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Transcranial direct current stimulation (tDCS) modulates human behavior, neuronal patterns, and metabolite concentrations, with
exciting potential for neurorehabilitation. However, the understanding of tDCS-induced alterations on the neuronal level is incomplete,
and conclusions from young adults, in whom the majority of studies have been conducted, cannot be easily transferred to older popula-
tions. Here, we investigated tDCS-induced effects in older adults (N � 48; age range, 50 –79 years) using magnetic resonance spectroscopy
to quantify GABA levels as well as resting-state functional magnetic resonance imaging to assess sensorimotor network strength and
interhemispheric connectivity. In a randomized, counterbalanced, crossover design, we applied anodal tDCS (atDCS), cathodal tDCS
(ctDCS), and sham tDCS (stDCS) over the left sensorimotor region. We observed a significant reduction of GABA levels after atDCS
compared with stDCS, reflecting the preserved neuromodulatory effect of atDCS in older adults. Moreover, resting-state functional
coupling was decreased during atDCS compared with stDCS, most likely indicating augmented efficiency in brain network functioning.
Increased levels of interhemispheric connectivity with age were diminished by atDCS, suggesting stimulation-induced functional decou-
pling. Further, the magnitude of atDCS-induced local plasticity was related to baseline functional network strength. Our findings provide
novel insight into the neuronal correlates underlying tDCS-induced neuronal plasticity in older adults and thus might help to develop
tDCS interventions tailored to the aging brain.
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Introduction
Transcranial direct current stimulation (tDCS) has been shown
to modulate human behavior as a result of stimulation-induced

neuronal changes in brain activity, connectivity, and metabolite
concentrations (for review, see Nitsche et al., 2015; Fertonani and
Miniussi, 2016). Effective modulation of behavioral performance
through tDCS has been observed in various cognitive and motor
domains, with the majority of work focusing on healthy young
subjects (Nitsche et al., 2015; Perceval et al., 2016). Although
findings of tDCS-induced behavioral improvement are promis-
ing, its efficacy has been challenged (Horvath et al., 2015; Minarik
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Significance Statement

Transcranial direct current stimulation (tDCS) modulates human behavior, neuronal patterns, and metabolite concentrations,
with exciting potential for neurorehabilitation. However, the understanding of tDCS-induced alterations on the neuronal level is
incomplete, and conclusions from young adults cannot be easily transferred to older populations. We used a systematic multi-
modal imaging approach to investigate the neurophysiological effects of tDCS in older adults and found stimulation-induced
effects on GABA levels, reflecting augmented local plasticity and functional connectivity, suggesting modulation of network
efficiency. Our findings may help to reconcile some of the recent reports on the variability of tDCS-induced effects, not only
implicating age as a crucial modulating factor, but detailing its specific impact on the functionality of neural networks.
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et al., 2016), stressing the need to scrutinize the neurophysiolog-
ical effects of tDCS in specific conditions like aging and neuro-
logical diseases (Venkatakrishnan and Sandrini, 2012).

The concentration of brain metabolites such as GABA in the
human brain can be assessed with magnetic resonance spectros-
copy (MRS; Stagg et al., 2011; Puts and Edden, 2012; Mullins et
al., 2014). GABA as the principle inhibitory neurotransmitter is
associated with a variety of cognitive and neuronal functions
(Puts and Edden, 2012). In young adults, anodal tDCS (atDCS)
has been found to induce a reduction of GABA levels within
primary sensorimotor cortices (SM1; Stagg et al., 2009a; Kim et
al., 2014; Bachtiar et al., 2015), while cathodal tDCS (ctDCS) led
to a reduction of glutamate (Glu) levels with a correlated decrease
of GABA (Stagg et al., 2009a) or had no effect on MRS-assessed
metabolites (Kim et al., 2014). A local decrease of GABA levels in
SM1 is one of the prerequisites for synaptic plasticity, thus repre-
senting an important determinant of human motor learning
(Stagg and Nitsche, 2011; Stagg et al., 2011; Stagg, 2014). Further,
the degree of GABA responsiveness to atDCS correlated posi-
tively with learning and memory in the motor domain (Kim et al.,
2014). However, other studies have failed to detect atDCS effects
on GABA levels (Tremblay et al., 2016; Wilke et al., 2017).

Intrascanner tDCS allows concomitant assessment of func-
tional magnetic resonance imaging (fMRI; for pioneer work, see
Antal et al., 2011). Here, resting-state fMRI (rs-fMRI) has be-
come prominent in the probing of tDCS-induced functional con-
nectivity (FC) alterations independent of task-related activity
and performance (Fox and Raichle, 2007; Sehm et al., 2012). In
young adults, widespread connectivity changes have been re-
ported as a result of tDCS, with observations of both augmented
coupling within networks of interest (Stagg et al., 2009b; Keeser et
al. 2011; due to ctDCS, Amadi et al., 2014; due to atDCS, Bachtiar
et al., 2015) and reduced interhemispheric FC (due to atDCS,
Alon et al., 2011; Polanía et al., 2011a; Sehm et al., 2013). Two
recent studies combining MRS and fMRI approaches have
found an inverse association between sensorimotor network
(SMN) strength and local inhibitory tone within SM1 in
young adults (Stagg et al., 2014; Bachtiar et al., 2015).

Within the context of tDCS, not only as a tool in neuroscien-
tific research but also as a potential interventional means to
counteract age-related cognitive and neuronal deterioration like
in dementia and stroke, the study of older adults is of high rele-
vance (Crosson et al., 2015; Perceval et al., 2016). Because of
substantial age-related alterations in the older human brain with
regard to structure, connectivity, neurotransmitter levels, and
ability to induce long-term potentiation (Hedden and Gabrieli,
2004; Burke and Barnes, 2006; Bishop et al., 2010; Gutchess, 2014;
Sala-Llonch et al., 2015), stimulation effects on the neuronal level
may differ substantially from those in young healthy brains
(Meinzer et al., 2012, 2013; Perceval et al., 2016). Thus, elucidat-
ing the neuronal network patterns induced by tDCS in older
adults may help to pave the way toward the development of stim-
ulation protocols tailored specifically to the aging brain.

Here, we systematically investigated tDCS-induced effects
on the local and network level in older adults using MRS to
assess GABA levels and rs-fMRI to assess FC. We chose a well
established electrode montage, which has been reliably shown
in young adults to modulate motor learning (Nitsche et al.,
2003), as well as FC within the SMN and local inhibitory tone
of SM1 (Stagg and Nitsche, 2011; Sehm et al., 2013; Bachtiar et
al., 2015).

Materials and Methods
Participants and study design
Forty-eight healthy older adults [24 female; mean (SD) age/age range, 63
years (8 years)/50 –79 years] participated in the study. All were native
German speakers, had no history of neurological or psychiatric disorders,
and did not take CNS-acting medication. Smoking was not an exclusion
criterion, but the proportion of smokers in the study sample was low
(with 5 active smokers among 48 participants). Participants underwent
neuropsychological testing before study inclusion to assure normal cog-
nitive functioning [CERAD-Plus Test Battery, Consortium to Establish a
Registry for Alzheimer’s Disease, �https://www.memoryclinic.ch�]. Per-
formance levels on all cognitive domains lay within age- and education-
related norms. Participant characteristics, including demographic and
cognitive testing performance data, are presented in Table 1. The study
was approved by the Ethics Committee of the Charité Universitätsme-
dizin and conducted in accordance with the Declaration of Helsinki.
Written informed consent was obtained from all participants before
participation.

All older adults participated in three sessions where atDCS, ctDCS, or
sham tDCS (stDCS) was applied. Participants, the investigators perform-
ing the MRS/fMRI experiments and MRS data analyses, were blinded to
the stimulation condition. The order of stimulation conditions was
counterbalanced across subjects, and sessions were separated by at least 1
week. In each session, MRS measurement was acquired before and after
tDCS, and resting-state fMRI was assessed during the 15-min tDCS
application (Fig. 1A).

tDCS
Direct current stimulation was delivered through a battery-driven MRI-
compatible stimulator (neuroConn DC-Stimulator Plus, neuroCare
Group) positioned outside the scanner room. Two filter boxes, absorbing
radio frequency noise, were placed between stimulator and electrodes
inside and outside the scanner and 5 k� resistors were included in each
electrode cable. This setting has been described previously in detail (Lin-
denberg et al., 2013; Meinzer et al., 2014). The “active” electrode (anode
during atDCS and cathode during ctDCS) was inserted into a 5 � 7 cm 2

saline-soaked synthetic sponge and centered over the left SM1 (Fig. 1B).
The reference electrode (10 � 10 cm 2) was positioned over the contra-
lateral (right) supraorbital region. Electrode positions were individually
determined according to the 10 –20 EEG system (active electrode cen-
tered over C3). Electrode placements were verified both on the localizer
scan in the beginning of MRI assessment and on each individual T1-

Table 1. Participant characteristics

Whole group
(N � 48)

YO group
(N � 24)

OO group
(N � 24)

Age, years 63.3 (8.0) 56.6 (4.4) 70.0 (4.1)*
Education, years 15.1 (2.5) 15.3 (2.5) 14.9 (2.5)
Handednessa 90.2 (24.4) 86.7 (32.8) 93.8 (10.6)
Semantic fluency, N 23.6 (5.6) 23.7 (6.2) 23.5 (5.2)
Boston Naming Test, N (maximum 15) 14.7 (0.5) 14.8 (0.4) 14.6 (0.5)
Mini-Mental State (maximum 30) 29.3 (0.9) 29.4 (0.8) 29.2 (0.9)
Word list learning, N

Total 22.4 (3.4) 22.9 (2.7) 21.9 (3.9)
Trial 1 5.9 (1.5) 6.1 (1.3) 5.8 (1.7)
Trial 2 7.7 (1.3) 7.8 (1.1) 7.5 (1.4)
Trial 3 8.8 (1.1) 9.0 (0.8) 8.6 (1.3)

Word list retrieval, N 8.2 (1.3) 8.5 (1.1) 7.9 (1.4)
Word list intrusions, N 0.9 (1.6) 0.9 (1.9) 0.8 (1.4)
Figure copying, N (maximum 11) 10.9 (0.5) 10.9 (0.4) 10.8 (0.6)
Figure retrieval, N (maximum 11) 10.4 (1.2) 10.6 (1.2) 10.3 (1.2)
Phonemic fluency, N 15.3 (4.2) 15.0 (4.1) 15.7 (4.2)
Trail-making test time, s

Part A 40.4 (11.6) 36.8 (9.4) 44.0 (12.7)*
Part B 87.2 (33.6) 75.8 (21.4) 98.6 (39.7)*

Data are shown as the mean (SD). OO, old-old; YO, young-old.
aAccording to the Edinburgh Handedness Inventory.

*p � 0.05 for age group comparison.
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weighted image after scanning (described below). Resistance was moni-
tored continuously during the stimulation interval. In the atDCS and
ctDCS conditions, stimulation was delivered continuously for 15 min
(with 10 s fade in/out intervals) with a constant current of 1 mA, covering
both fMRI sequences (described below). In the stDCS condition, stimu-
lation was turned off after 30 s.

Before and after each stimulation condition, mood ratings were ad-
ministered using the positive affect (PA) and negative affect (NA) sched-
ule (Watson et al., 1988). Participants rated their positive and negative
affect (10 items each) on a scale ranging from 1 to 5, where higher values
describe more positive or negative feelings, respectively. After comple-
tion of the third experimental session, participants were asked to retro-
spectively report the occurrence of adverse effects (pain, tingling, itching,
burning, fatigue, tension, headache, and discomfort) during stimulation
in a standardized questionnaire (which was adapted from Poreisz et al.,
2007).

MRI acquisition
MR images and spectra were acquired on a 3T Verio scanner (Siemens
Healthcare), using a 32-channel receive-only head coil. After the record-
ing of a scout image, high-resolution anatomical images were acquired
using a three-dimensional T1-weighted magnetization-prepared rapid
acquisition gradient echo [repetition time (TR), 2300 ms; echo time
(TE), 3.03 ms; inversion time, 900 ms; flip angle, 9°; 256 � 256 � 192
matrix; 1 mm 3 isotropic voxel). This image was used to place the spec-
troscopic voxel of interest (22 � 22 � 22 mm 3) over the left precentral
hand knob (Yousry et al., 1997; Fig. 1C). For MRS, first the transmitter
radiofrequency voltage was calibrated for the individual volume of
interest, followed by the adjustment of all first- and second-order shims
using FAST(EST)MAP (Gruetter, 1993; Gruetter and Tkác, 2000).
GABA-edited spectra were recorded using the MEGA-PRESS technique
(Mescher et al., 1998; Edden et al., 2012). The number of acquired scans
was 256 using a TR of 3000 ms and a TE of 68 ms. Immediately afterward,
a spectrum without water suppression was recorded (eight acquired
scans). Due to its editing scheme, MEGA-PRESS permits the discern-
ment of the GABA pseudo-triplet at 3.0 ppm with excellent selectivity
and good sensitivity. The editing pulse was applied to the C3-GABA
resonance at 1.9 ppm (edited scan), while in the alternate scan the editing
pulse was applied at 1.5 ppm (unedited scan). The acquisition of resting-
state fMRI was performed using two consecutive echoplanar imaging
(EPI) sequences (3 � 3 � 4 mm 3; TR, 2300 ms; TE, 30 ms; flip angle, 90°;
35 slices; no gap; interleaved acquisition; field of view, 192 � 192 mm 2;
matrix, 64 � 64; 150 volumes). Subjects were instructed to keep their eyes
closed, to try not to fall asleep, and to think of nothing particular. None
of the participants had fallen asleep during the stimulation interval, as
evinced from oral interviews after scanning.

MRI analysis
Structural analyses. To quantify individual brain
atrophy, we used the T1-weighted images to esti-
mate individual brain tissue volume, normalized
for subject head size, with SIENAX (Smith et al.,
2002), part of the FMRIB Software library (FSL;
Smith et al., 2004; Jenkinson et al., 2012). To as-
sess the impact of cortical atrophy, brain gray
matter volume was included as an additional co-
variate in statistical analyses (described below). In
addition, the localization of MRS voxel positions
in the sensorimotor cortex was verified using the
Harvard-Oxford anatomical atlas as imple-
mented in FSL after linear registration of the cen-
ter coordinates into MNI space (Jenkinson and
Smith, 2001).

MRS. Edited spectra were analyzed using
LCModel (Provencher, 1993) with a measured
basis set containing GABA, N-acetylaspartate
(NAA), Glu, glutamine, and glutathione and ref-
erenced to the concentrations used for creating
the basis set. For fitting of the unedited spectrum,
a simulated basis set containing 16 metabolites
was used (i.e., alanine, aspartate, phosphocho-

line, creatine, phosphocreatine, GABA, Glu, glutamine, myoinositol, lactate,
NAA, scyllo-inositol, taurine, glucose, N-acetylaspartylglutamate, and glyc-
erophosphocholine). Only those GABA amplitudes returned by LCModel
for which the Cramér-Rao lower bounds (CRLBs) were �35% were consid-
ered for further analysis [mean (SD) CRLB, 17.3 (5.1); note, however that
CRLBs of only two participants were �30%; Bhattacharyya et al.,
2011; Brady et al., 2013; Tremblay et al., 2016]. CRLBs for Glu were
�12%. GABA and Glu concentrations were quantified as the ratio to
total creatine (tCr) fitted from the unedited spectra (Mullins et al.,
2014; Stagg, 2014).

rs-fMRI. Image analysis was performed using tools from FSL (http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/; RRID:SCR_002823; Jenkinson et al.,
2012). Preprocessing of individual 4D datasets included motion correc-
tion, brain extraction, spatial smoothing using a Gaussian kernel of full-
width half-maximum of 6 mm, and high-pass temporal filtering of 150 s
(0.007 Hz). Functional images were aligned to individual structural T1-
weighted images using boundary-based registration (Greve and Fischl,
2009) and then to standard space (MNI, 2 mm) using the nonlinear
registration tool. All 4D datasets were visually scanned for severe arti-
facts, and all images were examined after each processing step. Datasets of
individuals with severe artifacts that were not removed after preprocess-
ing were excluded from further analyses.

For seed-based analyses, center coordinates of the MRS voxel were
surrounded by a sphere of 8 mm radius to obtain individual regions of
interest (ROIs) for each experimental session. Coordinates from the
three conditions per subject were averaged to obtain a single individual
SM1 seed per subject, registered to MNI space. Left ROIs were flipped
around the midline, resulting in individual right SM1 ROIs (Stagg et al.,
2014). The time course of the resting-state BOLD signal was extracted
from each subject’s left SM1 seed images for each stimulation condition.
The resulting time courses were then correlated between hemisphe-
res to give a measure of interhemispheric FC. An 8 mm sphere around
the center of the left dorsal premotor cortex (PMd) based on the
connectivity-based parcellation atlases implemented in FSL (Tomassini
et al., 2007) was created as a control ROI. As Pearson’s r is not normally
distributed, the resulting r values were transformed into z scores using
Fisher r-to-z transformation. As head motion may confound with ROI-
based connectivity and bias between-group comparisons most probably
in the direction of the assumed difference (Van Dijk et al., 2012), we
calculated head movement from the translation parameters from the
rigid body correction of head motion (Jenkinson et al., 2002). Mean head
motion parameters that were extracted from preprocessing represent the
mean displacement in millimeters of each brain volume compared with
the previous volume (Van Dijk et al., 2012).

Figure 1. Illustration of experimental design, electrode montage for tDCS, and voxel positioning for MRS. A, Experimental
design; all subjects underwent atDCS, ctDCS, and stDCS sessions separated by at least 1 week; the order of stimulation conditions
was counterbalanced. GABA was measured immediately before and after tDCS, and resting-state fMRI was assessed during tDCS.
B, tDCS montage; active electrode over the left sensorimotor cortex (according to the 10-20 EEG system; C3), reference electrode
over the right supraorbital area (sizes, 5 � 7 and 10 � 10 cm 2). C, MRS voxel positioning on an individual T1-weighted scan over
the left sensorimotor area. Voxel size: 22 � 22 � 22 mm 3. T1w, T1-weighted scan.
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For SMN analysis, independent component analyses (ICAs) were per-
formed using the MELODIC (Multivariate Exploratory Linear Opti-
mized Decomposition into Independent Components) tool 3.14 from
FSL (Beckmann et al., 2005). All individual data were temporally concat-
enated across subjects and conditions to create a single 4D dataset. This
dataset was then decomposed into 20 independent components. Com-
ponents of interest [i.e., the sensorimotor and default mode network
(DMN) used as control ROI] were selected by visual inspection based on
previous literature (Beckmann et al., 2005). Next, the dual-regression
approach was used to identify separate maps for each subject and each
condition. This involved a spatial regression of these components against
each individual 4D dataset and, subsequently, a temporal regression of
the resulting time series to generate subject- and condition-specific spa-
tial maps. Those maps reflect the subject- and condition-specific strength
of FC within the respective network. The resulting network z-maps were
then masked by the group mean map of the respective component, and
the mean values extracted for each subject and condition were used to
quantify the strength of FC within the network (Binnewijzend et al.,
2012; Bachtiar et al., 2015). Both seed-based and ICA-based FC analysis
approaches closely resemble the analyses by Amadi et al. (2014), Stagg et
al. (2014), and Bachtiar et al. (2015).

Statistical analysis
SPSS Statistics 23 [IBM; RRID:SCR_002865 �http://www-01.ibm.com/
software/uk/analytics/spss/�] was used for statistical analyses. For condi-
tion effects, linear mixed models (random intercept models; Verbeke and
Molenberghs, 2000) were calculated for each dependent variable with
repeated measurements as level-one units nested in individuals who were
level-two units. Models included the factor condition (atDCS, ctDCS,
stDCS), the variable age, and their interaction, where appropriate.
Model-based post hoc pairwise comparisons of the estimated fixed effects
were computed. The difference in adverse effects between conditions was
analyzed with logistic mixed-model analysis adjusted for age and sex.
Pearson’s correlation coefficients were computed for linear associations
between variables. A two-sided significance level of � � 0.05 was used.

Results
tDCS-induced effects on GABA levels
A sample magnetic resonance spectrum for GABA is depicted in
Figure 2A. Linear mixed-model analysis (N � 47 participants/
134 data points) revealed a significant difference in GABA levels
between conditions (F(2,87) � 3.61, p � 0.031; Fig. 2B, Table 2).
Post hoc comparisons of model-based means showed that the
GABA level was reduced in atDCS compared with stDCS [mean
difference, 	0.14 (95% CI, 	0.26 to 0.02), p � 0.022]. This effect
was polarity specific as there was no significant difference
between ctDCS and stDCS [mean difference, 	0.09 (95% CI,
	0.21 to 0.04), p � 0.165]. The effect of age was not significant
(F(1,46) � 0.39, p � 0.537), but there was an interaction between
condition and age (F(2,87) � 4.23, p � 0.018). To explore the

meaning of this interaction, we divided the age group using a
median split [median, 63 years; young-old (YO), �63 years; old-
old (OO), �63 years]. This distinction revealed that the atDCS
effect was larger in the older age group [i.e., in the OO adults
(�63 years; F(2,87) � 5.54, p � 0.005] with mean GABA reduction
in atDCS versus stDCS of 	0.23 (95% CI, 	0.40 to 0.06) com-
pared with YO with 	0.04 (95% CI, 	0.21 to 0.13). A sample
magnetic resonance spectrum for Glu is depicted in Figure 2C.
The comparison of Glu changes did not show a statistically sig-
nificant effect of condition (F(2,89) � 0.39, p � 0.69) or age
(F(1,48) � 1.69, p � 0.20; Fig. 2D, Table 2). However, exploratory
post hoc comparisons revealed lower levels of Glu after ctDCS
compared with stDCS [mean difference, 	0.03 (95% CI, 	0.06
to 0.001), p � 0.057] and after atDCS compared with stDCS
[mean difference, 	0.03 (95% CI, 	0.06 to 0.003), p � 0.076].

tDCS-induced effects on interhemispheric FC and SMN
Sample positions of left and right ROIs in the sensorimotor
cortices are illustrated in Figure 3A. The interhemispheric FC
differed between conditions (linear mixed models, N � 44 par-
ticipants/129 data points; F(2,84) � 3.73, p � 0.028). Post hoc
comparisons demonstrated a lower interhemispheric FC in
atDCS compared with stDCS [mean difference 	0.06 (95% CI,
	0.11 to 0.01), p � 0.033] and ctDCS [mean difference, 	0.07
(95% CI, 0.01 to 0.12), p � 0.013; Fig. 3B]. Further, higher age
was associated with higher interhemispheric FC [mean effect per
decade, 0.05 (95% CI, 0.01 to 0.11); i.e., FC is elevated by 0.05 for
each decade of life (F(1,43) � 4.20, p � 0.047)]. There was no
significant difference between conditions for FC between left
SM1 and PMd (F(2,84) � 1.11, p � 0.31). Head motion did not
differ between conditions [mean: atDCS, 0.16 (95% CI, 0.14 to
0.19); ctDCS, 0.15 (95% CI, 0.13 to 0.18); stDCS, 0.17 (95% CI,
0.14 to 0.19); F(2,84) � 0.58, p � 0.564] but did differ between age
groups in the direction of higher motion with higher age [mean:
YO, 0.13 (95% CI, 0.10 to 0.17); OO, 0.19 (95% CI, 0.16 to 0.22);
F(1,42) � 5.14, p � 0.029]. Including head motion as an additional
covariate in the statistical model did not show a significant effect
on interhemispheric FC (F(1,114) � 1.28, p � 0.260).

Figure 2. Results from MRS acquisition for GABA and Glu levels. A, C, Sample magnetic resonance spectra from the sensorimotor voxel. MEGA-PRESS difference spectrum (A) and MEGA-PRESS
unedited spectrum (C). Top lines of each figure box represent the original spectrum and the fit, respectively. Also shown are fits for GABA and Glu, as well as the background. The small residuals reflect
the high quality of the fits. B, Change of GABA levels by condition. GABA levels after atDCS were significantly reduced compared with stDCS. D, Change of Glu levels by condition. GABA and Glu level
changes as ratios to tCr normalized to sham condition (z-values). Error bars represent the 95% CI. *p � 0.05.

Table 2. Change (%) in GABA and Glu levels for the sensorimotor voxel after
stimulation

atDCS ctDCS stDCS

GABA change 7.6 (25.2) 11.7 (34.7) 18.4 (37.9)
Glu change 0.7 (6.5) 0.0 (9.6) 3.4 (8.7)

Data are shown as mean (SD).
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SMN as derived from the ICA is illustrated in Figure 3C. SMN
strength differed between conditions (linear mixed models, N �
44 participants/129 data points; F(2,84) � 4.76, p � 0.011). Post
hoc comparisons revealed reduced SMN strength in atDCS com-
pared with stDCS [mean difference, 	0.52 (95% CI, 	1.00 to
0.03), p � 0.039] and ctDCS [mean difference, 	0.74 (95% CI,
	1.22 to 0.25), p � 0.003; Fig. 3D]. There was no significant
effect of age (F(1,42) � 0.01, p � 0.96). DMN strength showed a
negative association with age [F(1,42) � 5.58, p � 0.023; mean
effect per decade, 	0.53 (95% CI, 	0.98 to 0.08); i.e., DMN
strength is reduced by 	0.53 for each decade of life]. DMN
strength did not differ between conditions (F(2,83) � 0.76,
p � 0.47).

Relationship between baseline GABA levels and SMN
We observed an inverse correlation between GABA levels and
overall strength within the SMN at baseline (r(37) � 	0.31, p �
0.067). Further explorative illustrations revealed that this associ-
ation was evident only in the YO group [(�63 years) r(18) �
	0.574, p � 0.013; OO group (�63) r(19) � 0.097, p � 0.692; as
defined by a median split, see above; Fig. 4A]. Note that for the
YO group sensitivity analysis without the outlier yielded a similar
Pearson’s correlation coefficient (r(17) � 	0.468, p � 0.058).

Associations of tDCS-induced effects with GABA levels
and SMN
We did not find a significant relationship between tDCS-induced
effects on GABA levels and SMN strength (r(37) � 0.21, p �
0.215). Further exploratory analyses of associations between
baseline SMN strength and tDCS-induced alterations of GABA
levels revealed opposite correlations in the age groups (�63 and
�63 years), while in the group �63 years there was a trend to-
ward a positive association between tDCS effects on GABA with
baseline SMN coupling (r(19) � 0.389, p � 0.096); in the older age
group (�63 years), we observed an inverse correlation (r(18) �
	0.634, p � 0.004; Fig. 4B).

Resistance monitoring, mood ratings, and adverse
effect questionnaire
The mean (SD) resistance across all sessions at the beginning of
stimulation was 16.28 k� (0.92 k�; range, 13–18 k�) with no
difference between conditions [atDCS, 16.36 k� (0.13 k�);
ctDCS, 16.27 k� (0.12 k�); stDCS, 16.16 k� (0.17 k�); F(2,84) �
0.52, p � 0.60] and stayed stable across the stimulation interval
with only small changes in 29% of experimental sessions. Note
that contact medium of the electrodes may be particularly rele-
vant in the concurrent acquisition of tDCS and MRI due to dry-

ing of saline-soaked electrode sponges
during long acquisition times (Woods et
al., 2016). Here, we did not observe a rise
in resistance for the majority of our exper-
imental sessions (i.e., 71%) using elec-
trode sponges. However, it may be
advisable to use conductance paste in fu-
ture tDCS-MRI experiments to avoid the
prolongation of preparation times and to
reduce the probability of resistance rise
leading to pain and burning sensations,
and to a termination of the stimulation.

PA and NA before and after the scan-
ning session are displayed in Table 3. Nei-
ther positive nor negative affect ratings
were significantly different between con-
ditions (N � 48 participants/288 data
points; PA: F(2,235) � 1.33, p � 0.27; NA:
F(2,235) � 0.05, p � 0.95). Time effects
(PA: F(1,235) � 40.88, p � 0.01; NA:

Figure 4. Relationship between GABA and sensorimotor network strength. A, Association between baseline GABA levels and
baseline SMN strength, separately for YO and OO adults (median split by 63 years of age). Note that for the YO group sensitivity
analysis without the outlier yielded a similar Pearson’s correlation coefficient (r(17) � 	0.468, p � 0.058). B, Association
between tDCS-induced change of local GABA levels (stDCS minus atDCS; larger numbers represent a higher disinhibitory effect
produced by atDCS) and baseline SMN strength, separately for YO and OO adults. GABA level was given as a ratio to tCr. *p � 0.05,
**p � 0.01, #p � 0.10.

Figure 3. Results from rs-fMRI acquisition for interhemispheric functional connectivity and sensorimotor network strength. A, Illustration of left and right ROIs in the sensorimotor cortex. ROIs
were derived individually from MRS voxel center coordinates (flipped around the midline for right ROI). B, Interhemispheric connectivity by condition (Fisher r to z values). C, Sensorimotor network
as derived from ICA analysis. D, Strength in the sensorimotor network by condition (arbitrary units). Error bars represent the 95% CI. *p � 0.05.

Antonenko et al. • tDCS-Induced Neuromodulation in Older Adults J. Neurosci., April 12, 2017 • 37(15):4065– 4073 • 4069



F(1,235) � 7.49; p � 0.01) indicated reduced reporting of both
positive and negative affect after stimulation [PA: mean differ-
ence, 	0.28 (95% CI, 	0.35 to 0.19), p � 0.001; NA: mean
difference, 	0.055 (95% CI, 	0.10 to 0.02), p � 0.007]. Itchiness
and fatigue were most commonly reported (by 56% and 33% of
the participants). The occurrence of adverse effects did not differ
between stimulation conditions (Table 4).

Discussion
This is the first study in older adults, spanning a wide age range
(50 –79 years), showing tDCS-induced plasticity in local inhibi-
tory tone of the sensorimotor cortex in combination with resting-
state FC. Local inhibitory tone was assessed using MRS to
determine GABA levels in left SM1, a major node of the SMN and
the target of the stimulation. Functional SMN connectivity was
quantified by interhemispheric coupling between SM1 as well as
by SMN strength. First, we observed an atDCS-induced reduc-
tion of GABA levels, reflecting neuroplastic alterations in brain
chemistry. Second, resting-state functional coupling was de-
creased during atDCS compared with stDCS, most likely indicat-
ing augmented efficiency in brain network functioning. Third,
while an association between higher baseline levels of functional
coupling and lower GABA levels was observed, the magnitudes of
tDCS-induced effects on these parameters were not correlated.
Last, exploring an association of atDCS-induced GABA changes
with baseline SMN strength revealed opposite directions in YO
adults (�63 years) and OO adults (�63 years), possibly suggest-
ing age-related differences in network integrity.

atDCS reduced GABA levels in older adults
Previous studies using transcranial magnetic stimulation to as-
sess changes in GABAergic neurotransmission across the human
life span have demonstrated a decline in cortical excitability and
GABA-mediated intracortical inhibition within the motor sys-
tem with advancing age (Heise et al., 2013; Bhandari et al., 2016).
Preserved event-related modulation correlated with superior be-
havioral performance in older adults (Heise et al., 2013). In line
with these observations, the “disinhibitory” effect of atDCS has

been suggested to reflect a preserved modulatory capacity of the
SMN in older adults (Heise et al., 2014; Bhandari et al., 2016).
Whether or not GABAergic neurotransmission and plasticity
within the SMN is in general negatively affected in the course of
aging is still a matter of intense debate, as shown by a recent
meta-analysis (Bhandari et al., 2016).

Our study is the first to use MRS to assess tDCS-induced
alterations of GABA concentrations in older adults. We were able
to demonstrate that atDCS over left SM1 compared with stDCS
reduced GABA levels within the target region. The reduction was
neurochemically specific as no effect was observed on Glu levels
and was polarity specific as it was not observed after ctDCS. In
young adults, atDCS has previously been shown to reduce GABA
concentration in SM1 (Stagg et al., 2009a; Kim et al., 2014;
Bachtiar et al., 2015). Note the elevation of GABA levels in stDCS,
which is consistent with other tDCS studies that have likewise
observed a temporal variability of MRS-assessed metabolites
such as GABA (Kim et al., 2014) or glutamate (Hone-Blanchet et
al., 2016) on a short time scale. The mechanisms underlying this
increase are, so far, unknown but may be related to experimental
instabilities (Harris et al., 2014) or the vigilance state of the par-
ticipant, issues to be systematically addressed in future studies.
Only two previous studies, both in young adults, have so far
acquired MRS data after cathodal stimulation, with mixed re-
sults, as follows: while Kim et al. (2014) likewise did not find an
effect after cathodal stimulation, Stagg et al. (2009a) reported
reduced Glu levels after cathodal stimulation with a correlated
decrease of GABA concentration, most likely due to the biochem-
ical association between these neurotransmitters. To further ex-
plore the effect of ctDCS on Glu levels in our data, we computed
exploratory post hoc tests that revealed a Glu level decrease com-
pared with stDCS, thus supporting the results of Stagg et al.
(2009a) also for older adults. However, the large interindividual
variability in our group of older adults may have prevented the
finding of statistical significant differences similar to those dis-
cussed by Tremblay et al. (2016).

In sum, our observation of reduced GABA levels after atDCS
suggests the involvement of GABAergic neurotransmission in the
neuronal effects of atDCS (targeting the SM1) in older adults,
indicating preserved neuromodulatory tDCS effects on the sen-
sorimotor system.

atDCS decreased resting-state functional coupling in
older adults
Recently, the use of resting-state fMRI has become prominent in
probing tDCS-induced FC modulations independent of task-
related activity and performance, which may be especially advan-
tageous in older adults (Fox and Raichle, 2007; Sehm et al., 2012).
Here, we found an atDCS-induced reduction of interhemispheric
FC in older adults, suggesting that atDCS targeting the SMN may
act upon decoupling of the SM1 target and its contralateral ho-
molog in this population. This finding partly corresponds to
what has been shown in young adults (Alon et al., 2011; Polanía et
al., 2011b; Sehm et al., 2013). In addition, in our sample of older
adults, higher levels of interhemispheric coupling correlated with
increased age. Age-related deterioration in structural connec-
tions that mediate the communication between hemispheres, re-
sulting in reduced interhemispheric inhibition, have been well
documented (for review, see Fling et al., 2011). The structural
decline leads to an increase of interhemispheric functional syn-
chronization with age, which has been related to age deficits in
motor as well as cognitive performance (Langan et al., 2010; Fling
et al., 2011; Antonenko et al., 2013). In this context, atDCS-

Table 3. Participants’ mood ratings before and after the scanning sessions

atDCS ctDCS stDCS

Positive affect
Before 3.3 (0.7) 3.2 (0.7) 3.2 (0.8)
After 3.0 (0.9) 3.0 (0.9) 2.9 (0.9)

Negative affect
Before 1.1 (0.2) 1.2 (0.3) 1.1 (0.2)
After 1.1 (0.1) 1.1 (0.2) 1.1 (0.2)

Data are shown as mean (SD).

Table 4. Adverse effects during stimulation

atDCS ctDCS stDCS pa

Pain 5 8 6 0.139
Tingling 26 26 25 0.922
Itchiness 5 4 2 0.216
Burning 4 4 5 0.680
Fatigue 14 14 15 0.915
Tension 3 6 3 0.234
Loss of concentration 3 2 2 0.291
Headache 0 1 1 0.999
Discomfort 6 8 6 0.496

Numbers correspond to n participants (total N � 48).
ap values are for comparison of conditions (adjusted for age and sex).
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induced interhemispheric decoupling in our sample of older
adults may reflect the reversal of age-related FC increases (Lin-
denberg et al., 2013).

Previous evidence suggests increased coupling in the SMN
after anodal stimulation (Stagg et al., 2014; Bachtiar et al., 2015).
This tDCS-induced neuromodulatory effect was interpreted as
efficiency enhancement within the targeted neuronal network in
young adults. Contrary to these results, in our group of older
adults, resting-state functional coupling within the SMN was re-
duced during atDCS compared with stDCS. These differences
may be due to the complex functional network reorganization
that occurs in the course of healthy aging, including age-related
connectivity decreases (most prominently in the DMN) as well as
increases within (e.g., dorsal anterior network) and between net-
works, suggesting alterations of the overall functional architec-
ture (for review, see Sala-Llonch et al., 2015). Regarding SMN in
aging, no uniform picture has so far emerged, with evidence for
connectivity increases (Tomasi and Volkow, 2012; Song et al.,
2014) as well as for no age-related changes (Geerligs et al., 2015).
One tentative explanation for the findings in our sample of older
adults would be that augmented coupling may reflect dysfunc-
tional network “hyperconnectivity,” which is reduced by atDCS,
resulting in more distinct or efficient functional SMNs, respec-
tively. These between-study differences, however, may be par-
tially explained by differences in study design regarding the
timing of resting-state fMRI, since tDCS-induced neurophysio-
logical effects depend on whether stimulation is applied on-line
(as in our study) or off-line (Nitsche et al., 2005; Stagg and
Nitsche, 2011; Stagg et al., 2014; Bachtiar et al., 2015), which may
also affect respective resting-state FC metrics.

In sum, in our sample of older adults, atDCS modulated func-
tional coupling within the resting-state SMN. We found (1) de-
creased interhemispheric connectivity between left and right
sensorimotor cortices as well as (2) decreased SMN coupling
strength.

Associations between GABA and functional coupling and
their modulation with tDCS
Our data showed an inverse relationship between GABA levels
and network connectivity at baseline. This observation is consis-
tent with previous reports in young adults (Kapogiannis et al.,
2013; Stagg et al., 2014; Bachtiar et al., 2015). Together, these
findings point toward a connection between local inhibitory tone
within a major network node and functional network coupling in
the direction that lower GABA levels are associated with higher
network connectivity. Our further exploratory correlation anal-
yses showed, however, that this relationship was evident only in
YO adults (�63 years of age). The absence of such an association
in OO adults (�63 years of age) may indicate disrupted neuronal
functioning in older age. The magnitude of atDCS-induced alter-
ations in GABA levels and SMN strength was not correlated,
supporting the hypothesis that tDCS effects on GABAergic trans-
mission and resting-state FC may be mediated by distinct under-
lying mechanisms or follow different time courses (Bachtiar et al.,
2015).

A further important assumption is that sensorimotor plastic-
ity (as quantified by tDCS-induced GABA changes) depends on
the functional integrity of the underlying network (Heise et al.,
2014). The authors speculated that preserved modulatory capac-
ity in older adults may predict the disinhibitory effect of tDCS. In
the context of aging, however, it is not clear yet how this pre-
served modulatory capacity, which reflects the functional integ-
rity of the underlying network, is quantified (i.e., whether higher

or lower coupling strength represents intact systems) due to the
complexity of age-related functional network reorganization
(Sala-Llonch et al., 2015). In our data, further exploratory anal-
yses showed an interesting differential effect of atDCS-induced
GABA responsiveness and network coupling in YO versus OO
individuals: While in YO adults (�63 years of age) higher atDCS-
induced GABA reduction correlated with higher SMN (though
not statistically significant), in OO adults (�63 years of age)
higher GABA reduction correlated with lower SMN. Tentatively,
this opposite pattern may point toward differential functionality
of the system, suggesting that whereas at a younger age the integ-
rity of neuronal network implies higher coupling, in older age it is
reflected by reduced hyperconnectivity (which may in turn pre-
dict preserved modulatory capacity).

Summary and outlook
Together, our findings add novel information about tDCS-
induced neuronal effects in older adults using a counterbalanced,
sham-controlled, multimodal imaging approach. Because of al-
tered neuroplasticity and network dynamics with age, a detailed
investigation of older adults covering a wide age range is para-
mount, not only to elucidate the complexity of tDCS effects on a
neurophysiological level, but also to develop more individually
tailored interventional protocols in health and disease.

Our results may help to reconcile some of the recent reports
on the variability of tDCS-induced effects, not only identifying
age as a modulating factor, but detailing its specific impact on the
functionality of neural networks. Given that atDCS may help to
reverse dysfunctional network hyperconnectivity, it will now be
of key interest to assess whether repeated atDCS applications lead
to sustained reversal of age-related dysfunctional networks and
associated functional scores.
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