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ABSTRACT 35 

Objective: Several studies showed that transcranial direct current stimulation (tDCS) 36 

enhances cognition in patients with mild cognitive impairment (MCI), however, whether 37 

tDCS leads to additional gains when combined with cognitive training remains unclear. This 38 

study aims to compare the effects of a concurrent tDCS-cognitive training intervention with 39 

either tDCS or cognitive training alone on a group of patients with MCI. 40 

Methods: The study was a three-parallel-arm study. The intervention consisted of 20 daily 41 

sessions of 20 minutes each. Patients (N=62) received anodal tDCS to the left dorsolateral 42 

prefrontal cortex, cognitive training on five cognitive domains (orientation, attention, 43 

memory, language, and executive functions), or both. To examine intervention gains, we 44 

examined global cognitive functioning, verbal short-term memory, visuo-spatial memory and 45 

verbal fluency pre- and post-intervention. 46 

Results: All outcome measures improved after the intervention in the three groups. The 47 

improvement in global cognitive functioning and verbal fluency was significantly larger in 48 

patients who received the combined intervention. Instead, the intervention gain in verbal 49 

short-term memory and visuo-spatial memory was similar across the three groups. 50 

Discussion:  tDCS, regardless the practicalities, could be an efficacious treatment in 51 

combination with cognitive training given the increased effectiveness of the combined 52 

treatment. 53 

Conclusions: Future studies will need to consider individual differences at baseline, 54 

including genetic factors and anatomical differences that impact the electric field generated 55 

by tDCS and should also consider the feasibility of at-home treatments consisting of the 56 

application of tDCS with cognitive training. 57 

 58 

Keywords: Non-invasive brain stimulation, cognitive enhancement, neuromodulation, mild 59 

cognitive impairment, tDCS. 60 
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INTRODUCTION 61 

It is estimated that up to 30% of adults above 65 years of age is affected by mild 62 

neurocognitive decline (De Carli et al., 2013)1. Mild Cognitive Impairment (MCI) in 63 

particular is a syndrome characterised by a loss of cognitive function, which is not as severe 64 

as to impact daily functioning (Petersen, 1999; Petersen et al., 2014)2-3. MCI is generally 65 

considered a pre-clinical or prodromal stage of dementia (Petersen and Negash, 2008)4, since 66 

conversion rates are estimated between 17.5% and 34% in community samples (Bennet et al., 67 

2002; Hu et al., 2017)5-6. To date there is no pharmacological treatment available to stop the 68 

progression from MCI to dementia, yet this pre-clinical state may be more amenable to 69 

disease-modifying interventions than the clinical stages of dementia, when brain damage is 70 

too severe and pharmacological treatments only result in suboptimal benefits (Langbaum et 71 

al., 2013)7. Therefore, one substantial health challenge is to find novel approaches to treat this 72 

condition. 73 

Recently, non-invasive brain stimulation has gained popularity among clinicians and 74 

scientists due to its potential to enhance cognitive functioning by directly affecting or 75 

modulating brain activity. In particular, transcranial direct current stimulation (tDCS) 76 

involves the delivery of weak electrical currents (usually ranging from 1 to 2 mA) to the scalp 77 

by means of at least two electrodes, a positively charged anode and a negatively charged 78 

cathode. The current is thought to cause a subthreshold modulation of the resting membrane 79 

potential of neurons depending on the polarity of the electrode, such that anodal stimulation 80 

usually induces depolarization of the membrane potential and increases cortical excitability, 81 

and cathodal stimulation induces hyperpolarization and decreases cortical excitability 82 

(Nitsche and Paulus, 2000)8. The rapidly growing interest for this technique is linked to its 83 

potential to improve the cognitive functions associated with the stimulated brain regions, as 84 

shown across multiple cognitive domains in healthy, older and neuropsychiatric populations 85 

(Kuo et al., 2014)9. 86 
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The application of tDCS has also shown interesting results with respect to other 87 

conditions closely related to forms of cognitive impairments, more specifically in the 88 

domains of executive functions and working memory, such as substance use disorder and 89 

Craving (Martinotti G, et al., 2019; Lupi M, et al., 2017; Fayaz Feyzi et al., 2022)10,11,12. 90 

Furthermore, tDCS is safe and easy to use, which makes it suitable for applications at home 91 

even for patients with cognitive decline (Park et al., 2019)13. tDCS studies on individuals 92 

with MCI demonstrated a beneficial effect of single or repeated administrations of anodal 93 

tDCS on a wide range of outcome variables, from subjective memory (Yun et al., 2016)14, to 94 

episodic verbal memory abilities, language and global cognitive functioning (Meinzer et al., 95 

2015; Murugaraja et al., 2017; Fileccia et al., 2019; Gomes et al., 2019; Manenti et al., 96 

2020)15,16,17,18,19. 97 

It is reasonable to assume that the beneficial effects of tDCS may be even stronger 98 

when anodal tDCS is combined with cognitive training, since targeting a neural circuit while 99 

actively engaged should induce more beneficial effects than resting-state stimulation 100 

(Miniussi et al., 2013)20. However, evidence of this synergistic effect so far remains 101 

controversial in both healthy and pathological populations. In MCI patients, studies have 102 

generally found a lack of combined effects of cognitive training and anodal stimulation 103 

compared to cognitive training and sham stimulation. Three studies compared the 104 

combination of cognitive training over 3-5 weeks with either anodal tDCS to the left 105 

dorsolateral prefrontal cortex (DLPFC) or sham tDCS (Martin et al., 2019; Gonzalez et al., 106 

2021)21-22. The results showed general improvements in global cognitive functioning and 107 

specific cognitive abilities in both conditions, but no advantage of the combined intervention. 108 

In one study, the combined intervention led to detrimental effects (Das et al., 2019)23. 109 

Overall, this is consistent with the findings obtained on AD patients (e.g., Cotelli et al., 110 

2014)24 and the results of a recent meta-analysis which showed no benefit of combining 111 

cognitive training and non-invasive brain stimulation in MCI or AD (Chu et al., 2021)25. To 112 
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the best of our knowledge, only two studies found an advantage of the combined intervention 113 

compared to cognitive training alone. Both studies delivered anodal tDCS to the lateral 114 

temporal cortex, either for four weeks (Lu et al., 2019)26 or three days (De Sousa et al., 115 

2020)27, and found post-intervention improvements in trained domains. 116 

It is unclear why some studies on MCI individuals found beneficial effects of 117 

combining tDCS with cognitive training and others did not. One possible reason relates to the 118 

site of stimulation, since the benefits of the combined treatments were observed when the 119 

stimulation was delivered to the temporal cortex (Lu et al., 2019; De Sousa et al., 2020)26-27, 120 

but not to the PFC (Martin et al., 2019, Das et al., 2019; Gonzalez et al., 2021;)21-23-22. Yet, 121 

the stimulation of the PFC alone—without any concurrent treatment—improved global and 122 

specific cognitive functioning in several studies (Yun et al 2016; Murugaraja et al., 2017; 123 

Fileccia et al., 2019; Gomes et al., 2019;)14-16-18. This observation invites an investigation into 124 

how the combination of cognitive training and active tDCS over the PFC compares not only 125 

with the effects of cognitive training alone, as assessed in previous studies, but also with the 126 

administration of PFC tDCS alone. 127 

Evidence from numerous studies over the past 10 years, as well as from our clinical 128 

practice, has shown that anodal tDCS stimulation, with the anode placed on the left 129 

dorsolateral prefrontal cortex has the potential to improve cognitive functioning as well as to 130 

limit the progression of cognitive decline when administered for at least two weeks (Sanches 131 

C. et al., 2021)28. More specifically, anodal stimulation increases cortical excitability; 132 

excitatory stimulation at the DLPFC level has effects on memory and modulation of the 133 

Default Mode Network (Fregni F. & Chu CS)29-30.To this aim, in this naturalistic study we 134 

compared three interventions, each consisting of 20 daily sessions, in three groups of MCI 135 

patients: anodal tDCS alone, anodal tDCS in combination with cognitive training and 136 

cognitive training alone. Our outcome measures were verbal short-term memory, visuo-137 

spatial memory, verbal fluency and global cognitive functioning. 138 
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METHODS 139 

Participants 140 

Participants were recruited from a pool of patients who attended the Institute of Neuroscience 141 

(Florence, Italy) due to subjective memory complaints or referred by a specialist between 142 

October 2018 and July 2021. Inclusion criteria were assessed with an on-site clinical 143 

interview. They were i) presence of subjective memory complaints ii) absence of manifest 144 

dementia iii) absence of depression as measured by the Patient Health Questionnaire-9 (PHQ-145 

9; Kroenke et al., 2001)31, with a cut-off score of five and iv) preserved daily functioning. 146 

Exclusion criteria were: previous or current diagnosis of neurological disorders such as 147 

stroke, brain tumor, cerebral hemorrhage or head injuries; psychiatric disorders like bipolar 148 

disorder, major depressive disorder, pervasive developmental disorder, and schizophrenia; 149 

recent or current substance abuse; concurrent medication likely to affect mental performance 150 

(e.g., benzodiazepines); change in centrally active drugs in the last 12 months. All 151 

participants provided their informed consent to take part in the study. The study was approved 152 

by the institutional review board and was conducted in compliance with the Declaration of 153 

Helsinki. 154 

 155 

Study design 156 

This was a controlled three-parallel-group study. Included participants were allocated to three 157 

groups: i) anodal tDCS only ii) cognitive training (CT) only and iii) anodal tDCS+CT. Group 158 

allocation was not random but depended on the availability of the treatment at the time of 159 

data collection. All participants attended the Institute of Neuroscience for 20 consecutive 160 

days to receive the allocated intervention 161 

 162 

tDCS protocol 163 
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Direct current was provided through a battery-driven wireless 8-channel StarStim stimulator 164 

(NE Neuroelectrics) through a pair of 25 cm2 saline-soaked sponge electrodes. The anode 165 

electrode was placed on site F3, and the cathode electrode was placed on F4. The position of 166 

the electrodes was carried out using a neoprene cap pre-drilled based on the positions of the 167 

10/10 EEG system. In both the tDCS and the tDCS+CT group tDCS was delivered with 168 

constant current of 2mA for a total of 20 minutes per session with a fade-in time of 20 169 

seconds. During the stimulation, participants in the tDCS+CT group were engaged in 170 

cognitive training (see below), whereas participants in the tDCS group performed routine 171 

activity (completing self-administered questionnaires). 172 

 173 

Cognitive Training 174 

In both groups, cognitive training consisted of cognitive exercises devised for the 175 

rehabilitation of dementia (Bergamaschi et al., 2017)32. The exercises encompassed five 176 

cognitive domains, each tested with four worksheets: orientation, attention, memory, 177 

language, and executive functions. Each subject completed all worksheets for each domain 178 

across the 20 sessions. Exercises were administered with the same order. Each cognitive 179 

training session lasted approximately 20 minutes and the end of the training corresponded to 180 

the end of the stimulation for individuals in the combined intervention group. 181 

The types of exercises proposed by the worksheets are summarized below: 182 

Orientation training: memorizing and recalling dates and holidays, environmental spatial 183 

orientation, geographical orientation and exercises to stimulate orientation based on spatial 184 

coordinates.  185 

Attentional training: auditory selective attention and auditory memory exercises, barrage, 186 

visual selective attention, visual-spatial search stimulation exercises and non-verbal selective 187 

attention, sustained attention. 188 
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Memory training: memorization and recall with interference tasks, memorization and graphic 189 

reproduction from memory, stimulation of learning by reading and recalling information, 190 

memorization of sequences of actions. 191 

Language training: naming, semantic verbal fluences, phonemic verbal fluences, semantic 192 

categorization, lexical access. 193 

Executive functions training: Go-No Go exercises, puzzles, crosswords, cognitive estimates, 194 

logical sequences to be completed. 195 

 196 

Statistical analyses 197 

We measured pre-post intervention gains on four outcome variables. The Mini Mental State 198 

Examination (MMSE; Folstein et al., 1975)33 was used to measure general cognitive 199 

functioning. We also used the Forward Digit Span (Wambach et al., 2011)34 to measure verbal 200 

short-term memory, the Corsi Block Tapping Test (De Renzi et al., 1975)35 to measure short-201 

term visuo-spatial memory and verbal phonemic fluency (Novelli et al., 1986)36. Pre-202 

intervention (T0) scores were collected on Day 1 before the start of the first stimulation 203 

session and post-intervention (T1) scores were collected on Day 20 after the last stimulation 204 

session. Where necessary, scores were corrected for age and level of education for the 205 

analyses. We examined differences between pre- and post-treatment scores across the three 206 

groups using a mixed-model ANOVA with the between-subjects factor Group (three levels: 207 

tDCS, CT, tDCS+CT) and the within-subjects factor Time (two levels: pre-intervention, post-208 

intervention), for each outcome measure. Fifty-four participants in total were needed to detect 209 

with 90% power (α=0.05) an effect size of f= 0.25, found in previous studies contrasting pre- 210 

and post-treatment scores of global cognition in MCI patients (e.g., Liu et al., 2017)37, using a 211 

mixed-model ANOVA with three groups and two measurements.  The sample size was 212 

adjusted upwards to account for dropouts. Significant interactions were decomposed with 213 
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Bonferroni-corrected, independent samples t-tests comparing the three groups on intervention 214 

gains (measured as the difference between post-intervention and pre-intervention). 215 

 216 

RESULTS 217 

Sixty-two participants have been enrolled to the study (see Table 1 for demographics). 218 

Seventeen patients were allocated to the tDCS group, 21 patients were allocated to the CT 219 

group and 24 patients were allocated to the tDCS+CT group. There was no pre-intervention 220 

difference across the three groups in age, sex, years of education, depression scores and 221 

global cognitive status, as emerging from one-way ANOVAs (Table 1). Figure 1 displays the 222 

scores for all outcome measures in T0 and T1, showing an improvement for all measures. 223 

This visual impression was confirmed by the ANOVA, which showed a main effect of Time 224 

for the MMSE (F1,59=119.0, p<0.001,  = 0.669), Digit Span (F1,59=62.2, p<0.001,  = 0.513), 225 

Corsi Block-tapping Test (F1,59=55.7, p<0.001,  = 0.486) and Verbal Fluency (F1,59=87.9, 226 

p<0.001,  = 0.599).  Crucially, the interaction between Group and Time was significant for 227 

the MMSE (F2,59=21.6, p<0.001,  = 0.423), Corsi Block-tapping test (F2,59=6.61, p=0.003,  = 228 

0.183) and verbal fluency (F2,59=18.6, p<0.001,  = 0.387). Post-docs on the three outcome 229 

measures showed that the tDCS+CT group had larger gains compared to the tDCS group for 230 

MMSE and verbal fluency (both ps<0.001), but not for the Corsi block-tapping test 231 

(p=0.279), Figure 2. The tDCS+CT group had larger gains compared to the CT group for the 232 

MMSE (p<0.001), verbal fluency (p<0.001) and the Corsi Block-tapping task (p=0.003). 233 

There was no difference between the tDCS and the CT groups (all ps>0.138). 234 

 235 

DISCUSSION 236 

We found that anodal tDCS to the left DLPFC, cognitive training or a combined intervention 237 

consisting of both improved global cognitive functioning, verbal short-term memory, visuo-238 

spatial working memory and verbal fluency in individuals with MCI. Crucially, the group that 239 
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received the combined intervention showed larger intervention gains in global cognitive 240 

functioning and verbal fluency compared to the group who received tDCS alone or cognitive 241 

training alone. The group that received the combined intervention also showed larger 242 

intervention gains in visuo-spatial memory, but only in comparison with the cognitive 243 

training group. The effects of the three interventions on digit span performance did not differ, 244 

The finding that anodal tDCS administered over the DLPFC enhanced MMSE scores is 245 

in line with studies showing that the stimulation of this brain region across multiple sessions 246 

enhances general cognitive status (Yun et al., 2016; Fileccia et al., 2019)14-17 in MCI 247 

individuals. Previous studies using multiple sessions of DLPFC stimulation also showed an 248 

improvement of verbal fluency, along with subjective memory, short- and long-term recall 249 

and figure naming (Yun et al., 2016; Murugaraja et al., 2017; Fileccia et al., 2019; Gomes et 250 

al., 2019)14-16-17-18. The DLPFC is a central processing hub for cognitive functions (Miller and 251 

Cohen, 2001)38 and it is therefore reasonable to assume that the repeated stimulation of this 252 

brain region may lead to enhancements in a wide range of cognitive functions. Furthermore, 253 

our finding that the group that received cognitive training alone improved in all outcome 254 

measures is consistent with previous work showing that cognitive training improves cognitive 255 

functioning in MCI (Gonzalez et al., 2021; Lu et al., 2019)22-26. However, we show that the 256 

combination of anodal tDCS and cognitive training leads to the largest gains in cognitive 257 

status and verbal fluency. This is consistent with the notion of state-dependency of tDCS 258 

effects. tDCS-induced effects are sensitive to the state of the network and modulate the firing 259 

of those neurons that are already activated by a given task (Miniussi et al. 2013)20. 260 

Our results of larger effects of the combined intervention on global cognitive 261 

functioning and verbal fluency are at odds with a number of previous studies (Martin et al., 262 

2019; Gonzalez et al., 2021; Das et al., 2019)21-22-23, and a recent meta-analysis (Chu et al., 263 

2021)25 showing no advantage of combining cognitive training with anodal PFC tDCS in 264 

individuals with MCI or AD. The discrepancy with those studies may be due to the number of 265 
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sessions/intervals between sessions. Our study involved twenty daily administrations, 266 

whereas previous studies administered two (Das et al., 2019)23 or three (Martin et al., 2019; 267 

Gonzalez et al., 2021)21-22 sessions weekly. Although the optimal repetition interval for tDCS 268 

protocols has not been established yet, our data may suggest that the combination of tDCS 269 

and cognitive training may be more beneficial when delivered across several consecutive 270 

days, at least in MCI participants. 271 

Alternatively, the combined intervention could be particularly beneficial for some cognitive 272 

functions or be more evident using some outcome measures and not others. Indeed, we 273 

showed that the three groups showed similar intervention gains for the Digit Span and Corsi 274 

Block-tapping Test scores. This may suggest that the left DLPFC site, although sufficient to 275 

induce effects of tDCS alone, failed to incrementally improve short-term span performance 276 

above that achieved by tDCS or training alone. It could also be that superior intervention 277 

gains of the combined approach are more evident when the outcome measures are closer to 278 

the cognitive functions that received anodal tDCS during training. Our cognitive training 279 

included a wide range of cognitive functions, including language. However, it did not include 280 

any short-term memory span task, either verbal or visuospatial. This may suggest that the 281 

effects of combined tDCS and CT interventions decrease linearly with the distance between 282 

the trained task and the outcome measure. Further studies are needed to demonstrate which 283 

cognitive function shows larger improvements following a combined tDCS and CT 284 

intervention. 285 

 286 

CONCLUSIONS 287 

Our study showed how tDCS to the left DLPFC, cognitive training or a combined 288 

intervention consisting of both, represent a valid treatment to improve cognitive functioning 289 

in individuals with MCI. Three limitations of the current study are worth mentioning. First, 290 

we did not include a sham tDCS group. Although a sham tDCS condition would have allowed 291 
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us to control for the effects of tDCS, we did not find differences between the tDCS alone and 292 

cognitive training alone group. Any placebo effect induced by the stimulation would have 293 

resulted in larger gains in both tDCS groups compared to the cognitive training alone group. 294 

Another limitation is that group allocation was not random, therefore our results could be 295 

subject to allocation bias. The fact that the three groups did not differ at baseline in terms of 296 

key demographic characteristics and cognitive status suggests that any impact of allocation 297 

bias on the outcome is possibly limited. Future studies will also need to consider individual 298 

differences at baseline, including genetic factors and anatomical differences that impact the 299 

electric field generated by tDCS. Our data suggest that the reduced practicality of the 300 

administration of tDCS combined with cognitive training is justified by an increased 301 

effectiveness of the combined treatment. These encouraging results also shed light on the 302 

possibility of further investigating the effectiveness of tDCS, considering its feasibility as an 303 

at-home treatment. 304 
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 460 

Table Titles and Captions for Illustrations 461 

Table 1: Demographics and clinical characteristics 462 

Figure 1: Change from T0 to T1 in the three groups for the MMSE (A), Fluency (B), Digit 463 

Span (C) and Corsi Span (D). Error bars display standard errors; CT: Cognitive training 464 

Figure 2: Intervention gains (difference between post-intervention and pre-intervention) for 465 

all outcome measures. CT: Cognitive training. **: p<0.01; ***: P<0.001. 466 

 467 

Table 1: Demographics and clinical characteristics 468 

 tDCS CT tDCS+CT p value 

N 17 21 24  

Age 71 (±11) 67 (±13) 74 (±11) 0.388 

Sex (Females:Males) 10:7 12:9 13:11 0.265 

Level of Education 7 (±4) 8 (±4) 8 (±5) 0.443 

MMSE (T0) 23.4 (±3.9) 22.2 (±4.8) 21.1 (±4.7) 0.131 

PHQ-9 (T0) 1.5 (±1.4) 2.3 (±1.2) 1.9 (±1.5) 0.169 

 469 

Note: Standard deviations are displayed in parentheses; CT: Cognitive training; MMSE: Mini 470 

Mental State Examination; PHQ-9: Patient Health Questionnaire-9. 471 
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