active-Young adults (n = 12) and sham-Young adults (n = 11). # indicates significant main effect of age group and * indicates significant interaction between stimulation condition and time.




Effect of Age, Time, and Intervention on Dual-Task-Related Gait Changes

Gait parameters are presented in Table 2 and the summary of effects are presented in Table 3. A main effect of age group was observed for Δstride time variability [F(1,72) = 6.011, p = 0.017, η2p = 0.077] and Δstride length variability [F(1,72) = 14.572, p < 0.001, η2p = 0.168], with OAs presenting higher Δ values than YAs. There was a main effect of time for Δstride time variability [F(1,72) = 4.985, p = 0.029, η2p = 0.065], showing that the difference in stride time variability between DTW and STW (delta value) decreased in participants post-intervention compared to pre-intervention. An interaction between age group and time was found for Δstance time ratio [F(1,72) = 4.798, p = 0.032, η2p = 0.062] and Δstride time variability [F(1,72) = 5.928, p = 0.017, η2p = 0.076]. Post hoc tests showed higher Δstride time variability in pre-intervention for OA compared to YA (p = 0.001, d = 0.855). In addition, OA increased Δstance time ratio (p = 0.013, d = 0.645) and decreased Δstride time variability (p = 0.002, d = 1.001) in post-intervention compared to pre-intervention, while no change was observed for YA. No other main effects of age, stimulation condition or time, or interaction effects, were found.


TABLE 3. Summary of main effect and interactions in 3-way linear mixed models analyses of gait parameters.
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Association Between Change in Cortical Activity and Gait Parameters in Response to Intervention (ΔPOST–PRE)

A negative correlation was observed between ΔHbO2 in the left PFC and Δstride length variability for active groups (Figure 5). There were no other significant associations between ΔHbO2 and changes in gait parameters that occurred in any of the groups.
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FIGURE 5. Correlations between changes in oxygenated hemoglobin (ΔHbO2) in the left prefrontal cortex (PFC) activity and stride length variability in responses to active and sham tDCS stimulation (ΔPOST–PRE).





DISCUSSION

In this study we investigated the effects of combined anodal tDCS applied over M1 and PFC, and treadmill walking on cortical activity and gait parameters in YA and OA. Contrary to our hypothesis, we found that active anodal tDCS + STW decreased M1 activity in both YA and OA and did not modify gait parameters. A negative correlation was observed between changes in PFC activity and stride length variability.

A novelty of this study was to apply tDCS over two brain areas, M1 and PFC as previous studies have applied the stimulation to these areas separately. These regions were selected as DTW involves both motor and higher executive function control (Petersen et al., 2001, 2012; Koenraadt et al., 2014). Our main findings showed that M1 ΔHbO2 decreased following the active tDCS + STW intervention with no change in PFC. Previous studies have indicated that anodal tDCS increases excitability in the target area, due to postulated increased action potential firing rates, prolonged changes in membrane potential and decreased inhibitory interneural activity (Nitsche and Paulus, 2000; Nitsche et al., 2008; Murray et al., 2015; Hurley and Machado, 2018). Therefore, we expected to observe an increase in PFC and M1 activity. A possible explanation, according to the neural efficiency hypothesis, is that anodal tDCS may have improved the efficiency of M1 activity (Zarahn et al., 2007). Increased cortical activity has been considered a compensatory strategy for maintaining motor performance (Herold et al., 2017; Stuart et al., 2018). However, reduced cortical activity without changing motor performance demonstrates an improvement in neural efficiency, that is, individuals with higher neural ability display a lower energy consumption of the brain (Zarahn et al., 2007). Indeed, both YA and OA did not change the locomotor pattern post-intervention. Taken together, our findings showed that anodal tDCS over M1 contributes to improving neural efficiency to control walking when performing a cognitive task simultaneously.

A further possible explanation for decreased M1 activity after active tDCS + STW intervention is homeostatic metaplasticity. Bienenstock et al. (1982) developed a mathematical model, the Bienenstock–Cooper–Munro (BCM) theory, to describe modulation of synaptic excitability based on homeostatic metaplasticity of synapses. Homeostatic metaplasticity is a mechanism that maintains neuronal excitability within a physiological dynamic range (Murakami et al., 2012). This theory postulates that plasticity at a synapse is bidirectional, resulting in either long-term potentiation (LTP) or long-term depression (LTD), and that the threshold for induction of LTP versus LTD of synapses is not stable but dynamic (Bienenstock et al., 1982; Murakami et al., 2012). The BCM model states that prior excitation will elevate the excitation threshold and thus decrease the predisposition for excitation, whereas prior inhibition will lower the excitation threshold and thus increase the predisposition for excitation (Murakami et al., 2012; Hurley and Machado, 2017). Therefore, as both tDCS and treadmill walking increase cortical excitability, performing DTW after tDCS + STW may facilitate LTD (decreased M1 activity).

We did not observe statistical differences in PFC ΔHbO2, gait parameters or in the cognitive task following active tDCS + STW intervention. There are several possible explanations. Firstly, we have used a small electrode size (3 cm × 3 cm). A small electrode allows stimulating a more focal area while a large anodal electrode targets a more widespread region (Bikson et al., 2013; Thair et al., 2017). Stimulating not only the area underlying the anodal electrode, but also surrounding areas within the regions may enhance the tDCS benefits. For example, Chen and Machado (2017) using a 3 cm × 3 cm anodal electrode did not show benefits on saccadic eye movement behavior, but Chen et al. (2018) showed improvements in oculomotor control following tDCS using 5 cm × 7 cm anodal electrode. Secondly, the stimulation intensity may have been too low. We applied 0.6 mA, whereas most studies have used either 1.0 or 2.0 mA (de Paz et al., 2019; Beretta et al., 2020). We selected this intensity to ensure the current density was within the recommended safety limit of 0.029–0.08 mA/cm2 (Nitsche et al., 2008). The surface area of our anodal electrodes was 9 cm2 resulting in a current density of 0.067 mA/cm2. Several studies that used 1–2 mA also reported inconclusive results (de Paz et al., 2019; Beretta et al., 2020). While some studies have shown positive effects of stimulation combined with training in gait parameters (Kaski et al., 2014b,a; Park et al., 2015; Manenti et al., 2016; Ishikuro et al., 2018), others have not (Costa-Ribeiro et al., 2016, 2017; Kumru et al., 2016; Manenti et al., 2016; Fernández-Lago et al., 2017; Seo et al., 2017; Yotnuengnit et al., 2018). Although OA decreased stride time variability in the post-compared to pre-intervention, this was not related to active tDCS + STW, since both sham and active interventions presented a reduction. This indicates a training effect for OA, who are generally less familiar with treadmill walking than YA. Thirdly, studies that observed positive effects of anodal tDCS combined with training have investigated patients with neurological disorders, such as Parkinson’s disease and stroke (de Paz et al., 2019; Beretta et al., 2020). Fourthly, the lack of change in gait parameters following active tDCS + STW may be explained by the physically active participants who all performed more than 150 min of physical activity per week. A single session of 20 min treadmill walking combined with low current tDCS may therefore not be sufficient to induce gait changes (Silva et al., 2019). Specifically, regarding the cognitive task, a possible reason for no observed improvement could be the high cognitive functionality of the OA group (no difference in MoCA between age groups) and the floor effect (participants presented a low percentage of errors in the cognitive digit vigilance task – Table 2), reducing the amount participants could improve. We recommend the cognitive task is standardized by age group in future studies (de Rond et al., 2021). Taken together, further investigation is necessary to optimize tDCS protocols in gait rehabilitation.

Although the tDCS + STW intervention was not found to increase PFC HbO2, within the active tDCS groups, partial correlation showed that higher increases in PFC activity were associated with greater decreases in stride length variability. Our data also showed that OA presented higher activity bilaterally in the PFC and M1, and unilaterally in the right PMC compared to YA, which may reflect a mechanism to compensate for age-related decrease in gait automaticity (Stuart et al., 2018; Al-Yahya et al., 2019). In addition, OA presented higher gait variability than YA, which suggests reduced movement automaticity (Hausdorff et al., 2001; Verghese et al., 2009; Sawa et al., 2014; Aboutorabi et al., 2016). Taken together, these findings may indicate that the combined intervention could expand the availability of prefrontal executive-attentional resources to be allocated to the control of walking, leading to better movement automaticity (da Conceição et al., 2021).

A key strength of this study is the sham protocol, which was effective in blinding participants to the tDCS condition. Indeed, we did not observe a difference in the adverse events questionnaire between the sham and active groups, which confirms the participant blinding. Also, the concurrent assessment of multiple cortical areas (PFC, PMC, SMA, and M1) while walking together with gait parameters provides better understanding of aspects involved in the gait control and the potential mechanisms underlying gait improvements obtained with the combined intervention. However, this study presents some limitations. The small sample size is an important limitation resulting in low statistical power and may account for the lack of significant change in fNIRS signals, gait parameters and cognitive tasks following anodal tDCS. The small sample size may also have prevented us from finding other associations between changes in cortical activity and gait parameters. The absence of a control group who did not perform any of the intervention protocols or an isolated tDCS session limits our interpretations. The study only involved a single session rather than a series of sessions which may have provided significant longitudinal results (El-Sayes et al., 2019). The number of women and men in the groups was unbalanced. Previous studies have reported sex-specific cortical activation, which suggests that sex may affect fNIRS signals (Leon-Carrion et al., 2006; Li et al., 2010; Baker et al., 2016). Another limitation concerns the treadmill task. Previous studies have reported a significant difference in hemodynamic data when individuals walked on a treadmill compared to overground (Clark et al., 2014; Thumm et al., 2018) due to a treadmill acting as an external regulator of gait (Suzuki et al., 2004; Harada et al., 2009). There are limitations in recording fNIRS signals as we did not use short-separation channels to control for scalp blood flow. However, we applied Wavelet-MDL detrending to remove unknown global trends from our data, which has been shown to be acceptable (Jang et al., 2009; Herold et al., 2017; Vitorio et al., 2017). Another limitation is the use of a subjective scale (Borg) to assess exercise intensity. Although the Borg scale is a valid tool for monitoring exercise intensity (Scherr et al., 2013), an objective physiological measure (e.g., heart rate) would be more precise in order to ensure that all four groups experienced the similar intensity of walking (Chen et al., 2002). A further limitation is that the older adults who frequently volunteer for studies are often physically more active and cognitively higher functioning than is typical for their age group, which may have lessened the chances of the older adults benefiting from the active combined intervention due to less room for improvement relative to the general population. Therefore, we recommend addressing these limitations in future studies.

In conclusion, an intervention using anodal tDCS applied to both PFC and M1 cortical regions combined with STW decreased M1 cortical activity during DTW in both YA and OA. As gait parameters remained unchanged, this suggests an improvement in neural efficiency. In addition, higher increases in PFC activity after combined tDCS + STW intervention is related to better gait automaticity.
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