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Abstract

:

New approaches in aphasia rehabilitation have recently identified the crucial role of executive functions (EFs) in language recovery, especially for people with severe aphasia (PWSA). Indeed, EFs include high-order cognitive abilities such as planning and problem solving, which enable humans to adapt to novel situations and are essential for everyday functional communication. In a randomized double-blind crossover design, twenty chronic Italian PWSA underwent ten days of transcranial direct current stimulation (tDCS) (20 min, 2 mA) over the right dorsolateral prefrontal cortex (DLPFC). Two conditions were considered, i.e., anodal and sham, while performing four types of cognitive training (alertness, selective attention, visuo-spatial working memory, and planning), all of which were related to executive functions. After anodal tDCS, a greater improvement in selective attention, visuospatial working memory and planning abilities was found compared to the sham condition; this improvement persisted one month after the intervention. Importantly, a significant improvement was also observed in functional communication, as measured through the Communication Activities of Daily Living Scale, in noun and verb naming, in auditory and written language comprehension tasks and in executive function abilities. This evidence emphasizes, for the first time, that tDCS over the right DLPFC combined with executive training enhances functional communication in severe aphasia.
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1. Introduction


The traditional model of language organization, often referred to as the Broca–Wernicke–Lichtheim–Geschwind model [1,2], focuses almost exclusively on the involvement of the inferior frontal and posterior temporal regions for expressive and receptive language functions, respectively, and the connection between these sites, named the arcuate fasciculus. However, in recent years, behavioral and neuroimaging results have shown that the network subserving the language function is much more widely distributed across the brain than previously thought [3,4,5]. Indeed, most contemporary models propose a much more complex architecture encompassing regions which might also include bilateral cortical networks as well as subcortical circuits [6,7,8,9,10]. In line with this view, a growing body of evidence has led to the concept of “neuronal multifunctionality”, in which these complex neuronal circuits subserve both linguistic and non-linguistic information, creating dynamic cognition-language interactions in the brain [11,12]. Based on this perspective, new approaches in aphasia rehabilitation have emphasized that non-linguistic functions may also subserve language recovery. Accordingly, several works have already shown that multiple cognitive domains, including attention [13,14,15,16,17], memory [18,19] and executive functions, may improve communication and language performance in aphasia [20,21,22,23]. Since in persons with severe aphasia (PWSA), language does not always adequately meet the communicative needs of the individual [24], to communicate successfully, it is necessary to enhance skills and strategies that allow PWSA to bypass their limitations in everyday activities. The impact of inadequate strategic competence in everyday life in PWSA clearly points to the importance of training executive functions for successful functional communication in aphasia [25,26]. Indeed, executive functions (EFs) include high-order cognitive abilities such as cognitive flexibility, planning and problem solving which enable humans to achieve goals, to adapt themselves to novel everyday life situations, and to manage social interactions [27,28,29]. To date, several definitions, and theoretical models for EFs processing have been proposed which were specifically designed to achieve different research purposes ([30]). With regard to the relationship between executive functions and functional communication, clinically oriented models are the most suitable choice. Indeed, clinical models, which originate from clinical neuropsychology, tend to be comprehensive, including multiple sub-components of EF which correspond to the deficits observed in brain-damaged populations. Examples of such models include those by Lezak, Howieson, Bigler, and Tranel [31], Stuss [32], and Suchy [33]. In particular, Suchy and colleagues [30] have proposed a model which describes the relationship between executive functions and functional communication incorporating five inter-related executive domains: (1) planning and problem-solving skills based on working memory and mental flexibility; (2) initiation and continuation of the behaviors necessary to implement a given action; (3) response selection, i.e., the ability to choose an appropriate action among several competitors, based on the processes of inhibition and updating; (4) multitasking, i.e., monitoring and coordinating multiple goals in a prospective view; (5) social cognition, i.e., understanding socially relevant verbal communication and paralinguistic messages. Thus, the authors consider the importance of executive functions to accomplish several communication skills [30]. As an example, while holding a conversation, the speaker should at the same time store the interlocutor’s information, plan the responses to be given, and sometimes inhibit inappropriate ones, all tasks implemented by EF processing.



Consistent with this hypothesis, several lines of evidence have already emphasized how executive functions could provide support to conversational skills when spared but they might also interfere with functional communication when impaired [23]. Indeed, different reports to date have clearly shown that PWA may also present with executive deficits, which negatively affect language treatment outcomes [20,34,35] and communication skills [25,26].



In recent years, new technological advances have shown the effectiveness of transcranial direct current stimulation (tDCS), a non-invasive brain stimulation technology, in the recovery of several cognitive abilities, including language recovery [36,37]. Through tDCS a weak current at low intensity (1–2 mA) is delivered on the scalp by means of two electrodes: the anode and the cathode [38]. Depending on the polarity of the current, there is a general agreement that anodal stimulation causes a depolarization of the neural membrane resulting in excitability of the target area, whereas cathodal stimulation might induce hyperpolarization with an inhibition of the activity of the stimulated region [39]. Typically, these two conditions (anodal, cathodal) are compared with a sham condition (placebo condition), in which the stimulator is switched off after 30 s without the subject’s awareness [36,40].



It is well known that the dorsolateral prefrontal cortex (DLPFC) is involved in higher-level cognition and, in particular, in domain general executive functional control, such as in selective attention, working memory and planning tasks ([41,42,43,44]; for a review, see [45]). With regard to selective attention, a couple of works have indicated an increase in response inhibition ability after anodal tDCS over the left DLPFC [46], while others have more recently emphasized the effectiveness of anodal tDCS over the DLPFC ([47,48,49,50]. In the context of WM, while some studies have successfully targeted the left DLPFC in verbal working memory [44,51,52], others have addressed the role of its right homologous [53,54] in spatial working memory tasks [54,55,56]. As regard as planning abilities, Harty and colleagues [57] have investigated the effects of both anodal and cathodal stimulation over the right and left DLPFC in a group of 106 healthy elderlies who presented a low error awareness measured through the Error Awareness Task [58]. Results showed that anodal tDCS over the right DLPFC exerted the greater effect increasing error awareness compared to the other conditions. In a sample of fifty-five healthy subjects, Heinze and colleagues [59] investigated the effects of bilateral tDCS over the DLPFC combined with an eye-tracking while performing a planning task by using the Tower of London test. Results showed a reduction in initial thinking time following left cathodal/right anodal DLPFC stimulation in parallel with a shorter duration of the last gaze before task’s solution. Based on these findings, the authors concluded that anodal stimulation over the right DLPFC is associated with a reduction in the time spent in evaluation processes during planning tasks.



Although the DLPFC has never been considered as specifically related to language tasks, its role for implementing functional connectivity between the language network and other cognitive domains has been widely recognized (for a review, see [45]). Thus, several studies have stimulated the left DLPFC to improve error detection in sentences [60] or to reduce interference in picture naming tasks [61]. Very recently, Pestalozzi and collaborators [62] have investigated whether strengthening executive control through anodal tDCS over the left DLPFC would facilitate lexical retrieval in a group of fourteen PWA. Results showed an increase in verbal fluency and in naming speed of high frequency words after anodal condition with respect to sham.



As far as we know, to date, none of the reported studies have investigated whether tDCS over the DLPFC combined with executive function training improves functional communication in PWSA.



As previously stated, several lines of evidence have already highlighted the role of executive functions in maintaining an adequate level of communication skills in aphasic patients, particularly, in severe cases [20,25,26,34,35].



Thus, in the present study, we investigated whether anodal tDCS over the right DLPFC combined with different executive function training would enhance the ability to communicate in everyday life in twenty PWSA. The choice to stimulate the right DLPFC is pertinent with all the most recent literature indicating this region as crucial for the performance of executive tasks.




2. Materials and Methods


2.1. Study Design


A randomized double-blinded cross-over design was conducted from January 2020 to June 2022 at the Behavioral Neurological Laboratory of the IRCCS Santa Lucia in Rome, Italy. Thirty chronic persons with post-stroke aphasia were examined through a detailed neuropsychological assessment. Ten were excluded for the following reasons: failure to meet the inclusion criteria, difficulty in transporting means and personal reasons. Thus, a final sample size of twenty patients was recruited (see Figure S1).



G*Power 3.1 [63] was used to calculate the sample size with α = 0.05, a power = 90%, two measurements (anodal vs sham), and effect size f = 0.4. The analysis indicated that a total sample size of N ≥ 19 was necessary to detect a significant effect in our study.



All twenty patients received both interventions (AB → anodal-sham and BA → sham-anodal). The order of conditions was randomized across subjects. Half of the participants (n = 10) started with condition A (anodal tDCS) followed by condition B (sham tDCS), while the other half began (n = 10) with condition B (sham tDCS) followed by condition A (anodal tDCS). The allocation sequences were generated by a technician of the laboratory. To avoid carryover effects, a washout period of four weeks was established between condition A and B (and vice versa). As this was a double-blinded study, both the examiner and the patient were blinded regarding the stimulation condition and the stimulator was turned on/off by a third person, who assigned participants to the AB or BA intervention.




2.2. Participants


Twenty left-brain-damaged participants (ten men and ten women, mean age: 61.04; SD 7.02) with severe chronic aphasia were included in the study. Inclusion criteria were native Italian proficiency, a single left ischemic stroke at least 6 months prior to the investigation, pre-morbid right handedness (based on the “Edinburgh Handedness Questionnaire”; [64]) and no acute or chronic neurological symptoms needing medication. Subjects over 75 years of age and those with seizures, implanted electronic devices (e.g., pacemaker) and previous brain damage were excluded. None of the participants were taking any kind of medication and none of them has received structured language therapy for at least 6 months before the time of inclusion in the study in order to prevent confounding therapy effects (see Table 1).




2.3. Ethics Statement


The data analyzed in the current study were collected in accordance with the Declaration of Helsinki and the Institutional review board of the IRCCS Fondazione Santa Lucia, Rome, Italy. Before participation, all patients signed informed consent forms.




2.4. Clinical Data


All patients were diagnosed with severe non-fluent aphasia. Subjects were not able to spontaneously speak, as their verbal output was totally absent. The aphasic disorders were assessed using standardized language testing (Esame del Linguaggio II (EDL), [65] and the Token Test [66]. The EDL test included different tasks among which oral and written noun and verb-naming (n = 20 for noun naming, i.e., topo (mouse); n = 10 for verb naming, i.e., leggere (to read)), words repetition, reading and writing under dictation (words, n = 20, i.e., tavolo (table)), nonwords repetition, reading and writing under dictation (n = 20, i.e., bo, fime, tarino). Although some residual repetition and reading abilities were still present, all subjects were severely affected in all tasks including the auditory comprehension test (Token test cut-off 29/36) (see Table 1). Oral (n = 60, i.e., la moto ha superato la macchina (the motorbike passed the car) and written comprehension (n = 45, i.e., le bambine sono applaudite dal bambino (the girls are applauded by the boy) were further assessed through two BADA subtests (Batteria per l’analisi dei deficit afasici, [67]) which indicated a severe impairment in both tasks (see Table 2). To assess functional communication, we used the Italian version of CADL-2 [68], an ecological evaluation tool which consists of 50 items in the form of role-playing activities revolving around fictitious environments (e.g., going to the doctor, shopping at the grocery, making a phone call, asking for directions, driving a car), depicted by questions and pictures. All PWA obtained a low percentage score, indicating a poor level of functional communication (0−23 low percentage scores, 24–77 average percentage score, 78–100 high percentage score). To investigate executive functions processing, all participants were also administered the attention visual search test [69] (cut-off score 30), the spatial short-term memory Corsi test ([70] (cut-off score 3.08), the non-verbal Smirni subtest which measures the ability to recognize previously presented faces and buildings ([71] (cut-off percentage score >10) and, for planning abilities, the Tower of London test (TOL, [72] (cut-off percentage score 80). In the visual search task, all patients performed close to the cut-off score, while in the Corsi test their performance was not impaired. In the Smirni test and in the TOL test, all patients were below the cut-off percentage score (see Table 2).




2.5. Materials


Cogniplus software (Schuhfried, https://www.schuhfried.com/cogniplus/ (accessed on 15 January 2020), Mödling, Austria, Europe), a cognitive battery for training different cognitive abilities embedded in lifelike scenarios, was used. Four cognitive tasks were selected: alertness, selective attention, visuo-spatial working memory, and planning.



In the alertness training, the patient drove a motorcycle at varying speed along a winding road. The aim was to carefully observe the stretch of the road in front of him/her and to press the keyboard as quickly as possible when an obstacle appeared on the road (i.e., a level crossing closes, a tree falls unexpectedly in the driver’s path), in order to brake promptly before it.



In the selective attention task, the patient was an explorer on a boat along a river surrounded by a forest. During the journey, several animals appeared, including hippos, giraffes, elephants. The patient was asked to press the keyboard only when he/she saw the hippos.



In the spatial working memory task, the patient watched colorful butterflies in a natural environment. The butterflies flew over a meadow or sandy area. From time to time, one butterfly landed, and another started its flight and so on. Depending on the level of difficulty, the patient was asked to remember the position of the last butterfly, the second-to-last butterfly, the third-to-last butterfly and so on.



In the planning training, the patient saw a map of the city with nine buildings (e.g., post office, café, insurance office, cultural center). On the right side of the map, a box appeared in which pending and completed errands were listed. The patient was asked to accomplish several tasks in each building, formulating an appropriate strategy to decide in which order running the errands. The task difficulty varied according to the number of errands to be completed and the time spent.




2.6. Procedure


2.6.1. Transcranial Direct Current Stimulation (tDCS)


tDCS was applied using a battery driven Eldith (neuroConn GmbH) Programmable Direct Current Stimulator with a pair of surface-soaked sponge electrodes (5 × 7 cm). Anodal stimulation consisted of 20 min of 2 mA direct current with the anode placed over the right DLPFC (F4 of the extended International 10–20 system for EEG electrode placement) and the cathode (the reference electrode) above the contralateral frontopolar cortex (Fp1). For sham stimulation, the same electrode position was used. The current was ramped up to 2 mA and slowly decreased over 30 s to ensure the typical initial tingling sensation [73]. The order of conditions was randomized across subjects. Half of the participants started with the anodal condition and the remaining half with the sham condition. There were four weeks of intersession interval between the two experimental conditions. Thus, after four weeks, the order of condition was inverted. For each experimental condition (anodal vs. sham), the rehabilitative program consisted of 10 one-hour sessions over two weeks (Monday-Friday, weekends off, Monday-Friday). Although tDCS stimulation was delivered from the beginning of the cognitive training up to 20 min, the cognitive training lasted 1 h per day. At the end of each treatment condition (anodal vs. sham) and after four weeks (follow-up), the neuropsychological battery was readministered to all patients. During the training, none of the participants noticed differences in the intensity of sensation between the two stimulation conditions (anodal vs. sham), not being aware of what condition they were performing [74].




2.6.2. Cognitive Treatments


The cognitive treatment was administered through the Cogniplus software (Schuhfried). During each one-hour session, all participants underwent four types of training: alertness, selective attention, visuo-spatial memory, and planning presented in randomized order.




2.6.3. Data Analysis


Before, after the treatment and at follow-up (FU), the patients’ performance was evaluated by comparing the mean score obtained in the alertness, selective attention, visuo-spatial working memory, and planning training. Data were analyzed using STATISTICA10 software. The Shapiro–Wilk test was applied which revealed a normal distribution of the data. Four repeated measures ANOVAs were performed separately for the four types of training. For each analysis, two “within” factors were considered: CONDITION (anodal vs. sham) and TIME (baseline (T0) versus end of treatment (T10) versus follow up (FU)). The post-hoc Bonferroni test was conducted on the significant effects observed in the ANOVA. The values of p ≤ 0.05 were considered statistically significant. Before and after each treatment condition, the patients’ responses to the different re-administration of the standardized language tests (EDL and BADA), CADL-2 test, visual search test, Smirni subtest and TOL test were also analyzed using χ2-test.






3. Results


3.1. Accuracy Data


3.1.1. Alertness


The analysis showed no significant effect of CONDITION (anodal versus Sham, F (1,19) = 1.51, p = 0.23, partial η2 = 0.07 and observed power = 0.21), but a significant effect of TIME [Baseline (T0) versus End of treatment (T10) versus Follow-up (F/U), F (2,38) = 360.40, p ≤ 0.001, partial η2 = 0.95, and observed power =1.000]. The interaction CONDITION × TIME was not significant (F (2,38) = 1.76, p = 0.19, partial η2 = 0.08 and observed power = 0.35).




3.1.2. Selective Attention


The analysis showed a significant effect of CONDITION (anodal versus Sham, F (1,19) = 222.13, p ≤ 0.001, partial η2 = 0.92 and observed power = 1.000) and of TIME (Baseline (T0) versus End of treatment (T10) versus Follow-up (F/U), F (2,38) = 427.84, p ≤ 0.001, partial η2 = 0.96 and observed power = 1.000). The interaction CONDITION × TIME was also significant (F (2,38) = 199.19, p ≤ 0.001, partial η2 = 0.91 and observed power = 1.000). The Bonferroni’s post-hoc test revealed that, while no significant differences emerged in the mean score between the two conditions at T0 (anodal 2 versus sham 2, p = 1), the mean score was significantly greater in the anodal than in the sham condition at T10 (anodal 8 versus sham 4, p ≤ 0.001) and persisted at F/U (anodal 8 versus sham 4, p ≤ 0.001). Significant differences also emerged between T0 and T10 for the sham condition (2, p ≤ 0.001) (see Figure 1).




3.1.3. Visuo-Spatial Working Memory


The analysis showed a significant effect of CONDITION (anodal versus Sham, F (1,19) = 20.29, p ≤ 0.001, partial η2 = 0.52 and observed power = 0.99) and TIME [Baseline (T0) versus End of treatment (T10) versus Follow-up (F/U), F (2,38) = 169.29, p ≤ 0.001, partial η2 = 0.90 and observed power = 1.000]. The interaction CONDITION × TIME was also significant (F (2,38) = 18.99, p ≤ 0.001, partial η2 = 0.50 and observed power = 0.99). The Bonferroni’s post-hoc test revealed that, while no significant differences emerged in the mean score between the two conditions at T0 (anodal 2 versus sham 2, p = 1), the mean score was significantly greater in the anodal than in the sham condition at T10 (anodal 10 versus sham 7, p ≤ 0.001) and persisted at F/U (anodal 9 versus sham 7, p ≤ 0.001). Significant differences also emerged between T0 and T10 for the sham condition (5, p ≤ 0.001) (see Figure 2).




3.1.4. Planning


The analysis showed a significant effect of CONDITION (anodal versus Sham, F (1,19) = 201.06, p ≤ 0.001, partial η2 = 0.91 and observed power = 1.000) and TIME (Baseline (T0) versus End of treatment (T10) versus Follow-up (F/U), F (2,38) = 438.24, p ≤ 0.001, partial η2 = 0.96 and observed power = 1.000). The interaction CONDITION × TIME was also significant (F (2,38) = 237.05, p ≤ 0.001, partial η2 = 0.93 and observed power = 1.000). The Bonferroni’s post-hoc test revealed that, while no significant differences emerged in the mean score between the two conditions at T0 (anodal 3 versus sham 4, p = 1), the mean score was significantly higher in the anodal than in the sham condition at T10 (anodal 16 versus sham 10, p ≤ 0.001) and persisted at F/U (anodal 16 versus sham 9, p ≤ 0.001). Significant differences also emerged between T0 and T10 for the sham condition (6, p ≤ 0.001) (see Figure 3).



Interestingly, the χ2-test also revealed that, when the training was combined with anodal stimulation, all patients significantly improved not only in the CADL-2 test but also in oral noun and verb naming and in oral and written comprehension of sentences (see Table 3).



Moreover, after anodal stimulation, eleven out of twenty patients further improved their performance in the visual search test, while nine and fifteen patients passed the cut-off scores in the Smirni and TOL tests, respectively. These changes persisted at F/U. No changes were observed in the Corsi test whose score was already above the cut-off in all patients (see Table 4).






4. Discussion


In the present study, we investigated whether different types of executive function training combined with tDCS would enhance functional communication in twenty persons with chronic severe aphasia. After the training, an improvement in selective attention, spatial working memory and planning abilities was found in both stimulation conditions (anodal vs. sham) but it was greater in the anodal condition compared to sham. More importantly, this improvement persisted one month after the intervention. Thus, the executive training alone exerted its own effectiveness, but the recovery process was further improved after anodal tDCS. No differences were found between the two conditions in the alertness task. This last result argues against an explanation simply due to enhanced cognitive arousal which should have also influenced the alertness task. Interestingly, after anodal stimulation, a significant improvement was also observed in functional communication, in noun and verb naming, in auditory and written language comprehension tasks and in different executive functions tests.



As stated in the Introduction, in persons with chronic severe aphasia, language skills might result dramatically impaired even years after the onset of the disease. This situation often impacts also on the person’s ability to rely on functional communication. That is, the ability to effectively communicate his/her own needs in social contexts making use of compensatory strategies which allow to bypass the person’s verbal limitations [75,76,77]. Indeed, all individuals can express their communicative intentions not only through language, but also through extralinguistic means such as hand gestures, body movements or facial expressions which are intentionally expressed to convey a message. The impact of inadequate strategic competence prevents severe aphasic people to maintain successful social relations and to pursue life goals [78]. Consequently, in addition to the assessment of formal aspects of language (phonological, lexical, and grammatical domains), in persons with severe aphasia, the adjunct of a functional communication scale is particularly relevant to test their communicative abilities.



In the present study, together with standardized language tests, we administered the Communication Activities of Daily Living scale (CADL 2) [68] which, among the different communication abilities assessment tools, is considered a valid ecological battery for functional communication assessment [79]. The CADL 2 assesses a person’s communication abilities in activities of daily life by asking him/her to simulate communication acts in hypothetical natural environments (e.g., going to the doctor, making a phone call, asking for directions). It has been widely employed in the assessment of everyday language abilities in persons with aphasia [80,81] and in the evaluation of intensive language rehabilitation programs [82]. Interestingly, our results clearly showed that, while, before the training, all patients obtained very low percentage scores in the CADL-2, after two weeks of treatment, all of them reached an average percentage score but only when the training was combined with anodal tDCS. Thus, although the training was effective, the greater improvement obtained in the anodic condition was reflected in a positive change in the CADL-2 only in this condition. Similar results, although not for all patients, were obtained in the tests of attention, spatial memory, and planning skills.



As already mentioned, in recent years, there has been increasing interest in understanding the role of executive processes (e.g., cognitive control, attention, working memory) in the recovery of post-stroke language deficits [62,83,84]. The cerebral regions involved in executive function processing have been shown to be recruited in language tasks in post-stroke aphasia and in healthy subjects [85]. Researchers have also found that executive regions play a major role in recovery from aphasia [86]. Indeed, to enact goal-directed behavior and to respond to novel and challenging tasks of everyday life, people should make use of different cognitive components, such as cognitive flexibility, working memory and attention which rely on executive functions processing. Executive functions have been linked to pragmatic abilities and to social behavior [87] as they are involved in planning, monitoring, and inhibiting the discourse and in social exchanges. Moreover, intact executive functions system seems to be crucial to adaptive, motivated, and effective communication [88,89]. Impaired executive functions processing has been described in aphasic stroke patients and it has been shown to have a negative impact on rehabilitation outcomes [15,16,20,90,91,92], functional communication [25], and quality of life [93]. However, in most of these studies, the relationship between executive control and functional communication has been investigated only by assessing the aphasic performance through neuropsychological tests, including measures of functional communication, executive functional ability, and language impairment [25,26,94,95]. Based on these findings, it appears that higher levels of executive functioning are linked to better functional communication [21] and conversational skills [96] and greater cognitive flexibility has been significantly correlated to better strategy use in functional communication tasks [97]. Indeed, in the Olsson and colleagues [25,26] studies, most of the aphasic patients (79%) presented with executive functions deficits with the nonverbal participants more severely affected than the verbal group. Few recent studies have directly investigated if spared executive control is an important predictor of treatment gains. In the Simic et al. study [35], ten patients with mild to severe aphasia were treated three times a week for five weeks with a phonological naming therapy. Difference scores in naming accuracy of treated and untreated words served as the primary outcome measures. Results showed that individuals with better executive functions abilities showed better maintenance of treated words at four and eight- weeks follow-ups.



As far as we know, to date, only one study has emphasized the importance of strengthening executive control through prefrontal tDCS to facilitate lexical retrieval and verbal fluency in aphasia [62]. However, until now, no studies have investigated the impact of executive function training combined with tDCS on functional communication.



In our study, after the training, all patients improved in their functional communication skills and in several language and executive functions tasks, indicating an improvement in executive control enhanced functional communication. Interestingly, as also noted in previous works (see [37] for a review), these generalization effects on untreated tasks were present only after anodal stimulation. Indeed, the sham condition impacted only on the cognitive treatments as such. These results might be ascribed to the severity and chronicity of the functional communication profile observed, at baseline, in all patients. Indeed, since the treatment lasted only ten days, the hypothesis might be advanced that the executive function training alone was insufficient to improve functional communication. On the contrary, interestingly, the same number of training sessions combined with anodal tDCS over the same time period exerted beneficial effects on the treated functions and generalized to functional communication and to the language domain. Thus, similar to previous results (see [37] for a review), combining tDCS with cognitive training boosted cognitive recovery overcoming the difficulties caused by the severity of the deficit. These findings are, thus, very promising, as ten days of tDCS produced generalization effects over untreated functions (i.e., functional communication and language) which lasted up to one month which were not obtained in the absence of stimulation.



It is well known that executive functions are dependent on the prefrontal lobes which are strongly interconnected with other cortical areas and subcortical structures ([98,99] among which the frontal areas. In our study, we choose to stimulate the right DLPFC due to its role in selective attention, spatial working memory and planning abilities. Indeed, most of the recent tDCS literature have found that anodal tDCS over the right DLPFC enhances these skills [53,54,55,56,57]. Moreover, since all of our patients had extensive damage to the left language areas, we reasoned that stimulation of the right DLPFC would also have positive effects on language tasks. Indeed, even if the exact underlying tDCS mechanisms in our study remain largely speculative, the hypothesis might be advanced that, due to the strong interconnections between the prefrontal and the frontal regions [85,86,98,99], anodal tDCS over the right DLPFC has enhanced activation on the right frontal cortex which, in turn, serves as a supportive area for the observed recovery. Indeed, to date, several neuroimaging studies have already shown functional connectivity changes on cortical activity within the lesioned left hemisphere [100,101,102] and in the contralateral right homologues [103,104,105] due to tDCS treatment.




5. Conclusions


We are aware that our study has some limitations. The major ones are the small sample size and the lack of longitudinal follow-ups and of neuroimaging recordings. However, considering these limitations, we believe that our study highlights several important aspects to be considered when making treatment decisions for people with severe aphasia. First of all, it points to the possibility of training cognitive functions other than language. Indeed, from a connectionist perspective which considers the language system as part of a network largely distributed across the brain, this allows clinicians to plan different cognitive treatments which, in turn, facilitate aphasia recovery. It also emphasizes the need to assess functional communication skills, the recovery of which, even in the most severely affected patients, will allow the patient to socially interact in everyday life contexts. Finally, it confirms several previous reports which suggest that post-stroke aphasics in the chronic phase can still benefit from combining the treatment with tDCS.



In conclusion, although future studies are needed to deepen our understanding of the role of executive control on functional communication and the underlying neural mechanisms by which tDCS affects verbal performance, we believe that our results are promising since, for the first time, they suggest that executive function training can positively impact functional communication in severe chronic aphasia.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/brainsci12091265/s1, Figure S1: CONSORT Flow Diagram.





Author Contributions


Conceptualization, F.P. and P.M.; methodology, F.P., A.M. and A.C.; formal analysis, F.P.; data curation, F.P., A.M. and A.C.; writing—original draft preparation, F.P.; writing—review and editing, P.M. and C.C.; supervision, P.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and it was approved by the Institutional Review Board of IRCCS Santa Lucia Foundation, Rome, Italy (CE/PROG.733, 14 March 2019).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to ethical and privacy restrictions.




Acknowledgments


We are extremely grateful to SCHUHFRIED GmbH for providing free access to the computerized cognitive training CogniPlus used in this study. We thank the Italian Ministry of Health, Research Line A, IRCSS Santa Lucia Foundation for their support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Geranmayeh, F.; Brownsett, S.L.E.; Wise, R.J.S. Task-Induced Brain Activity in Aphasic Stroke Patients: What Is Driving Recovery? Brain 2014, 137, 2632–2648. [Google Scholar] [CrossRef] [PubMed]

	



Hickok, G.; Poeppel, D. Dorsal and Ventral Streams: A Framework for Understanding Aspects of the Functional Anatomy of Language. Cognition 2004, 92, 67–99. [Google Scholar] [CrossRef]

	



Duncan, E.S.; Small, S.L. Imitation-Based Aphasia Therapy Increases Narrative Content: A Case Series. Clin. Rehabil. 2017, 31, 1500–1507. [Google Scholar] [CrossRef] [PubMed]

	



Tremblay, P.; Dick, A.S. Broca and Wernicke Are Dead, or Moving Past the Classic Model of Language Neurobiology. Brain Lang. 2016, 162, 60–71. [Google Scholar] [CrossRef] [PubMed]

	



Ulm, L.; Copland, D.; Meinzer, M. A New Era of Systems Neuroscience in Aphasia? Aphasiology 2018, 32, 742–764. [Google Scholar] [CrossRef]

	



Crosson, B. Thalamic Mechanisms in Language: A Reconsideration Based on Recent Findings and Concepts. Brain Lang. 2013, 126, 73–88. [Google Scholar] [CrossRef]

	



Hebb, A.O.; Ojemann, G.A. The Thalamus and Language Revisited. Brain Lang. 2013, 126, 99–108. [Google Scholar] [CrossRef]

	



Hickok, G.; Poeppel, D. The Cortical Organization of Speech Processing. Nat. Rev. Neurosci. 2007, 8, 393–402. [Google Scholar] [CrossRef]

	



Mariën, P.; Ackermann, H.; Adamaszek, M.; Barwood, C.H.S.; Beaton, A.; Desmond, J.; de Witte, E.; Fawcett, A.J.; Hertrich, I.; Küper, M.; et al. Consensus Paper: Language and the Cerebellum: An Ongoing Enigma. Cerebellum 2014, 13, 386–410. [Google Scholar] [CrossRef]

	



Price, C.J. The Anatomy of Language: A Review of 100 FMRI Studies Published in 2009. Ann. N. Y. Acad. Sci. 2010, 1191, 62–88. [Google Scholar] [CrossRef]

	



Blumstein, S.E.; Amso, D. Dynamic Functional Organization of Language: Insights from Functional Neuroimaging. Perspect. Psychol. Sci. 2013, 8, 44–48. [Google Scholar] [CrossRef] [PubMed]

	



Cahana-Amitay, D.; Albert, M.L. Neuroscience of Aphasia Recovery: The Concept of Neural Multifunctionality. Curr. Neurol. Neurosci. Rep. 2015, 15, 41. [Google Scholar] [CrossRef] [PubMed]

	



Erickson, R.J.; Goldinger, S.D.; Lapointe, L.L. Auditory Vigilance in Aphasic Individuals: Detecting Nonlinguistic Stimuli with Full or Divided Attention. Brain Cogn. 1996, 30, 244–253. [Google Scholar] [CrossRef]

	



Hula, W.D.; McNeil, M.R. Models of Attention and Dual-Task Performance as Explanatory Constructs in Aphasia. Semin. Speech Lang. 2008, 29, 169–187. [Google Scholar] [CrossRef] [PubMed]

	



Leśniak, M.; Bak, T.; Czepiel, W.; Seniów, J.; Członkowska, A. Frequency and Prognostic Value of Cognitive Disorders in Stroke Patients. Dement. Geriatr. Cogn. Disord. 2008, 26, 356–363. [Google Scholar] [CrossRef] [PubMed]

	



Murray, L.L. Attention and Other Cognitive Deficits in Aphasia: Presence and Relation to Language and Communication Measures. Am. J. Speech-Lang. Pathol. 2012, 21. [Google Scholar] [CrossRef]

	



Peach, R.K.; Rubin, S.S.; Newhoff, M. A Topographic Event-Related Potential Analysis of the Attention Deficit for Auditory Processing in Aphaisa. Clin. Aphasiol. 1994, 22, 81–96. [Google Scholar]

	



Helm-Estabrooks, N. Cognition and Aphasia: A Discussion and a Study. J. Commun. Disoders 2002, 35, 171–186. [Google Scholar] [CrossRef]

	



Erickson, R.J. Auditory Vigilance during Divided Task Attention in Aphasic Individuals. Aphasiology 1991, 5, 511–520. [Google Scholar] [CrossRef]

	



Schumacher, R.; Halai, A.D.; Lambon Ralph, M.A. Assessing and Mapping Language, Attention and Executive Multidimensional Deficits in Stroke Aphasia. Brain 2019, 142, 3202–3216. [Google Scholar] [CrossRef]

	



Fridriksson, J.; Nettles, C.; Davis, M.; Morrow, L.; Montgomery, A. Functional Communication and Executive Function in Aphasia. Clin. Linguist. Phon. 2006, 20, 401–410. [Google Scholar] [CrossRef] [PubMed]

	



Keil, K.; Kaszniak, A.W. Examining Executive Function in Individuals with Brain Injury: A Review. Aphasiology 2002, 16, 305–335. [Google Scholar] [CrossRef]

	



Ramsberger, G. Achieving Conversational Success in Aphasia by Focusing on Non-Linguistic Cognitive Skills: A Potentially Promising New Approach. Aphasiology 2005, 19, 1066–1073. [Google Scholar] [CrossRef]

	



Darrigrand, B.; Dutheil, S.; Michelet, V.; Rereau, S.; Rousseaux, M.; Mazaux, J.M. Communication Impairment and Activity Limitation in Stroke Patients with Severe Aphasia. Disabil. Rehabil. 2011, 33, 1169–1178. [Google Scholar] [CrossRef]

	



Olsson, C.; Arvidsson, P.; Blom Johansson, M. Relations between Executive Function, Language, and Functional Communication in Severe Aphasia. Aphasiology 2019, 33, 821–845. [Google Scholar] [CrossRef]

	



Olsson, C.; Arvidsson, P.; Blom Johansson, M. Measuring Executive Function in People with Severe Aphasia: Comparing Neuropsychological Tests and Informant Ratings. NeuroRehabilitation 2020, 46, 299–310. [Google Scholar] [CrossRef] [PubMed]

	



Miyake, A.; Friedman, N.P.; Emerson, M.J.; Witzki, A.H.; Howerter, A.; Wager, T.D. The Unity and Diversity of Executive Functions and Their Contributions to Complex “Frontal Lobe” Tasks: A Latent Variable Analysis. Cogn. Psychol. 2000, 41, 49–100. [Google Scholar] [CrossRef]

	



Miyake, A.; Friedman, N.P. The Nature and Organization of Individual Differences in Executive Functions: Four General Conclusions. Curr. Dir. Psychol. Sci. 2012, 21, 8–14. [Google Scholar] [CrossRef]

	



Toplak, M.E.; West, R.F.; Stanovich, K.E. Practitioner Review: Do Performance-Based Measures and Ratings of Executive Function Assess the Same Construct? J. Child Psychol. Psychiatry 2013, 54, 131–143. [Google Scholar] [CrossRef]

	



Suchy, Y.; Ziemnik, R.E.; Niermeyer, M.A. Assessment of Executive Functions in Clinical Settings. In Executive Functions in Health and Disease; Goldberg, E., Ed.; Elsevier Science & Technology: San Diego, CA, USA, 2017. [Google Scholar]

	



Lezak, M.D.; Howieson, D.B.; Bigler, E.D.; Tranel, D. Neuropsychological Assessment, 5th ed.; Oxford University Press: New York, NY, USA, 2012; ISBN 978-0-19-539552-5. [Google Scholar]

	



Stuss, D.T. Functions of the Frontal Lobes: Relation to Executive Functions. J. Int. Neuropsychol. Soc. 2011, 17, 759–765. [Google Scholar] [CrossRef]

	



Suchy, Y. Executive Functioning: A Comprehensive Guide for Clinical Practice; Oxford University Press: Oxford, UK, 2015. [Google Scholar]

	



Gilmore, N.; Meier, E.L.; Johnson, J.P.; Kiran, S. Nonlinguistic Cognitive Factors Predict Treatment-Induced Recovery in Chronic Poststroke Aphasia. Arch. Phys. Med. Rehabil. 2019, 100, 1251–1258. [Google Scholar] [CrossRef] [PubMed]

	



Simic, T.; Rochon, E.; Greco, E.; Martino, R. Baseline Executive Control Ability and Its Relationship to Language Therapy Improvements in Post-Stroke Aphasia: A Systematic Review. Neuropsychol. Rehabil. 2019, 29, 395–439. [Google Scholar] [CrossRef] [PubMed]

	



Lefaucheur, J.P.; Antal, A.; Ayache, S.S.; Benninger, D.H.; Brunelin, J.; Cogiamanian, F.; Cotelli, M.; de Ridder, D.; Ferrucci, R.; Langguth, B.; et al. Evidence-Based Guidelines on the Therapeutic Use of Transcranial Direct Current Stimulation (TDCS). Clin. Neurophysiol. 2017, 128, 56–92. [Google Scholar] [CrossRef]

	



Marangolo, P. The Potential Effects of Transcranial Direct Current Stimulation (TDCS) on Language Functioning: Combining Neuromodulation and Behavioral Intervention in Aphasia. Neurosci. Lett. 2020, 719, 133329. [Google Scholar] [CrossRef] [PubMed]

	



Nitsche, M.A.; Paulus, W. Transcranial Direct Current Stimulation—Update 2011. Restor. Neurol. Neurosci. 2011, 29, 463–492. [Google Scholar] [CrossRef] [PubMed]

	



Sudbrack-Oliveira, P.; Razza, L.B.; Brunoni, A.R. Non-Invasive Cortical Stimulation: Transcranial Direct Current Stimulation (TDCS). In International Review of Neurobiology; Academic Press Inc.: Cambridge, MA, USA, 2021; Volume 159, pp. 1–22. ISBN 9780128222980. [Google Scholar]

	



Fregni, F.; El-Hagrassy, M.M.; Pacheco-Barrios, K.; Carvalho, S.; Leite, J.; Simis, M.; Brunelin, J.; Nakamura-Palacios, E.M.; Marangolo, P.; Venkatasubramanian, G.; et al. Evidence-Based Guidelines and Secondary Meta-Analysis for the Use of Transcranial Direct Current Stimulation in Neurological and Psychiatric Disorders. Int. J. Neuropsychopharmacol. 2021, 24, 256–313. [Google Scholar] [CrossRef]

	



Badre, D.; Wagner, A.D. Selection, Integration, and Conflict Monitoring: Assessing the Nature and Generality of Prefrontal Cognitive Control Mechanisms. Neuron 2004, 41, 473–487. [Google Scholar] [CrossRef]

	



Fassbender, C.; Foxe, J.J.; Garavan, H. Mapping the Functional Anatomy of Task Preparation: Priming Task-Appropriate Brain Networks. Hum. Brain Mapp. 2006, 27, 819–827. [Google Scholar] [CrossRef]

	



Hart, H.; Radua, J.; Nakao, T.; Mataix-Cols, D.; Rubia, K. Meta-Analysis of Functional Magnetic Resonance Imaging Studies of Inhibition and Attention in Attention-Deficit/Hyperactivity Disorder: Exploring Task-Specific, Stimulant Medication, and Age Effects. JAMA Psychiatry 2013, 70, 185–198. [Google Scholar] [CrossRef]

	



Brunoni, A.R.; Vanderhasselt, M.A. Working Memory Improvement with Non-Invasive Brain Stimulation of the Dorsolateral Prefrontal Cortex: A Systematic Review and Meta-Analysis. Brain Cogn. 2014, 86, 1–9. [Google Scholar] [CrossRef]

	



Hertrich, I.; Dietrich, S.; Blum, C.; Ackermann, H. The Role of the Dorsolateral Prefrontal Cortex for Speech and Language Processing. Front. Hum. Neurosci. 2021, 15, 645209. [Google Scholar] [CrossRef] [PubMed]

	



Loftus, A.M.; Yalcin, O.; Baughman, F.D.; Vanman, E.J.; Hagger, M.S. The Impact of Transcranial Direct Current Stimulation on Inhibitory Control in Young Adults. Brain Behav 2015, 5, e00332. [Google Scholar] [CrossRef] [PubMed]

	



Friehs, M.A.; Frings, C. Pimping Inhibition: Anodal TDCS Enhances Stop-Signal Reaction Time. J. Exp. Psychol. Hum. Percept. Perform. 2018, 44, 1933–1945. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, T.Y.; Tseng, L.Y.; Yu, J.X.; Kuo, W.J.; Hung, D.L.; Tzeng, O.J.L.; Walsh, V.; Muggleton, N.G.; Juan, C.H. Modulating Inhibitory Control with Direct Current Stimulation of the Superior Medial Frontal Cortex. Neuroimage 2011, 56, 2249–2257. [Google Scholar] [CrossRef] [PubMed]

	



Lapenta, O.M.; di Sierve, K.; de Macedo, E.C.; Fregni, F.; Boggio, P.S. Transcranial Direct Current Stimulation Modulates ERP-Indexed Inhibitory Control and Reduces Food Consumption. Appetite 2014, 83, 42–48. [Google Scholar] [CrossRef]

	



Chen, T.; Wang, H.; Wang, X.; Zhu, C.; Zhang, L.; Wang, K.; Yu, F. Transcranial Direct Current Stimulation of the Right Dorsolateral Prefrontal Cortex Improves Response Inhibition. Int. J. Psychophysiol. 2021, 162, 34–39. [Google Scholar] [CrossRef]

	



Zaehle, T.; Sandmann, P.; Thorne, J.D.; Jäncke, L.; Herrmann, C.S. Transcranial Direct Current Stimulation of the Prefrontal Cortex Modulates Working Memory Performance: Combined Behavioural and Electrophysiological Evidence. BMC Neurosci. 2011, 12, 2. [Google Scholar] [CrossRef]

	



Dedoncker, J.; Brunoni, A.R.; Baeken, C.; Vanderhasselt, M.A. A Systematic Review and Meta-Analysis of the Effects of Transcranial Direct Current Stimulation (TDCS) Over the Dorsolateral Prefrontal Cortex in Healthy and Neuropsychiatric Samples: Influence of Stimulation Parameters. Brain Stimul. 2016, 9, 501–517. [Google Scholar] [CrossRef]

	



Wu, Y.J.; Tseng, P.; Chang, C.F.; Pai, M.C.; Hsu, K.S.; Lin, C.C.; Juan, C.H. Modulating the Interference Effect on Spatial Working Memory by Applying Transcranial Direct Current Stimulation over the Right Dorsolateral Prefrontal Cortex. Brain Cogn. 2014, 91, 87–94. [Google Scholar] [CrossRef]

	



Trumbo, M.C.; Matzen, L.E.; Coffman, B.A.; Hunter, M.A.; Jones, A.P.; Robinson, C.S.H.; Clark, V.P. Enhanced Working Memory Performance via Transcranial Direct Current Stimulation: The Possibility of near and Far Transfer. Neuropsychologia 2016, 93, 85–96. [Google Scholar] [CrossRef]

	



Jeon, S.Y.; Han, S.J. Improvement of the Working Memory and Naming by Transcranial Direct Current Stimulation. Ann. Rehabil. Med. 2012, 36, 585–595. [Google Scholar] [CrossRef] [PubMed]

	



Giglia, G.; Birghina, F.; Rizzo, S.; Puma, A.; Indovino, S.; Maccora, S.; Baschi, R.; Cosentino, G.; Fierro, B. Anodal Transcranial Direct Current Stimulation Ofthe Right Dorsolateral Prefrontal Cortex Enhancesmemory-Guided Responses in a Visuospatialworking Memory Task. Funct. Neurol. 2014, 29, 189–193. [Google Scholar] [PubMed]

	



Harty, S.; Robertson, I.H.; Miniussi, C.; Sheehy, O.C.; Devine, C.A.; McCreery, S.; O’Connell, R.G. Transcranial Direct Current Stimulation over Right Dorsolateral Prefrontal Cortex Enhances Error Awareness in Older Age. J. Neurosci. 2014, 34, 3646–3652. [Google Scholar] [CrossRef]

	



Hester, R.; Foxe, J.J.; Molholm, S.; Shpaner, M.; Garavan, H. Neural Mechanisms Involved in Error Processing: A Comparison of Errors Made with and without Awareness. Neuroimage 2005, 27, 602–608. [Google Scholar] [CrossRef]

	



Heinze, K.; Ruh, N.; Nitschke, K.; Reis, J.; Fritsch, B.; Unterrainer, J.M.; Rahm, B.; Weiller, C.; Kaller, C.P. Transcranial Direct Current Stimulation over Left and Right DLPFC: Lateralized Effects on Planning Performance and Related Eye Movements. Biol. Psychol. 2014, 102, 130–140. [Google Scholar] [CrossRef]

	



Nozari, N.; Arnold, J.E.; Thompson-Schill, S.L. The Effects of Anodal Stimulation of the Left Prefrontal Cortex on Sentence Production. Brain Stimul. 2014, 7, 784–792. [Google Scholar] [CrossRef] [PubMed]

	



Wirth, M.; Abdel Rahman, R.; Kuenecke, J.; Koenig, T.; Horn, H.; Sommer, W.; Dierks, T. Effects of Transcranial Direct Current Stimulation (TDCS) on Behaviour and Electrophysiology of Language Production. Neuropsychologia 2011, 49, 3989–3998. [Google Scholar] [CrossRef]

	



Pestalozzi, M.I.; di Pietro, M.; Martins Gaytanidis, C.; Spierer, L.; Schnider, A.; Chouiter, L.; Colombo, F.; Annoni, J.M.; Jost, L.B. Effects of Prefrontal Transcranial Direct Current Stimulation on Lexical Access in Chronic Poststroke Aphasia. Neurorehabilit. Neural Repair 2018, 32, 913–923. [Google Scholar] [CrossRef]

	



Faul, F.; Erdfelder, E.; Buchner, A.; Lang, A.G. Statistical Power Analyses Using G*Power 3.1: Tests for Correlation and Regression Analyses. Behav. Res. Methods 2009, 41, 1149–1160. [Google Scholar] [CrossRef]

	



Oldfield, R.C. The Assessment and Analysis of Handedness: The Edinburgh Inventory; Pergamon Press: Oxford, UK, 1971; Volume 9. [Google Scholar]

	



Ciurli, P.; Marangolo, P.; Basso, A. Esame Del Linguaggio (II Versione); Organ. Spec.: Florence, Italy, 1996. [Google Scholar]

	



de Renzi, E.; Vignolo, L.A. The Token Test: A Sensitive Test to Detect Receptive Disturbances in Aphasics. Brain 1962, 85, 665–678. [Google Scholar] [CrossRef]

	



Miceli, G.; Laudanna, A.; Burani, C.; Capasso, R. BADA: A Battery for the Assessment of Aphasic Disorders; CEPSAG: Rome, Italy, 1994. [Google Scholar]

	



Pigliautile, M.; Chiesi, F.; Primi, C.; Inglese, S.; Mari, D.; Simoni, D.; Mossello, E.; Mecocci, P. Validation Study of the Italian Version of Communication Activities of the Daily Living (CADL 2) as an Ecologic Cognitive Assessment Measure in Older Subjects. Neurol. Sci. 2019, 40, 2081–2088. [Google Scholar] [CrossRef] [PubMed]

	



Spinnler, H.; Tognoni, G. Standardizzazione e Taratura Italiana Di Tests Neurpsicologici. Ital. J. Neurol. Sci. 1987, 6, 12–120. [Google Scholar]

	



Monaco, M.; Costa, A.; Caltagirone, C.; Carlesimo, G.A. Forward and Backward Span for Verbal and Visuo-Spatial Data: Standardization and Normative Data from an Italian Adult Population. Neurol. Sci. 2013, 34, 749–754. [Google Scholar] [CrossRef] [PubMed]

	



Turriziani, P.; Smirni, P. Standardizzazione Di Tre Nuovi Test Di Memoria Di Riconoscimento Verbale e Non Verbale: Uno Studio Preliminare. G. Ital. Psicol. 2010, XXXVII, 325–343. [Google Scholar]

	



Krikorian, R.; Bartok, J.; Gay, N. Tower of London Procedure: A Standard Method and Developmental Data. J. Clin. Exp. Neuropsychol. 1994, 16, 840–850. [Google Scholar] [CrossRef] [PubMed]

	



Gandiga, P.C.; Hummel, F.C.; Cohen, L.G. Transcranial DC Stimulation (TDCS): A Tool for Double-Blind Sham-Controlled Clinical Studies in Brain Stimulation. Clin. Neurophysiol. 2006, 117, 845–850. [Google Scholar] [CrossRef]

	



O’Connell, N.E.; Cossar, J.; Marston, L.; Wand, B.M.; Bunce, D.; Moseley, G.L.; de Souza, L.H. Rethinking Clinical Trials of Transcranial Direct Current Stimulation: Participant and Assessor Blinding Is Inadequate at Intensities of 2mA. PLoS ONE 2012, 7, e47514. [Google Scholar] [CrossRef]

	



Lasker, J.P.; Garrett, K.L.; Fox, L.E. Severe Aphasia. In Augmentative Communication Strategies for Adults with Acute or Chronic Medical Conditions; Beukelman, D., Garrett, K.L., Yorkston, K.M., Eds.; Paul H. Brookes Publishing Co.: Baltimore, MD, USA, 2007; pp. 163–206. [Google Scholar]

	



Light, J.; McNaughton, D. Communicative Competence for Individuals Who Require Augmentative and Alternative Communication: A New Definition for a New Era of Communication? AAC Augment. Altern. Commun. 2014, 30, 1–18. [Google Scholar] [CrossRef]

	



Bambini, V.; Arcara, G.; Aiachini, B.; Cattani, B.; Dichiarante, M.L.; Moro, A.; Cappa, S.F.; Pistarini, C. Assessing Functional Communication: Validation of the Italian Versions of the Communication Outcome after Stroke (COAST) Scales for Speakers and Caregivers. Aphasiology 2017, 31, 332–358. [Google Scholar] [CrossRef]

	



Agostoni, G.; Bambini, V.; Bechi, M.; Buonocore, M.; Spangaro, M.; Repaci, F.; Bianchi, L.; Guglielmino, C.; Sapienza, J.; Cavallaro, R.; et al. Communicative-Pragmatic Abilities Mediate the Relationship between Cognition and Daily Functioning in Schizophrenia. Neuropsychology 2021, 35, 42–56. [Google Scholar] [CrossRef]

	



Sobhani Rad, D. A Review on Adult Pragmatic Assessments. Iran. J. Neurol. 2014, 13, 113. [Google Scholar] [PubMed]

	



Rofes, A.; Capasso, R.; Miceli, G. Verb Production Tasks in the Measurement of Communicative Abilities in Aphasia. J. Clin. Exp. Neuropsychol. 2015, 37, 483–502. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, R.S.; Laures-Gore, J.; Dubay, M.; Williams, T.; Bryant, D. Unilateral Forced Nostril Breathing and Aphasia-Exploring Unilateral Forced Nostril Breathing as an Adjunct to Aphasia Treatment: A Case Series. J. Altern. Complementary Med. 2015, 21, 91–99. [Google Scholar] [CrossRef] [PubMed]

	



Persad, C. Retrospective Analysis of Outcomes from Two Intensive Comprehensive Aphasia Programs. Top. Stroke Rehabil. 2013, 20, 388–397. [Google Scholar] [CrossRef]

	



Saimanesh, M.; Pouretemad, H.R.; Amini, A.; Nillipour, R.; Ekhtiari, H. Effects of Transcranial Direct Current Stimulation on Working Memory in Patient with Non Fluent Aphasia Disorder. Res. J. Biol. Sci. 2012, 7, 290–296. [Google Scholar]

	



Manenti, R.; Petesi, M.; Brambilla, M.; Rosini, S.; Miozzo, A.; Padovani, A.; Miniussi, C.; Cotelli, M. Efficacy of Semantic–Phonological Treatment Combined with TDCS for Verb Retrieval in a Patient with Aphasia. Neurocase 2015, 21, 109–119. [Google Scholar] [CrossRef]

	



Brownsett, S.L.E.; Warren, J.E.; Geranmayeh, F.; Woodhead, Z.; Leech, R.; Wise, R.J.S. Cognitive Control and Its Impact on Recovery from Aphasic Stroke. Brain 2014, 137, 242–254. [Google Scholar] [CrossRef]

	



Geranmayeh, F.; Chau, T.W.; Wise, R.J.S.; Leech, R.; Hampshire, A. Domain-General Subregions of the Medial Prefrontal Cortex Contribute to Recovery of Language after Stroke. Brain 2017, 140, 1947–1958. [Google Scholar] [CrossRef]

	



Barkley, R.A. The executive functions and self-regulation: An evolutionary neuropsychological perspective. Neuropsychol. Rev. 2001, 11, 1–29. [Google Scholar] [CrossRef]

	



Champagne-Lavau, M.; Stip, E. Pragmatic and Executive Dysfunction in Schizophrenia. J. Neurolinguist. 2010, 23, 285–296. [Google Scholar] [CrossRef]

	



Martin, I.; McDonald, S. Weak Coherence, No Theory of Mind, or Executive Dysfunction? Solving the Puzzle of Pragmatic Language Disorders. Brain Lang. 2003, 85, 451–466. [Google Scholar] [CrossRef]

	



Lipskaya-Velikovsky, L.; Zeilig, G.; Weingarden, H.; Rozental-Iluz, C.; Rand, D. Executive Functioning and Daily Living of Individuals with Chronic Stroke: Measurement and Implications. Int. J. Rehabil. Res. 2018, 41, 122–127. [Google Scholar] [CrossRef] [PubMed]

	



Shea-Shumsky, N.B.; Schoeneberger, S.; Grigsby, J. Executive Functioning as a Predictor of Stroke Rehabilitation Outcomes. Clin. Neuropsychol. 2019, 33, 854–872. [Google Scholar] [CrossRef] [PubMed]

	



el Hachioui, H.; Visch-Brink, E.G.; Lingsma, H.F.; van de Sandt-Koenderman, M.W.M.E.; Dippel, D.W.J.; Koudstaal, P.J.; Middelkoop, H.A.M. Nonlinguistic Cognitive Impairment in Poststroke Aphasia: A Prospective Study. Neurorehabil. Neural Repair 2014, 28, 273–281. [Google Scholar] [CrossRef]

	



Nicholas, M.; Hunsaker, E.; Guarino, A.J. The Relation between Language, Non-Verbal Cognition and Quality of Life in People with Aphasia. Aphasiology 2017, 31, 688–702. [Google Scholar] [CrossRef]

	



Baldo, J.V.; Dronkers, N.F.; Wilkins, D.; Ludy, C.; Raskin, P.; Kim, J. Is Problem Solving Dependent on Language? Brain Lang. 2005, 92, 240–250. [Google Scholar] [CrossRef]

	



Martin, R.C.; Allen, C.M. A Disorder of Executive Function and Its Role in Language Processing. Semin. Speech Lang. 2008, 29, 201–210. [Google Scholar] [CrossRef]

	



Frankel, T.; Penn, C.; Ormond-Brown, D. Executive Dysfunction as an Explanatory Basis for Conversation Symptoms of Aphasia: A Pilot Study. Aphasiology 2007, 21, 814–828. [Google Scholar] [CrossRef]

	



Purdy, M.; Koch, A. Prediction of Strategy Usage by Adults with Aphasia. Aphasiology 2006, 20, 337–348. [Google Scholar] [CrossRef]

	



Constantinidou, F.; Wertheimer, J.C.; Tsanadis, J.; Evans, C.; Paul, D.R. Assessment of Executive Functioning in Brain Injury: Collaboration between Speech-Language Pathology and Neuropsychology for an Integrative Neuropsychological Perspective. Brain Inj. 2012, 26, 1549–1563. [Google Scholar] [CrossRef]

	



Suchy, Y. Executive Functioning: Overview, Assessment, and Research Issues for Non-Neuropsychologists. Ann. Behav. Med. 2009, 37, 106–116. [Google Scholar] [CrossRef] [PubMed]

	



Marangolo, P.; Fiori, V.; Sabatini, U.; de Pasquale, G.; Razzano, C.; Caltagirone, C.; Gili, T. Bilateral Transcranial Direct Current Stimulation Language Treatment Enhances Functional Connectivity in the Left Hemisphere: Preliminary Data from Aphasia. J. Cogn. Neurosci. 2016, 28, 724–738. [Google Scholar] [CrossRef]

	



Darkow, R.; Martin, A.; Würtz, A.; Flöel, A.; Meinzer, M. Transcranial Direct Current Stimulation Effects on Neural Processing in Post-Stroke Aphasia. Hum. Brain Mapp. 2017, 38, 1518–1531. [Google Scholar] [CrossRef] [PubMed]

	



Hartwigsen, G.; Saur, D. Neuroimaging of Stroke Recovery from Aphasia—Insights into Plasticity of the Human Language Network. Neuroimage 2019, 190, 14–31. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, R.H.; Chrysikou, E.G.; Coslett, B. Mechanisms of Aphasia Recovery after Stroke and the Role of Noninvasive Brain Stimulation. Brain Lang. 2011, 118, 40–50. [Google Scholar] [CrossRef]

	



Turkeltaub, P.E. Brain Stimulation and the Role of the Right Hemisphere in Aphasia Recovery. Curr. Neurol. Neurosci. Rep. 2015, 15, 72. [Google Scholar] [CrossRef]

	



Zheng, X.; Dai, W.; Alsop, D.C.; Schlaug, G. Modulating Transcallosal and Intra-Hemispheric Brain Connectivity with TDCS: Implications for Interventions in Aphasia. Restor. Neurol. Neurosci. 2016, 34, 519–530. [Google Scholar] [CrossRef]








[image: Brainsci 12 01265 g001 550] 





Figure 1. Mean score in the selective attention training at baseline (T0), at the end of treatment (T10) and at follow-up (F/U, 1 month after the end of treatment) for the anodal and sham condition, respectively. Sig. ANOVA: * p ≤ 0.001. 
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Figure 2. Mean score in the visuo-spatial working memory training at baseline (T0), at the end of treatment (T10) and at follow-up (F/U, 1 month after the end of treatment) for the anodal and sham condition, respectively. Sig. ANOVA: * p ≤ 0.001. 






Figure 2. Mean score in the visuo-spatial working memory training at baseline (T0), at the end of treatment (T10) and at follow-up (F/U, 1 month after the end of treatment) for the anodal and sham condition, respectively. Sig. ANOVA: * p ≤ 0.001.
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Figure 3. Mean score in the planning training at baseline (T0), at the end of treatment (T10) and at follow-up (F/U, 1 month after the end of treatment) for the anodal and sham condition, respectively. Sig. ANOVA: * p ≤ 0.001. 
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Table 1. Sociodemographic and clinical data of the twenty non-fluent aphasic patients (Esame del Linguaggio II, [65], cut-off 100%; Token test (TT), [66], cut-off score 29/36). In each test, the percentages of correct responses are reported except for the Token Test whose score cannot be converted in percentage.
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	P
	Sex
	Age
	Ed. Level
	Time Post- Onset
	Stroke Type
	Lesion Side LH
	Oral NN
	Oral VN
	Writ

NN
	Writ VN
	WR
	NWR
	W

Read
	NW Read
	WD
	NW

D
	TT





	1
	M
	50
	8
	4 y
	I
	FTP
	5
	5
	0
	0
	20
	15
	12.5
	5
	0
	0
	5



	2
	M
	58
	13
	3 y
	I
	FTP
	0
	5
	0
	0
	10
	0
	10
	0
	0
	0
	5



	3
	M
	60
	8
	1 y
	I
	FT
	0
	0
	0
	0
	17.5
	10
	10
	5
	0
	0
	4



	4
	F
	72
	8
	1 y
	I
	FTI
	0
	0
	0
	0
	0
	0
	10
	0
	0
	0
	5



	5
	M
	66
	13
	1 y
	I
	FT
	0
	0
	0
	0
	20
	12.5
	15
	5
	0
	0
	4



	6
	M
	67
	17
	2 y
	I
	FT
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	5



	7
	F
	58
	13
	2 y
	H
	FTI
	5
	5
	0
	0
	20
	10
	10
	0
	0
	0
	5



	8
	F
	72
	8
	1 y
	I
	FTP
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	7



	9
	M
	59
	13
	2 y
	I
	FTI
	0
	5
	0
	0
	17.5
	10
	10
	0
	0
	0
	5



	10
	M
	59
	17
	6 mo
	I
	FTI
	5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	4



	11
	F
	72
	8
	2 y
	I
	FTP
	0
	0
	0
	0
	15
	5
	12.5
	5
	0
	0
	7.5



	12
	M
	54
	17
	6 mo
	I
	FTP
	5
	0
	0
	0
	15
	5
	15
	0
	0
	0
	4



	13
	F
	58
	13
	3 y
	I
	FTP
	5
	0
	0
	0
	15
	5
	10
	0
	0
	0
	5



	14
	F
	65
	17
	1 y
	I
	FT
	5
	0
	0
	0
	10
	0
	10
	0
	0
	0
	4



	15
	M
	69
	8
	2 y
	I
	FTP
	5
	5
	0
	0
	0
	0
	0
	0
	0
	0
	4



	16
	M
	55
	13
	3 y
	I
	FT
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	6



	17
	F
	52
	17
	6 mo
	I
	FTP
	0
	5
	0
	0
	0
	0
	0
	0
	0
	0
	5



	18
	F
	61
	8
	1 y
	I
	FTI
	5
	0
	0
	0
	0
	0
	0
	0
	0
	0
	5



	19
	F
	53
	13
	2 y
	I
	FTP
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	4



	20
	F
	68
	13
	4 y
	I
	FTP
	0
	5
	0
	0
	0
	0
	0
	0
	0
	0
	5







Legend: P = Participants; M = male; F = female; Ed. Level = Educational Level; y = year/years; mo = months; I = Ischaemic; H = Haemorrhagic; LH = Left hemisphere; FTP = fronto-temporo-parietal; FT = fronto-temporal; FTI = fronto-temporo-insular; Oral NN = Noun Naming; Oral VN = Verb Naming; Writ NN = Written Noun Naming; Writt VN = Written Verb Naming; WR = Word Repetition; NWR = Nonword Repetition; W Read = Word Reading; NW Read = Nonword Reading; WD = Word under Dictation; NWD = Nonword under Dictation; TT = Token Test.
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Table 2. Clinical data of the twenty non-fluent aphasic patients in Auditory and Written sentence comprehension of the BADA test (Batteria per l’Analisi dei Deficit Afasici, [67]), in the CADL-2 test (Communication Activities of the Daily Living [68]; 0–23 low percentage scores, 24–77 average percentage score, 78–100 high percentage score), in the Visual Search ([69] (cut-off score 30), in the Corsi Span Backward ([70] (cut-off score 3,08), in the Smirni test ([71] (cut-off percentage score > 10) and in the TOL test (Tower of London, [72] (cut-off percentage score 80). The percentages of correct responses are reported for all tests except for Auditory and Written sentence comprehension of the BADA test, the Corsi test and the Visual Search whose score cannot be converted in percentage.
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	P
	Auditory Sentence Compreh
	Written Sentence Compreh
	CADL-2
	Visual Search
	Corsi Backward
	Smirni
	TOL





	1
	5
	5
	20
	31
	4
	5
	75



	2
	4
	2
	23
	31
	5
	10
	72



	3
	4
	3
	21
	32
	5
	10
	78



	4
	3
	2
	16
	34
	4
	5
	70



	5
	2
	4
	17
	33
	4
	5
	78



	6
	3
	4
	15
	32
	4
	5
	72



	7
	5
	5
	23
	32
	4
	10
	71



	8
	2
	2
	20
	34
	4
	5
	76



	9
	4
	4
	19
	33
	5
	10
	76



	10
	3
	3
	22
	32
	4
	10
	73



	11
	4
	2
	18
	31
	4
	5
	70



	12
	5
	4
	19
	31
	4
	10
	71



	13
	5
	3
	20
	34
	5
	10
	70



	14
	4
	2
	17
	32
	5
	5
	71



	15
	3
	4
	18
	31
	4
	5
	76



	16
	2
	4
	21
	34
	4
	5
	74



	17
	3
	5
	19
	31
	4
	5
	72



	18
	3
	5
	20
	33
	4
	5
	73



	19
	5
	3
	21
	34
	4
	10
	70



	20
	4
	4
	22
	31
	5
	10
	78







Legend: P = Participants; Compreh = Comprehension; CADL-2 = Communication Activities of the Daily Living; TOL = Tower of London.
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Table 3. Correct Responses in the Different Language Tasks (Esame del Linguaggio II(EDL), [65]; Battery for the Analysis of Aphasic Disorders test (BADA, [67]) and in the Communication Activities of the Daily Living test (CADL-2, [68]), at Baseline (T0), at the End of Treatment (T10), and at Follow up (FU) for the real and sham condition, respectively.
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P

	
C

	
ORAL NN

	
ORAL VN

	
AUDITORY SENT COMP

	
WRITTEN SENT COMP

	
CADL-2




	

	

	
T0

	
T10

	
FU

	
T0

	
T10

	
FU

	
T0

	
T10

	
FU

	
T0

	
T10

	
FU

	
T0

	
T10

	
FU






	
REAL FIRST

	

	

	

	

	

	




	
1

	
R

	
5

	
30 ^

	
30

	
5

	
30 ^

	
30

	
5

	
17 **

	
17

	
5

	
16 *

	
14

	
20

	
48 ^

	
42




	
S

	
30

	
32.5

	
25

	
30

	
35

	
30

	
17

	
19

	
16

	
16

	
18

	
14

	
48

	
50

	
40




	
3

	
R

	
0

	
17.5 ^

	
15

	
0

	
12.5 ^

	
15

	
4

	
15 *

	
13

	
3

	
13 *

	
13

	
21

	
50 ^

	
50




	
S

	
17.5

	
17.5

	
15

	
12.5

	
15

	
12.5

	
15

	
17

	
14

	
13

	
16

	
14

	
50

	
54

	
52




	
5

	
R

	
0

	
15 ^

	
15

	
0

	
10 **

	
10

	
2

	
14 *

	
13

	
4

	
13 *

	
11

	
17

	
36 **

	
38




	
S

	
15

	
15

	
10

	
10

	
10

	
10

	
14

	
14

	
12

	
13

	
14

	
13

	
36

	
40

	
38




	
7

	
R

	
5

	
20 **

	
20

	
5

	
40 ^

	
42.5

	
5

	
15 *

	
15

	
5

	
12

	
11

	
23

	
55 ^

	
50




	
S

	
20

	
25

	
20

	
40

	
45

	
40

	
15

	
16

	
15

	
12

	
11

	
9

	
55

	
59

	
48




	
9

	
R

	
0

	
12.5 ^

	
15

	
5

	
30 ^

	
25

	
4

	
20 ^

	
20

	
4

	
18 **

	
18

	
19

	
36 **

	
40




	
S

	
12.5

	
15

	
15

	
30

	
30

	
20

	
20

	
19

	
19

	
18

	
19

	
18

	
36

	
40

	
40




	
11

	
R

	
0

	
10 **

	
10

	
0

	
20 ^

	
20

	
4

	
12

	
13

	
2

	
11 *

	
12

	
18

	
40^

	
40




	
S

	
10

	
15

	
15

	
20

	
25

	
25

	
12

	
13

	
13

	
11

	
11

	
11

	
40

	
46

	
44




	
13

	
R

	
5

	
15 *

	
15

	
0

	
10 **

	
10

	
5

	
13

	
11

	
3

	
14 **

	
15

	
20

	
51 ^

	
51




	
S

	
15

	
20

	
17.5

	
10

	
10

	
7.5

	
13

	
13

	
9

	
14

	
16

	
16

	
51

	
55

	
50




	
15

	
R

	
5

	
20 **

	
20

	
5

	
30 ^

	
32.5

	
3

	
15 **

	
15

	
4

	
16 **

	
16

	
18

	
39 **

	
36




	
S

	
20

	
22.5

	
20

	
30

	
30

	
30

	
15

	
18

	
18

	
16

	
19

	
16

	
39

	
43

	
40




	
17

	
R

	
0

	
20^

	
17.5

	
5

	
25 ^

	
25

	
3

	
10

	
11

	
5

	
13

	
12

	
19

	
44 ^

	
48




	
S

	
20

	
30

	
25

	
25

	
30

	
30

	
10

	
13

	
13

	
13

	
13

	
11

	
44

	
46

	
46




	
19

	
R

	
0

	
17.5 ^

	
15

	
0

	
20 ^

	
17.5

	
5

	
14 *

	
14

	
3

	
13 *

	
14

	
21

	
48 ^

	
48




	
S

	
17.5

	
25

	
20

	
20

	
20

	
15

	
14

	
13

	
13

	
13

	
15

	
14

	
48

	
47

	
47




	
SHAM FIRST

	

	

	

	

	

	




	
2

	
S

	
0

	
0

	
0

	
5

	
10

	
10

	
4

	
7

	
7

	
2

	
4

	
5

	
23

	
27

	
23




	
R

	
0

	
15 ^

	
12.5

	
10

	
35 ^

	
30

	
7

	
18 *

	
15

	
4

	
14 *

	
14

	
27

	
46 **

	
40




	
4

	
S

	
0

	
5

	
5

	
0

	
0

	
0

	
3

	
8

	
8

	
2

	
7

	
6

	
16

	
20

	
20




	
R

	
5

	
25 ^

	
22.5

	
0

	
20 ^

	
15

	
8

	
18 *

	
18

	
7

	
19 *

	
17

	
20

	
44 ^

	
44




	
6

	
S

	
0

	
0

	
0

	
0

	
0

	
0

	
3

	
7

	
6

	
4

	
5

	
5

	
15

	
18

	
20




	
R

	
0

	
10 **

	
10

	
0

	
0

	
0

	
7

	
17 *

	
14

	
5

	
14 *

	
13

	
18

	
42 ^

	
44




	
8

	
S

	
0

	
0

	
0

	
0

	
0

	
0

	
2

	
4

	
4

	
2

	
4

	
4

	
20

	
25

	
25




	
R

	
0

	
12.5

	
15

	
0

	
15 ^

	
15

	
4

	
15 *

	
15

	
4

	
19 ^

	
18

	
25

	
53 ^

	
50




	
10

	
S

	
5

	
10

	
10

	
0

	
5

	
5

	
3

	
8

	
8

	
3

	
5

	
4

	
22

	
25

	
22




	
R

	
10

	
30 ^

	
30

	
5

	
25 ^

	
22.5

	
8

	
23 **

	
21

	
5

	
14 *

	
13

	
25

	
55 ^

	
50




	
12

	
S

	
5

	
7.5

	
5

	
0

	
0

	
0

	
5

	
10

	
10

	
4

	
7

	
7

	
19

	
23

	
23




	
R

	
7.5

	
20 *

	
20

	
0

	
20 ^

	
20

	
10

	
20

	
21

	
7

	
18 *

	
19

	
23

	
47 ^

	
47




	
14

	
S

	
5

	
10

	
10

	
0

	
0

	
0

	
4

	
6

	
5

	
2

	
4

	
4

	
17

	
22

	
20




	
R

	
10

	
25 **

	
20

	
0

	
20 ^

	
17.5

	
6

	
16 *

	
15

	
4

	
15 **

	
16

	
22

	
46 ^

	
42




	
16

	
S

	
0

	
5

	
5

	
0

	
10 **

	
10

	
2

	
4

	
4

	
4

	
6

	
5

	
21

	
26

	
24




	
R

	
5

	
22.5 ^

	
20

	
10

	
35 ^

	
30

	
4

	
14 *

	
14

	
6

	
16 *

	
14

	
26

	
53 ^

	
48




	
18

	
S

	
5

	
10

	
10

	
0

	
0

	
0

	
3

	
5

	
6

	
5

	
9

	
9

	
20

	
22

	
20




	
R

	
10

	
25 **

	
25

	
0

	
15 ^

	
15

	
5

	
17 **

	
19

	
9

	
18

	
19

	
22

	
41 **

	
41




	
20

	
S

	
0

	
0

	
0

	
5

	
10

	
10

	
4

	
7

	
7

	
4

	
8

	
7

	
22

	
24

	
24




	
R

	
0

	
10 **

	
7.5

	
10

	
30 ^

	
25

	
7

	
19 *

	
19

	
8

	
20 *

	
19

	
24

	
53 ^

	
53








Legend: P = Participants; C = Condition; Oral NN = Noun Naming; Oral VN = Verb Naming; Auditory Sent Comp = Auditory Sentence comprehension; Written Sent Comp = Written Sentence Comprehension; CADL-2 = Communication Activities of the Daily Living; R = Real stimulation; S = Sham stimulation; * = p < 0.05; ** = p < 0.01; ^ = p < 0.001.
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Table 4. Correct Responses in the Different Cognitive Tasks (Visual Search, [69]; Smirni test, [71]; Tower of London (TOL) [72] at Baseline (T0), at the End of Treatment (T10) and at Follow up (FU) for the real and sham condition, respectively.
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P

	
C

	
VISUAL SEARCH

	
SMIRNI

	
TOL




	

	

	
T0

	
T10

	
FU

	
T0

	
T10

	
FU

	
T0

	
T10

	
FU






	
REAL FIRST

	

	

	

	




	
1

	
R

	
31

	
40

	
40

	
5

	
5

	
5

	
75

	
90 **

	
85




	
S

	
40

	
40

	
41

	
5

	
5

	
5

	
90

	
90

	
80




	
3

	
R

	
32

	
41

	
39

	
10

	
50 ^

	
50

	
78

	
92 **

	
90




	
S

	
41

	
40

	
38

	
50

	
50

	
50

	
92

	
92

	
90




	
5

	
R

	
33

	
34

	
33

	
5

	
5

	
5

	
78

	
91 *

	
94




	
S

	
34

	
34

	
33

	
5

	
5

	
5

	
94

	
94

	
92




	
7

	
R

	
32

	
33

	
34

	
10

	
25 *

	
25

	
71

	
79

	
75




	
S

	
33

	
35

	
34

	
25

	
25

	
25

	
79

	
73

	
73




	
9

	
R

	
33

	
45 *

	
46

	
10

	
25 *

	
25

	
76

	
79

	
76




	
S

	
45

	
46

	
48

	
25

	
25

	
25

	
79

	
76

	
76




	
11

	
R

	
31

	
40

	
41

	
5

	
5

	
5

	
70

	
88 **

	
89




	
S

	
40

	
39

	
40

	
5

	
5

	
5

	
88

	
88

	
90




	
13

	
R

	
34

	
43

	
45

	
10

	
50 ^

	
50

	
70

	
92 ^

	
95




	
S

	
43

	
45

	
44

	
50

	
50

	
50

	
92

	
95

	
95




	
15

	
R

	
31

	
42

	
41

	
5

	
5

	
5

	
76

	
88 *

	
85




	
S

	
42

	
41

	
40

	
5

	
5

	
5

	
88

	
86

	
83




	
17

	
R

	
31

	
32

	
32

	
5

	
5

	
5

	
72

	
74

	
72




	
S

	
32

	
32

	
31

	
5

	
5

	
5

	
74

	
73

	
72




	
19

	
R

	
34

	
35

	
34

	
10

	
25 *

	
25

	
70

	
85 *

	
84




	
S

	
35

	
34

	
33

	
25

	
25

	
25

	
85

	
88

	
84




	
SHAM FIRST

	

	

	

	




	
2

	
S

	
31

	
31

	
32

	
10

	
10

	
10

	
72

	
72

	
80




	
R

	
31

	
31

	
31

	
10

	
25 *

	
25

	
72

	
88 *

	
89




	
4

	
S

	
34

	
35

	
38

	
5

	
5

	
5

	
70

	
75

	
73




	
R

	
35

	
44

	
33

	
5

	
5

	
5

	
75

	
88 *

	
89




	
6

	
S

	
32

	
33

	
33

	
5

	
5

	
5

	
72

	
72

	
71




	
R

	
33

	
41

	
43

	
5

	
5

	
5

	
72

	
69

	
70




	
8

	
S

	
34

	
34

	
33

	
5

	
5

	
5

	
76

	
76

	
80




	
R

	
34

	
34

	
34

	
5

	
5

	
5

	
76

	
89 *

	
91




	
10

	
S

	
32

	
33

	
34

	
10

	
10

	
10

	
73

	
78

	
85




	
R

	
33

	
34

	
35

	
10

	
50 ^

	
50

	
78

	
100 ^

	
95




	
12

	
S

	
31

	
32

	
31

	
10

	
10

	
10

	
71

	
4

	
75




	
R

	
32

	
32

	
32

	
10

	
50 ^

	
50

	
74

	
85 *

	
80




	
14

	
S

	
32

	
34

	
37

	
5

	
5

	
10

	
71

	
75

	
80




	
R

	
34

	
44

	
45

	
5

	
10

	
10

	
75

	
87 **

	
87




	
16

	
S

	
34

	
38

	
35

	
5

	
5

	
5

	
74

	
76

	
75




	
R

	
38

	
40

	
38

	
5

	
5

	
5

	
76

	
75

	
75




	
18

	
S

	
33

	
36

	
40

	
5

	
5

	
10

	
73

	
71

	
77




	
R

	
36

	
47

	
48

	
5

	
10

	
10

	
71

	
86 *

	
88




	
20

	
S

	
31

	
34

	
38

	
10

	
10

	
10

	
78

	
78

	
83




	
R

	
34

	
45

	
46

	
10

	
25 *

	
25

	
78

	
93 **

	
95








Legend: P = Participants; C = Condition; TOL = Tower of London; R = Real stimulation; S = Sham stimulation; * = p < 0.05; ** = p < 0.01; ^ = p < 0.001.
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