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 Abstract 
 Brain aging even in healthy older adults is characterized by a decline in cognitive functions including memory, learning and attention. Among others, memory is one of the major cognitive functions affected by aging. Understanding the mechanisms underlying age-related memory decline may help pave the road for novel treatment strategies. Here, we tried to elucidate the neural correlates associated with memory decline using structural and functional neuroimaging and neuromodulation with transcranial direct current stimulation (tDCS).  Over the course of three studies, we investigated 1) the influence of white matter integrity and grey matter volume on memory performance in healthy older adults, 2) the role of functional coupling within the memory network in predicting memory performance and the impact of tDCS in modulating retrieval performance in healthy older adults, 3) the effect of tDCS over the sensorimotor cortex on cognitive performance in young adults.  MRI was used to study associations of cognitive performance with white matter integrity and grey matter volume, and examine their causal relationship in the course of aging. White matter integrity was assessed by acquiring diffusion tensor imaging (DTI) and performing deterministic tractography based on constrained spherical deconvolution. Grey matter volume was estimated using fully automated segmentation. Both white matter integrity and grey matter volume were correlated with behavioral data of a verbal episodic memory task. Percentage of correct answers at retrieval was used to measure memory performance (Manuscript 1). In addition, anodal tDCS (atDCS) (1 mA, 20 min) was applied over CP5 (left temporoparietal cortex) to modulate memory formation in healthy older adults. Participants underwent resting-state fMRI before the stimulation. Functional connectivity analysis was performed to determine whether functional coupling within the memory network predicted initial memory performance, and to examine its association to tDCS-induced enhancement effect (Manuscript 2). Finally, atDCS (1 mA, 20 min) was applied over C3 (left sensorimotor cortex) to explore the effect of tDCS over the sensorimotor cortex on cognitive performance in young adults. During the stimulation, participants performed three tasks; gestural task, attentional load task and simple reaction time task (Manuscript 3).  
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 Results showed that volumes of the left dentate gyrus (DG) and tractography-based fractional anisotropy (FA) of individual fornix pathways were positively related to memory retrieval in older adults. Brain-behavior associations were observed for correct rejections rather than hits of memory performance, indicating specificity of memory network functioning for detecting false associations. Thus, the data suggested a particular role of neural integrity that promotes successful memory retrieval in older adults. Subsequent mediation analysis showed that left DG volume mediated the effect of fornix FA on memory performance (48%), corrected for age, revealing a crucial role of hippocampal pathway microstructure in modulating memory performance in older adults (Manuscript 1). tDCS results showed that atDCS led to better retrieval performance and increasing learning curves, indicating that brain stimulation can induce plasticity of episodic memory processes in older adults. Combining tDCS and fMRI, hippocampo-temporoparietal functional connectivity was positively associated with initial memory performance in healthy older adults and was positively correlated with the magnitude of individual tDCS-induced enhancement, suggesting that individual tDCS responsiveness may be determined by intrinsic network coupling (Manuscript 2). Finally, our findings suggested that atDCS over left sensorimotor cortex reduced reaction times in the gestural-verbal integration task, specifically for incongruent pairs of gestures and verbal expressions, indicating the role of sensorimotor cortex in gestural-verbal integration in young adults (Manuscript 3).  The results of all three studies may help to elucidate age-related structural deterioration and functional coupling network underlying cognitive processes in healthy adults. Furthermore, these studies emphasized the importance of interventions like tDCS in modulating cognitive performance, specifically episodic verbal memory and gestural-verbal integration. By unveiling the specific role of brain structures and functional network coupling as well as the role of tDCS in modulating cognitive performance, our results contribute to a better understanding of brain-behavior associations, and may help to develop clinical interventional approaches, tailored for specific cognitive functions in aging.     
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 1 Introduction 
 Brain aging even in healthy older adults is characterized by a decline in cognitive functions including memory, learning, attention and word comprehension (Tran et al. 2016, van de Vijver, Cohen, and Ridderinkhof 2014, Oren et al. 2018). Among others, memory is one of the major cognitive domains affected by aging. Memory is divided into two major classifications: Short-term memory and long-term memory. Short-term memory is the information processed in a short period of time, where working memory is responsible for this processing. Long-term memory refers to the storage of information for long periods of time, and the retrieval of this information may be conscious (declarative memory) or unconscious (non-declarative memory) (Camina and Guell 2017) (Figure 1). In our studies, we were interested in declarative memory, more specifically episodic memory which has exhibited the most crucial age-related impairment (Nyberg 2017). Episodic memory stores personal information that includes the time and place of an event (Dickerson and Eichenbaum 2010). The hippocampus and the neuronal networks that connect it to its neighboring brain areas have been shown to be responsible for episodic memory formation (for review (Dickerson and Eichenbaum 2010, Eichenbaum, Yonelinas, and Ranganath 2007)).   

 
 Figure 1: Memory classification. Diagram showing the classification of short-term and long-term memory functions; Short-term memory includes working memory, long-term memory includes non-declarative and non-declarative memory. Episodic and semantic memory constitute the declarative memory (adapted from (Camina and Guell 2017)). 
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 In addition, studies have suggested that age-related deficits in working memory explain language comprehension difficulties of older adults (DeDe et al. 2004, Bopp and Verhaeghen 2005). The engagement of the sensorimotor system in language comprehension has been an intriguing question in brain research (Hauk, Johnsrude, and Pulvermuller 2004, Tettamanti et al. 2005, Pulvermuller and Fadiga 2010, Vukovic et al. 2017). Moreover, gestures were found to improve language comprehension of listeners (Hostetter 2011), possibly via embodiment. Parzuchowski et al. (2014) used embodied cognition to show that hand gestures enhance language comprehension. According to Hostetter and Alibali (2008), the embodiment approach suggests that language understanding is based on perceptual experience, that is, words start to have meaning when linked to real world perception.   As such, elucidating neural mechanisms underpinning age-related cognitive decline may help to develop tailored interventions. In the human brain, this is implemented through neuroimaging and neuromodulation techniques. 1.1 Magnetic Resonance Imaging: structural and functional analysis 
 Cognition arises from the interplay between brain structures, including grey and white matter, and brain function. Given the importance of these features in cognition, extensive research has been conducted to develop techniques that facilitate their assessment. Magnetic resonance imaging (MRI) is one commonly used technique to determine volumes of grey matter, integrity of white matter and functional connectivity within brain networks. This technique was characterized by non-invasiveness and high resolution imaging ((Lim and Pfefferbaum 1989), for review (Helms 2016)).  With the emergence of MRI, the development of structural image processing and segmentation became fundamental for the assessment of grey matter tissues. T1-weighted sequences are one of the most commonly used sequences to acquire high-resolution structural anatomical images of brain regions in order to generate images with a maximum contrast difference between grey matter, white matter, and cerebrospinal fluid (CSF) (for review (Lockhart and DeCarli 2014). Advances in the segmentation algorithms of the two-dimensional structural image (T1-weighted image) yielded to the extraction of brain metrics, for instance volumes of various cortical and subcortical structures (Makris et al. 2006, 
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 Fischl 2012). Similarly, DTI allows the depiction of diffusion processes in white matter microstructures. Diffusion properties in the brain provide information about tissue properties like membrane permeability and integrity, axonal diameter, axonal myelination and axonal density (Goveas et al. 2015, Beaulieu 2002). Fractional anisotropy (FA) is one DTI variable that measures the degree of directionality of the diffusion in a specific white matter structure (Basser and Pierpaoli 1996), and has been shown to decrease with age (for review (Assaf and Pasternak 2008). In diffusion MRI, tractography technique was used to explore diffusion anisotropy in order to assess the orientation of white matter tracts in each voxel, and use these orientation estimates to reconstruct continuous trajectories (for review (Mori and van Zijl 2002)). Even with technical advances in diffusion MRI, it is still complicated to evaluate microstructure in areas with crossing fibers, i.e when voxels contain complex fiber architecture (Jones, Knosche, and Turner 2013). As such, constrained spherical deconvolution (CSD) was recently introduced to overcome limitations of the widely used DTI techniques that cannot resolve these complex white matter configurations. CSD technique applies fiber tracking and estimates the orientation of multiple intravoxel fiber populations in regions of white matter structures with crossing fibers like the fornix (Jeurissen et al. 2011).  Unveiling the functional relationship between brain structures has become indispensable for understanding cognition. “Resting-state” functional MRI (fMRI) is used to assess changes of neural activity while the subject is resting without performing any task (Smitha et al. 2017). The concept of fMRI is based on blood oxygenation level dependent (BOLD) alterations in brain tissue, manifested when levels of oxygen intake change due to metabolic activity (Ogawa et al. 1992). As such, MRI sequences are acquired to reveal this BOLD contrast, and therefore unveil the underlying neural activity at rest. Generally, brain connectivity techniques include the assessment of the interaction between two different brain regions. Functional connectivity (FC) is implemented to establish the interaction between two regions of interest using temporal correlation. This type of analysis allows the estimation of the causal connections between functionally connected brain regions (Friston 2011, Smith 2012). In sum, MRI analysis emerged as an efficient tool to examine white matter integrity, grey matter volume, and neural activity, and therefore explore their associations with cognitive functions.   
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 1.2 The involvement of brain structures in memory formation 
 Brain tissue includes white and grey matter. White matter contains a wide range of axons that assure neural communication and grey matter contains local networks of neurons that are connected by dendrites and mainly nonmyelinated axons (Wen and Chklovskii 2005).  Variability of white matter microstructure integrity and grey matter volumes have been shown to be efficient predictors of performance level in many cognitive functions, such as memory performance (Metoki et al. 2017, Lett et al. 2016, Moore et al. 2017, Xing et al. 2016). In healthy aging, studies have shown that white matter integrity and grey matter volumes decrease with age, causing impairment in memory functions (Salat 2011, Minkova et al. 2017). 1.2.1 Effect of fornix integrity on memory performance 
 Fornix is a C-shaped tract that carries a major efferent pathway of the hippocampus and diverges into two entities that pass through the hypothalamus and reach the mammillary bodies (Lovblad, Schaller, and Vargas 2014). Fornix is the most commonly studied white matter structure in the context of aging and memory (Chen et al. 2015, Gunbey et al. 2014, Ren et al. 2018, Antonenko et al. 2016). In normal aging, fornix integrity has been shown to decrease (Jang, Cho, and Chang 2011, Bennett et al. 2017). This decrease in integrity of forniceal pathways has been associated with memory decline in healthy older adults (Fletcher et al. 2013, Henson et al. 2016), specifically of episodic memory functions (Metzler-Baddeley et al. 2011, Lockhart et al. 2012, Douet and Chang 2014). For instance, a recent study suggested that changes in fornix microstructure of middle-to-late aged adults was associated to face recognition memory and partly explained the preserved functional connectivity within hippocampal networks (Ly et al. 2016). Moreover, Metzler-Baddeley and colleagues conducted individual fiber tracking technique and found that specifically age-related degradation of fornix microstructure was related to episodic memory recall performance in strategic and visual memory tasks in older adults (Metzler-Baddeley et al. 2011). Age-related fornix degeneration was not only associated with memory 
performance, but also was among the earliest impairments in healthy older adults at risk of Alzheimer’s disease (AD) (Douaud et al. 2013). Since the fornix is the major efferent pathway of the hippocampus, understanding the role of hippocampus in memory formation is therefore indispensable.  
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 1.2.2  Effect of hippocampus volume on memory performance 
 The hippocampus is an elongated structure that resides in the medial temporal lobe (MTL). The entorhinal cortex is the structure that provides input for the hippocampus. Within the hippocampus, information circulates from the dentate gyrus (DG), through the cornu ammonis (CA) fields (1-4) and reaches the subiculum (van Strien, Cappaert, and Witter 2009, Sloviter and Lomo 2012). This 
information flow is known as the “trisynaptic loop” (Knierim 2015). From the CA1 and subiculum, information flows back into the entorhinal cortex and via hippocampal efferent pathways through the fornix (Kerr et al. 2007) (Figure 2). Degeneration of the hippocampus has been shown to be implicated in age-related memory deficits (Hong et al. 2015, Irish et al. 2014, Catheline et al. 2015, Mack, Love, and Preston 2017). Studies have shown that the hippocampus is affected by advanced age which led to smaller volumes of its subfields, such as CA1-4, fimbria, subiculum and dentate gyrus (DG) (Pereira et al. 2014, Raz et al. 2015). The DG was observed to have a stronger age-associated cerebral blood volume decrease compared to other hippocampal subfields (Brickman et al. 2014). Due to its particular vulnerability to age-related processes (Wilson et al. 2006, Small et al. 2004) and activity during memory discrimination tasks, changes in DG has been suggested to drive age-related cognitive decline (Yassa, Lacy, et al. 2011, Yassa, Mattfeld, et al. 2011, Doxey and Kirwan 2015). It has been shown that the discrimination ability is a critical feature of episodic memory (Norman and O'Reilly 2003, Norman 2010). Previous studies have found an association between age-related decrease in DG volume and memory decline in healthy older adults (Small et al. 2002, Toner et al. 2009, Stark and Stark 2017, Bennett, Stark, and Stark 2018).   
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 Figure 2: Coronal view of the hippocampus in rodents. The “trisynaptic loop” is shown in black lines and some other important pathways within the hippocampus are shown in red. EC: entorhinal cortex, DG, dentate gyrus, CA (1-3): cornu ammonis (Knierim 2015).  1.3 Non-invasive brain stimulation  
 Despite the use of MRI to investigate the relationship between brain structures and functions, non-invasive brain stimulation emerged as a promising approach to elucidate the involvement of the stimulated cortex in the respective function (Jacobson, Koslowsky, and Lavidor 2012, Tremblay et al. 2016, Parkin, Ekhtiari, and Walsh 2015, Polania, Nitsche, and Ruff 2018). To do that, stimulation of a specific cortical region may modulate performance in the task under study. As such, the function of this region can be revealed depending on the cognitive domains recruited to perform the task. This has led to major advances in understanding cognition. Non-invasive brain stimulation (NIBS) includes magnetic and electric stimulation. Transcranial magnetic stimulation (TMS) delivers a magnetic pulse that stimulates nerve cells in the underlying brain region. TMS has been associated with several cognitive domains, for instance the perception of movement (Tadin et al. 2011, Wokke, Scholte, and Lamme 2014), language functions (Sliwinska, James, and Devlin 2015, Papeo et al. 2015) and production of actions (Duque, Olivier, and Rushworth 2013, Buch et al. 2010). Transcranial direct current stimulation (tDCS) consists of the application of two saline-soaked sponge electrodes divided into anode and cathode. A weak non-invasive constant current (1-2 mA) is generated for several minutes leading to either facilitation (anodal tDCS) or inhibition (cathodal tDCS) of neuronal activity within the stimulated brain region (for review (Antonenko and Floel 2016)). tDCS has been used 
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 to elucidate the function of the stimulated area and to enhance cognitive functions. tDCS has been implemented to modulate several cognitive functions and underlying neuronal activity and connectivity (Parkin, Ekhtiari, and Walsh 2015, Yavari et al. 2017, Meinzer et al. 2012, Lavidor 2016, Strobach and Antonenko 2017), for instance memory (Antonenko et al. 2018), language (Meinzer, Lindenberg, et al. 2014) and gesture comprehension (Cohen-Maximov et al. 2015). The effect of tDCS on cognitive performance has been investigated from different perspectives. Some studies have explored the anatomical and functional specificity of tDCS; where the anatomical specificity relies on targeting specific brain regions by guiding the electrical current and the functional specificity is based on the selectivity of tDCS for neuronal networks (Bikson, Name, and Rahman 2013). Other studies have investigated the functional connectivity changes that result from tDCS and their effect on cognitive functions (Meinzer et al. 2013).  1.3.1 The effect of tDCS on cognitive functions 
 Recent studies have investigated the involvement of tDCS in modulating cognitive functions. More specifically, atDCS has been applied to enhance memory performance in young adults (Zaehle et al. 2011, Martin et al. 2013, Ruf, Fallgatter, and Plewnia 2017, Habich et al. 2017). For instance, Ruf et al. (2017) applied anodal (atDCS) or sham tDCS (stDCS) (1 mA) to the right or left dorsolateral prefrontal cortex on healthy young participants during three working memory training sessions. Results showed that learning curve increased under atDCS compared to stDCS and that these effects lasted for up to nine months. In the aging brain, tDCS has been an efficient tool to enhance memory performance (Sandrini et al. 2014, Sandrini et al. 2016). In a recent study, researchers applied atDCS or stDCS over the left lateral prefrontal cortex of healthy older adults while learning lists of words. Memory recall was examined 48 hours and one month later. Results showed an enhanced delayed recall (after 48 hours) under atDCS compared to stDCS (Sandrini et al. 2016). Taken together, these findings indicate that atDCS in the learning phase of a memory task has an efficient long lasting role in enhancing recall performance in both young and older adults.  Similarly, studies have used tDCS to unveil the role of M1 in language comprehension, especially for action-related words (Branscheidt et al. 2018, Meinzer et al. 2016). These results suggested an 
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 association between motor cortex activity and language processing. A more recent study found that for healthy individuals, anodal tDCS (atDCS) over the motor cortex improved semantic word retrieval performance (Martin et al. 2017). In sum, previous studies provided evidence for the involvement of the sensorimotor cortex in language processing. 1.4 Applications of tDCS and fMRI 
 The relationship between brain structure and function has been traditionally simplified, where distinct brain regions possess different specialized functions. Novel insights into brain function have been developed; in which complex behavioral tasks rely on interactions between brain areas. These insights were derived from studies that used brain imaging modalities with NIBS. Combination of MRI with tDCS allows for more sophisticated studies of functional connectivity networks and their associations with cognitive functions (Dayan et al. 2013). In the aging brain, tDCS has been used to investigate the causal relationship between functional activity of brain region and memory formation (Antonenko et al. 2018, Martin et al. 2017). For instance, Antonenko et al. (2018) conducted fMRI on young and older adults. Following fMRI, atDCS or stDCS was applied during an object-location-memory task on three consecutive days. Recall performance was examined immediately after training, a day and 1 month later. Results showed that atDCS enhanced recall performance after training, and that this was associated with an increase in default mode network strength. Besides the variability in functional brain networks, inter-individual differences in tDCS-induced effect might as well be explained by differences in individual baseline functional connectivity.  Studies have used fMRI to show that regions of the MTL are involved in both the formation and the retrieval of episodic memory (Zeineh et al. 2003, Maass et al. 2014). Several regions in the brain exhibited higher functional activity associated with a specific memory feature. For instance, prefrontal cortex has been related to strategic encoding and retrieval as well as to working memory ((Badre and Wagner 2007), for review (Blumenfeld and Ranganath 2007)), the hippocampus has been associated with recognition memory (for review, (Eichenbaum, Yonelinas, and Ranganath 2007)), posterior parietal cortex has been associated with retrieving details of memory features (Bonnici et al. 2016, Kuhl and Chun 2014), and default mode network has been involved in working memory (Vatansever et al. 2017, 
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 Piccoli et al. 2015). The architecture of brain regions and their interconnected aspect widened the fMRI usage by not only measuring the metabolic activity in one specific region, but also the functional connectivity between different regions. This unveiled the relationship between brain structure and function. For instance, a recent study conducted resting state functional MRI in either a stressful or a neutral context on healthy participants after performing an encoding task. Results showed that amygdala-hippocampus functional connectivity was related to enhanced memory performance in the stressful context (de Voogd et al. 2017). As such, memory formation and retrieval reside in both the structural brain metrics and their underlying functions. In addition, fMRI analysis on distinct brain regions helps unveiling the relationship between these regions and their functional network coupling effect.   1.5 Aims  1.5.1 Manuscript 1: Hayek, D., Thams, F., Floel, A., and Antonenko, D., (submitted). “Dentate gyrus volume mediates the relation between fornix microstructure and episodic memory performance in older adults” 
 Although previous studies showed that fornix white matter fiber pathway degradation and DG atrophy have been associated with age-related memory decline, the specific association between fornix microstructure and DG volume affecting memory performance is still scarce. Previous studies suggested that DG and fornix possess a unique connection and that DG itself has features which discern it from neighboring subfields (Gondard et al. 2015, Hao et al. 2015). As such, DG is vulnerable to impairments of its neighboring synaptic contacts, mainly the fornix. In our study, we aimed to investigate the relationship between fornix integrity, DG volume and episodic memory performance in the aging brain. 1.5.2 Manuscript 2: Antonenko, D., D. Hayek, J. Netzband, U. Grittner, and A. Floel. (2019). "tDCS-induced episodic memory enhancement and its association with functional network coupling in older adults."  Sci Rep 9 (1):2273. doi: 10.1038/s41598-019-38630-7. 
 Previous studies have discussed the neural and behavioral effects of tDCS in the aging brain; some have found an age-dependent beneficial effect of tDCS (Fiori et al. 2017, Martin et al. 2017), others did not find any positive effects of tDCS in older adults (Kulzow et al. 2017, Leach et al. 2018). This inter-individual variability in tDCS responsiveness still present heterogeneous explanations and the understanding of tDCS effects on the aging brain is still unclear. In addition, episodic memory is one of 
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 the cognitive domains the most vulnerable to aging (Reuter-Lorenz and Park 2010). In our study, we aimed to explore the effect of tDCS on episodic memory performance, and whether individual memory network coupling interacts with baseline memory performance and with tDCS enhancement effect. 1.5.3 Manuscript 3: Hayek, D., Floel, A., and Antonenko, D. (2018). "Role of Sensorimotor Cortex in Gestural-Verbal Integration."  Front Hum Neurosci 12:482. doi: 10.3389/fnhum.2018.00482. 
 After understanding the neural correlates of cognitive functions, we were interested in the effect of tDCS over the sensorimotor cortex (M1) on cognitive performance in young adults. tDCS has been applied over the inferior frontal gyrus (IFG) to examine the role of this region in processing gestural-verbal stimuli (Cohen-Maximov et al. 2015, Schulke and Straube 2017, 2018). Cohen-Maximov et al. (2015) implemented gesture prime clips for word targets. Subjects were instructed to make a semantic decision whether the gesture prime describes the word target or not. They showed that subjects responded faster under atDCS of the right IFG compared to sham tDCS (stDCS). The study suggested that inferior frontal atDCS may enhance gestural-verbal integration, which in turn enhances gesture comprehension. We believe that modulation of M1 may be either mediated by frontal functions or by an interaction between frontal and motor areas. However, no previous study, to our knowledge, used tDCS to investigate the role of left M1 for gestural-verbal integration. As such, given the role of left M1 in language processing, our study aimed to explore tDCS-induced effect of M1 on the gestural-verbal integration performance. 2 Methods 
 Manuscript 1: Thirty healthy older subjects between the age of 50 and 79 years were recruited in this study (14 f; mean/SD age: 62/6 years). They performed an episodic memory paradigm outside of the scanner that required learning and subsequent retrieval of picture-pseudoword associations (for detailed description of the paradigm, see manuscript 1). Main outcome measure for memory performance was percentage of correct responses, and the two response categories (hits and correct rejections) during the immediate retrieval block. To assess fornix integrity, 3T MRI was conducted prior to stimulation to acquire DTI and perform a deterministic tractography based on constrained spherical deconvolution. To 
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 extract hippocampal subfields volumes, high-resolution T1-weighted images were acquired. A fully automated cortical and subcortical reconstructions and volumetric segmentations, including the hippocampus were performed (Figure 3A-B). Individual DG volumes were adjusted for intracranial volume. Partial correlation coefficients were computed to correlate brain structural variables and behavioral performance, corrected for age. Subsequently, we implemented a simple mediation analysis in order to test whether the association between a predictor (fornix FA) and an outcome (percentage of correct rejections) is mediated by a mediator (volume of left DG), with age added as a covariate (Baron and Kenny 1986). Manuscript 2: Thirty-four healthy older adults participated in the study (16 f, mean/SD age: 63.1/7.7 years). We applied atDCS (1 mA, 20 min) over CP5 according to the 10–10 EEG system (left temporoparietal cortex) on older participants, while performing an episodic memory paradigm. Memory performance was assessed during immediate retrieval. Healthy older adults participated in three experimental sessions. Baseline session included fMRI and subsequent memory task. Second and third sessions included either atDCS or stDCS during the learning phase of the task. Percentage of correct responses and mean reaction time of each block were assessed. Main outcome measure for memory performance was percentage of correct responses during the immediate retrieval block. Functional connectivity analysis was performed to examine the association of hippocampal connectivity with baseline memory performance. Then, connectivity coefficients of hippocampal-temporoparietal coupling were extracted between the left hippocampus and the cluster derived from the functional analysis (angular gyrus). Linear mixed models were computed for dependent variables with the factor stimulation condition (anodal, sham). Models were adjusted for age and experimental session. Linear regression analysis was conducted for association between functional connectivity and individual responsiveness to tDCS (defined by performance in anodal minus performance in sham stimulation condition), adjusted for age, order of experimental sessions and sham stimulation performance. Manuscript 3: Twenty-two healthy young adults participated in two experimental sessions where either atDCS (1 mA, 20 min) or stDCS was applied over C3 according to the 10–10 EEG system (left sensorimotor cortex) (Figure 5A). During the stimulation, subjects performed three different tasks in a 
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 counterbalanced order: gestural task, attentional load task and simple reaction task. The main task was the gestural task where subjects had to make a semantic decision of the prime-target (gesture-word) congruency. The two control tasks (attentional load task and simple reaction time task) were included to exclude that the effect on the gestural-verbal task would be based on improved attentional and motor processes. Both percentage of correct responses and RT were analyzed separately as dependent variables for each task. In order to test for differences between atDCS and stDCS, repeated-measures ANOVAs were performed, separately for all dependent variables. For the gestural task, congruency was added as within-subject factor. 3 Results  
 Manuscript 1: Fornix FA and left DG volume did not correlate with percentage of hits (Fornix FA: partial r = -0.001, p = 0.995; left DG volume: partial r = -0.133, p = 0.492) but showed a significant positive correlation with percentage of correct rejections (Fornix FA: partial r = 0.403, p = 0.030; left DG volume: partial r = 0.501, p = 0.006). Single mediation analysis (model A) showed a significant indirect effect of 
fornix FA on percentage of correct rejections, mediated by left DG volume, corrected for age (β = 1.50, 95% CI: 0.03, 4.57, Table 1, Figure 3C-D). The mediation effect (path ab) constituted 48% of the total effect of fornix FA on percentage of correct rejections (path c). Reverse mediation analysis (model B) showed that fornix FA did not mediate the effect of DG volume on percentage of correct rejections, corrected for age (β = 0.0007, 95% CI: -0.0005, 0.0019, Table 1). These findings support the mediation effects of DG volume on the relationship between fornix FA and percentage of correct rejections.           
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 Table 1. Mediation of fornix FA and percentage of correct rejections by left DG volume (n = 30). Effect Coefficient ± SE     (% Mediation) t p 95% CI Model A     Total effect c (fornix FA on % correct rejections) 3.13 ± 1.37 2.28 0.030*  a (fornix FA on left DG volume) 545.31 ±  189.80 2.87 0.008**  b (left DG volume on % correct rejections) 0.0028 ± 0.0013 2.10 0.045*  Mediation effect ab (fornix FA on %  correct rejections via left DG volume)        1.50 ± 1.03 (48) ̶ ̶̶ 0.03, 4.57 Direct effect c' (fornix FA on % correct rejections) 1.63 ±  1.47 1.10 0.279  Model B     Total effect c (left DG volume on % correct rejections) 0.0035 ± 0.0012 3.0 0.006**  a (left DG volume on fornix FA) 0.0004 ± 0.0001 2.87 0.008**  b (Fornix FA on % correct rejections) 1.63 ± 1.47 1.10 0.279  Mediation effect ab (left DG volume on %  correct rejections via Fornix FA) 0.0007 ± 0.0006 ̶̶ ̶̶ -0.0005, 0.0019 Direct effect c' (left DG volume on % correct rejections) 0.0028 ± 0.0013 2.10 0.045*  Abbreviations: FA, fractional anisotropy; DG, dentate gyrus; CI, confidence interval, * indicates significance with p<0.05 and ** indicates significance with p<0.01. Significant bias-corrected confidence intervals are shown in bold.          
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 Figure 3: Overview of results from the simple mediation analysis, including fornix FA, memory performance and left DG volume (n = 30). (A) Figure showing hippocampal subfields segmentation performed using FreeSurfer v6.0 algorithm (http://surfer.nmr.mgh.harvard.edu/) introduced by (Iglesias et al. 2015). This segmentation resulted in 12 subfields; DG is shown in red and all remaining subfields are shown in colored outline. (B) Tractography using ROI waypoints (Leemans et al. 2009) (“SEED” ROI 
is shown in blue, “AND” ROI is shown in green and “NOT” ROIs are shown in red) for the fornix in the native space of one participant (C) “c” indicates the total effect (direct and indirect) of fornix FA on % correct rejections. (D) “a” indicates the effect of fornix FA on left DG volume, “b” indicates the effect of left DG volume on % correct rejections, adjusted for fornix FA, i.e., direct effect of left DG volume on % 
correct rejections. “c’” indicates the direct effect of fornix FA on % correct rejections.   Manuscript 2: Performance after anodal stimulation was on average 2.8% better compared to sham in the 1st retrieval block (β = 2.8, 95%-CI: [0.3, 5.4], F(1,89) = 4.815, p = 0.031; linear mixed model post-hoc, N = 34, 127 data points, Figure 4A). The effect of stimulation condition itself was not significant (main effect: β = 0.4, 95%CI: [−0.8, 1.6] F(1,287) = 0.52, p = 0.473; linear mixed model, N = 34, 320 data points), but the interaction of stimulation condition and learning block indicated steeper learning curves in the anodal compared to the sham stimulation condition (β = 1.0, 95%-CI: [0.2, 1.8], F(1,281) = 6.16, p = 0.014, Figure 4A). fMRI analysis for the dependent variable baseline memory performance revealed an association of task performance with left-hemisphere hippocampo-temporoparietal coupling (significant cluster in left angular gyrus, peak coordinates: x = −40, y = −52, z = 18, T = 4.45, k = 232 voxel, cluster-p-FDR = 0.040, cluster-p-unc < 0.001, corrected for age, Figure 4B-C). We then aimed to 

http://surfer.nmr.mgh.harvard.edu/
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 investigate whether the individual left-hemisphere hippocampo-temporoparietal coupling at baseline was 
also associated with the magnitude of responsiveness to tDCS (“percentage of correct responses during immediate retrieval in atDCS” minus “percentage of correct responses during immediate retrieval in 

stDCS”). We found that individual responsiveness to tDCS was positively associated to functional connectivity (standardized β = 0.31, p = 0.036, overall model R² = 0.58, adjusted R² = 0.52). 

 Figure 4: (A) Percentage of correct responses in the five learning blocks (L1-L5) and the two retrieval blocks (R1, R2). Means and (one side of) two-sided 95%-CIs are shown. Adapted from (Antonenko et al. 2019) (B-C) Schematic of the functional connectivity between the left hippocampus and left temporoparietal cortex correlated with task performance at baseline (R, retrieval). The significant cluster that emerged from whole-brain seed-to-voxel analyses had peak coordinates of x = −40, y = −52, z = 18, T = 4.45. lHP: left hippocampus; lAG: left angular gyrus.    Manuscript 3: In the gestural task, a 2x2 ANOVA showed that there was no significant main effect of stimulation condition on RT (F (1, 21) = 2.41, p = 0.135). Interestingly, there was a significant interaction between stimulation condition and congruency, (F (1, 21) = 5.21, p = 0.033, partial eta squared = 0.20). Subsequent ANOVAs conducted per congruency, showed that, for congruent stimuli, there was no significant difference in RT between atDCS and stDCS (F (1, 21) = 0.013, p = 0.911). However, for incongruent stimuli, RT under atDCS was significantly faster compared to stDCS, (F (1, 21) = 6.15, p=0.022, partial eta squared = 0.23, Figure 5B). In both control tasks, there was no significant main 
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 effect of stimulation condition on RT (for attentional load task: (F (1, 21) = 1.33, p = 0.262); for simple reaction time task: (F (1, 21) = 0.01, p = 0.926).  

 Figure 5: Figure showing tDCS montage and mean RT of the gestural task (A) Image of the two stimulation electrodes placed over the left sensorimotor cortex (C3, 5 x 7 cm2) and the right supraorbital area (10 x 10 cm2) (B) Gestural task for congruent and incongruent stimuli. Only for incongruent stimuli, RT was significantly faster under atDCS compared to stDCS. Plots were constructed using BoxPlotR ((Spitzer et al. 2014); http://shiny.chemgrid.org/boxplotr/). The white circles represent the individual data points, the red and blue lines represent the mean values across the group. Error bars represent 95% confidence interval. Violin plots show the distribution across subjects. *p < 0.05. Adapted from (Hayek, Floel, and Antonenko 2018).  4 Discussion 
 Manuscript 1: Results showed that tractography-based fractional anisotropy (FA) of individual fornix pathways and volumes of the left DG were positively related to memory retrieval. Brain-behavior associations were in particular observed for correct rejections rather than hits of memory performance. These results corroborate with previous studies (Ly et al. 2016, Metzler-Baddeley et al. 2011) and further extend the role of forniceal fiber pathway integrity in enhancing the ability to detect incorrect associations in older adults. Similarly, the specific association of left DG and correct rejections unveil the function of DG in implementing retrieval strategies (for instance, novelty detection) to prevent memory distortions caused by increasing age (for  review (Kesner, Lee, and Gilbert 2004)). As such, our finding assumed that participants may have implemented DG-related strategies to successfully detect new (i.e., 
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 incorrect) associations. Subsequent mediation analysis, corrected for age, showed that the effect of fornix FA on memory performance was mediated (48%) by the left DG volume. Our findings corroborate with two recent studies that supported the hypothesis of age-related fornix white matter damage leading to hippocampal gray matter decline, but not vice versa (Gazes et al. 2018, Metzler-Baddeley et al. 2019). Gazes et al. (2018) conducted DTI and T1-weighted imaging for both young and older adults who subsequently performed an episodic memory task. The authors examined whether the association of hippocampal volume with fornix microstructure differed between age groups, and how this relationship was linked to recall performance of a word list. The association between structural integrity of fornix and volume of hippocampus was only evident in older adults, suggesting that the two are interdependent once neuronal atrophy is present. Interestingly, they also suggested that, in the presence of age-related neuronal atrophy, fornix integrity is a more sensitive predictive factor for episodic memory than hippocampal volume. More recently, Metzler-Badeley et al. (2019) reconstructed the fornix using deterministic tractography and segmented hippocampal volumes using Freesurfer. The authors assessed the effect directionality of age-related differences in fornix and hippocampus. Using fornix and hippocampus metrics, they performed two mediation model analyses; in one model hippocampal variables mediate the effect of age on fornix microstructure metrics, while in the other model, fornix metrics mediate the effect of age on hippocampal variables. They found that only the first model was significant, indicating that fornix white matter damage may cause hippocampal gray matter deterioration with increasing age. The current study complements previous evidence by demonstrating that fornix microstructure and DG subfield volume interact to specifically mediate memory for false associations. Our mediation model offered a neurobehavioral model in which preserved fornix white matter microstructure in older age predicts successful memory formation through its protective effect on grey matter volume in the DG. Thus, demyelination, even in healthy aging, may induce grey matter loss reflecting altered intracellular metabolism or neural death in connected structures, and leading to constrained memory performance (Metzler-Baddeley et al. 2019, Bartzokis 2004). Manuscript 2: Results showed better retrieval performance with augmented learning curves under atDCS compared to stDCS. Our results extend previous studies conducted on young adults and 
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 showing that atDCS over left temporoparietal cortex enhance learning and memory performance (Meinzer, Jahnigen, et al. 2014, Floel et al. 2008). Here, same effects were found in older adults where subjects showed faster learning and enhanced retrieval when learning was performed under atDCS. Given that age-related memory impairment is a process that involves brain regions and their underlying function, we found that hippocampo-temporoparietal functional connectivity was positively associated with both baseline memory performance and the individual tDCS-induced enhancement effect. The interaction of hippocampo-temporoparietal functional connectivity and baseline performance may be explained by previous studies suggesting an inter-regional interaction within a neuronal network that further mediate hippocampus-dependent memory processes in the aging brain (Rugg and Vilberg 2013, Simons and Spiers 2003). Results showed better retrieval performance with augmented learning curves under atDCS compared to stDCS. Our results extend previous studies conducted on young adults and showing that atDCS over left temporoparietal cortex enhance learning and memory performance (Meinzer, Jahnigen, et al. 2014, Floel et al. 2008). Here, same effects were found in older adults where subjects showed faster learning and enhanced retrieval when learning was performed under atDCS. Moreover, our finding that functional connectivity was associated with tDCS-induced enhancement effect support the hypothesis that functional connectivity can be an efficient predictor of individual tDCS responsiveness. The current findings give insights on the tDCS-induced plasticity of episodic memory in healthy older adults. We suggest that the inter-individual variability in tDCS responsiveness might be due intrinsic network coupling. Mansucript 3: Furthermore, the detecting of incorrect associations are not only restricted to DG strategies but also to the implementations of a cognitive control mechanism that has been previously involved in decreasing interference effect (Ouellet et al. 2015, Zmigrod, Zmigrod, and Hommel 2016).  Results showed that anodal compared to sham tDCS reduced reaction times in the gestural-verbal integration task and that this decrease was specific for incongruent pairs of gestures and verbal expressions. tDCS had no effect on control tasks performance. These findings corroborate with previous studies that showed a tDCS-induced enhancement of both gestural-verbal integration and language comprehension, when tDCS is applied over frontal and parietal cortices (Cohen-Maximov et al. 2015, 
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 Schulke and Straube 2017, Bianchi et al. 2015). Recent studies also investigated the role of motor cortex in language processing using tDCS (Branscheidt et al. 2018, Meinzer et al. 2016). Our results are specific in that atDCS decreased reaction times for incongruent gestural-verbal associations. This indicates the involvement of motor areas in the processing of gesture and language when the information conveyed by the gesture does not describe the information conveyed by language. These findings fits with previous studies suggesting that left IFG and its adjacent motor areas are activated during the processing of incongruent speech-gesture associations (Green et al. 2009, Kircher et al. 2009, Willems, Ozyurek, and Hagoort 2007). Cognitive control mechanism has been shown to be related to a cascade of distinct control types performed by different brain regions. Dorsolateral prefrontal cortex (DLPFC) was shown to implement its control through the top-down modulation of task-dependent information processing in M1, also referred to as sensory control (Koechlin, Ody, and Kouneiher 2003). As such, we assumed that modulation of brain circuitry underlying sensory control in M1 area led to an increase in cognitive control mechanisms, and therefore improved the subjects’ ability to detect incongruent gestural-verbal associations.  5 Strengths and limitations 
 Strengths of our studies lie in the robust tractography method, since CSD-based tractography shows favorable outcome compared to the usual DTI-based approaches, especially in regions with complex crossing fibers (Tournier et al. 2008). In addition, our studies include the multimodal imaging approach of combined grey matter volumetric analysis and white matter fiber tractography to assess the impact of structural integrity that promotes successful cognitive function. Finally, combining brain stimulation and neuroimaging allowed for the investigation of differences in tDCS response at the functional network level, unveiling the neural changes induced by tDCS (Bergmann et al. 2016). Several technical limitations should be taken into consideration. First, it was shown that potential partial volume effects may affect DTI-based indices (Alexander et al. 2001, Szczepankiewicz et al. 2013) and hippocampal subfields segmentation (Duche et al. 2017). However, we set the FA threshold to 0.2, as a mean to eliminate all the possible underestimated FA values. Second, conventional dual-electrode tDCS set-up stimulates networks rather than brain regions (Nasseri, Nitsche, and Ekhtiari 2015, Polania, 
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 Nitsche, and Ruff 2018). Although other brain regions might as well be stimulated, it is conceivable that the interaction of brain stimulation with a task induces more focused effects (Holland et al. 2011, Meinzer et al. 2012). To better infer specificity of tDCS, a control tDCS site would have to be included. Nevertheless, specificity of left M1 atDCS for the gestural task was demonstrated by the absence of effects on the control tasks. 6 Summary and future directions 
 Age-related cognitive impairments have been linked to both structural and functional neural determinants. Recent advances in neuroimaging and brain stimulation techniques have given novel perspectives of the brain-behavior relationship. In this work, we examined the impact of brain structural and functional factors on cognitive performance in healthy adults, and applied tDCS to modulate performance. First, we showed that fornix FA and DG volume were independently associated with memory performance. Interestingly, the effect of fornix FA on memory retrieval was mediated by DG volume in the healthy aging brain. This interdependent association was observed specifically for successful retrieval of incorrect associations. Our results supported the relationship between fornix integrity and DG volume in the course of healthy aging, and highlight the dependency of fornix integrity on DG volume in affecting episodic memory performance. Preserved fornix microstructure may thus positively impact on memory for false associations through a protective effect on DG subfield volume. More generally, the results lend further support to the hypothesis that structural disconnection plays a crucial role in mediating deficits in the course of aging. Our study provides a neurobehavioral model for the linkage between structural memory network properties to explain inter-individual variability behavioral outcomes in older adults. Second, we applied tDCS over brain areas implicated in memory formation and semantic processing, to further understand neural mechanisms underlying cognitive performance. We showed that hippocampo-temporoparietal functional connectivity was associated with initial memory performance and with tDCS-induced enhancement effect, indicating that hippocampo-temporoparietal functional connectivity predicts memory performance and may explain inter-individual differences in tDCS responsiveness.  
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 Taken together, these findings support the hypothesis that hippocampus-dependent memory processes are mediated by the inter-regional interaction within a distributed network in older adults (Rugg and Vilberg 2013, Simons and Spiers 2003), and can be modulated through lateral frontal and parietal brain stimulation (Medvedeva et al. 2019, Sandrini et al. 2014). Third, we found that excitatory tDCS over left M1 improves semantic processing by enhancing performance of incongruent stimuli, possibly mediated by facilitation of action perception sensitivity of the MNS. In addition, up-regulation of M1 might have increased its cognitive control potential, leading to lower interference. Our findings suggested that atDCS over left M1 might have affected cognitive control mechanisms, leading to better performance in the detection of incongruent associations. This supports previous findings suggesting that left IFG and its adjacent motor areas are activated during the preprocessing of speech-gesture associations, when the information conveyed by speech is incongruent with the information conveyed by the gesture (Green et al. 2009, Kircher et al. 2009, Willems, Ozyurek, and Hagoort 2007). This effect might be explained by the implementation of a sensory cognitive control mechanism through the top-down modulation of information processing in M1 (Koechlin, Ody, and Kouneiher 2003).  Our studies pave the road for novel treatment strategies, especially in the aging brain. First, we provide novel insights into the neurophysiological mechanism underpinning age-related deficits of associative episodic memory. Understanding this relationship is an important prerequisite for the development of interventions to counteract cognitive decline such as aerobic exercise, cognitive training or dietary interventions (Antonenko et al. 2016, Brickman et al. 2014, Kobe et al. 2016). Due to the cross-sectional design of our study that still limits conclusions about causality, future longitudinal studies are needed to support this hypothesis. Moreover, future studies with larger sample sizes should examine volumes and their link to age-related memory decline using high resolutions 7-Tesla MRI scans to allow for a precise separation between DG and its neighboring structures, like CA3 and CA4 (Boretius et al. 2009).   Second, by unveiling the hippocampo-temporoparietal connectivity and its association with memory performance, we would then allow to modulate hippocampus-dependent processes by targeting connected cortical sites (Nilakantan et al. 2017, Tambini, Nee, and D'Esposito 2018). In our study, we 



27 

 investigated neural factors predicting cognitive functions. As such, future studies using task-related fMRI may be relevant to better understand neural factors of the task-related cognitive demands. Third, our results of tDCS effect over left M1 were revealed on cognitive performance of young adults. Previous studies showed that tDCS over M1 also affect cognitive functions in older adults (Meinzer et al. 2016, Martin et al. 2017). As such, future studies are needed to extrapolate our results to older adults. In the clinical context, tDCS effects on speech and gesture processing may be relevant for patients with schizophrenia who suffer from severe deficits in speech and gesture processing (Schulke and Straube 2018).                     



28 

 7 References  
 

Alexander, A. L., K. M. Hasan, M. Lazar, J. S. Tsuruda, and D. L. Parker. 2001. "Analysis of partial volume 

effects in diffusion-tensor MRI."  Magn Reson Med 45 (5):770-80. 

Antonenko, D., and A. Floel. 2016. "[Non-invasive brain stimulation in neurology : Transcranial direct current 

stimulation to enhance cognitive functioning]."  Nervenarzt 87 (8):838-45. doi: 10.1007/s00115-016-

0115-z. 

Antonenko, D., D. Hayek, J. Netzband, U. Grittner, and A. Floel. 2019. "tDCS-induced episodic memory 

enhancement and its association with functional network coupling in older adults."  Sci Rep 9 (1):2273. 

doi: 10.1038/s41598-019-38630-7. 

Antonenko, D., N. Kulzow, M. E. Cesarz, K. Schindler, U. Grittner, and A. Floel. 2016. "Hippocampal Pathway 

Plasticity Is Associated with the Ability to Form Novel Memories in Older Adults."  Front Aging 

Neurosci 8:61. doi: 10.3389/fnagi.2016.00061. 

Antonenko, D., N. Kulzow, A. Sousa, K. Prehn, U. Grittner, and A. Floel. 2018. "Neuronal and behavioral 

effects of multi-day brain stimulation and memory training."  Neurobiol Aging 61:245-254. doi: 

10.1016/j.neurobiolaging.2017.09.017. 

Assaf, Y., and O. Pasternak. 2008. "Diffusion tensor imaging (DTI)-based white matter mapping in brain 

research: a review."  J Mol Neurosci 34 (1):51-61. doi: 10.1007/s12031-007-0029-0. 

Badre, D., and A. D. Wagner. 2007. "Left ventrolateral prefrontal cortex and the cognitive control of memory."  

Neuropsychologia 45 (13):2883-901. doi: 10.1016/j.neuropsychologia.2007.06.015. 

Baron, R. M., and D. A. Kenny. 1986. "The moderator-mediator variable distinction in social psychological 

research: conceptual, strategic, and statistical considerations."  J Pers Soc Psychol 51 (6):1173-82. 

Bartzokis, G. 2004. "Age-related myelin breakdown: a developmental model of cognitive decline and 

Alzheimer's disease."  Neurobiol Aging 25 (1):5-18; author reply 49-62. 

Basser, P. J., and C. Pierpaoli. 1996. "Microstructural and physiological features of tissues elucidated by 

quantitative-diffusion-tensor MRI."  J Magn Reson B 111 (3):209-19. 

Beaulieu, C. 2002. "The basis of anisotropic water diffusion in the nervous system - a technical review."  NMR 

Biomed 15 (7-8):435-55. doi: 10.1002/nbm.782. 

Bennett, I. J., D. E. Greenia, P. Maillard, S. A. Sajjadi, C. DeCarli, M. M. Corrada, and C. H. Kawas. 2017. 

"Age-related white matter integrity differences in oldest-old without dementia."  Neurobiol Aging 

56:108-114. doi: 10.1016/j.neurobiolaging.2017.04.013. 

Bennett, I. J., S. M. Stark, and C. E. L. Stark. 2018. "Recognition Memory Dysfunction Relates to Hippocampal 

Subfield Volume: A Study of Cognitively Normal and Mildly Impaired Older Adults."  J Gerontol B 

Psychol Sci Soc Sci. doi: 10.1093/geronb/gbx181. 

Bergmann, T. O., A. Karabanov, G. Hartwigsen, A. Thielscher, and H. R. Siebner. 2016. "Combining non-

invasive transcranial brain stimulation with neuroimaging and electrophysiology: Current approaches 

and future perspectives."  Neuroimage 140:4-19. doi: 10.1016/j.neuroimage.2016.02.012. 

Bianchi, M., M. Cosseddu, M. Cotelli, R. Manenti, M. Brambilla, M. C. Rizzetti, A. Padovani, and B. Borroni. 

2015. "Left parietal cortex transcranial direct current stimulation enhances gesture processing in 

corticobasal syndrome."  Eur J Neurol 22 (9):1317-22. doi: 10.1111/ene.12748. 

Bikson, M., A. Name, and A. Rahman. 2013. "Origins of specificity during tDCS: anatomical, activity-selective, 

and input-bias mechanisms."  Front Hum Neurosci 7:688. doi: 10.3389/fnhum.2013.00688. 

Blumenfeld, R. S., and C. Ranganath. 2007. "Prefrontal cortex and long-term memory encoding: an integrative 

review of findings from neuropsychology and neuroimaging."  Neuroscientist 13 (3):280-91. doi: 

10.1177/1073858407299290. 

Bonnici, H. M., F. R. Richter, Y. Yazar, and J. S. Simons. 2016. "Multimodal Feature Integration in the Angular 

Gyrus during Episodic and Semantic Retrieval."  J Neurosci 36 (20):5462-71. doi: 

10.1523/JNEUROSCI.4310-15.2016. 

Bopp, K. L., and P. Verhaeghen. 2005. "Aging and verbal memory span: a meta-analysis."  J Gerontol B Psychol 

Sci Soc Sci 60 (5):P223-33. 

Boretius, Susann, Lars Kasper, Roland Tammer, Thomas Michaelis, and Jens Frahm. 2009. "MRI of cellular 

layers in mouse brain in vivo."  NeuroImage 47 (4):1252-1260. doi: 

https://doi.org/10.1016/j.neuroimage.2009.05.095. 

Branscheidt, M., J. Hoppe, P. Zwitserlood, and G. Liuzzi. 2018. "tDCS over the motor cortex improves lexical 

retrieval of action words in poststroke aphasia."  J Neurophysiol 119 (2):621-630. doi: 

10.1152/jn.00285.2017. 

Brickman, Adam M., Usman A. Khan, Frank A. Provenzano, Lok-Kin Yeung, Wendy Suzuki, Hagen Schroeter, 

Melanie Wall, Richard P. Sloan, and Scott A. Small. 2014. "Enhancing dentate gyrus function with 

dietary flavanols improves cognition in older adults."  Nature Neuroscience 17:1798. doi: 

10.1038/nn.3850 

https://www.nature.com/articles/nn.3850#supplementary-information. 

Buch, E. R., R. B. Mars, E. D. Boorman, and M. F. Rushworth. 2010. "A network centered on ventral premotor 

cortex exerts both facilitatory and inhibitory control over primary motor cortex during action 

reprogramming."  J Neurosci 30 (4):1395-401. doi: 10.1523/JNEUROSCI.4882-09.2010. 

https://doi.org/10.1016/j.neuroimage.2009.05.095
https://www.nature.com/articles/nn.3850#supplementary-information


29 

 

Camina, E., and F. Guell. 2017. "The Neuroanatomical, Neurophysiological and Psychological Basis of 

Memory: Current Models and Their Origins."  Front Pharmacol 8:438. doi: 10.3389/fphar.2017.00438. 

Catheline, G., H. Amieva, B. Dilharreguy, C. Bernard, M. G. Duperron, C. Helmer, J. F. Dartigues, and M. 

Allard. 2015. "Semantic retrieval over time in the aging brain: Structural evidence of hippocampal 

contribution."  Hippocampus 25 (9):1008-16. doi: 10.1002/hipo.22423. 

Chen, D. Q., I. Strauss, D. J. Hayes, K. D. Davis, and M. Hodaie. 2015. "Age-related changes in diffusion tensor 

imaging metrics of fornix subregions in healthy humans."  Stereotact Funct Neurosurg 93 (3):151-9. 

doi: 10.1159/000368442. 

Cohen-Maximov, T., K. Avirame, A. Floel, and M. Lavidor. 2015. "Modulation of Gestural-verbal Semantic 

Integration by tDCS."  Brain Stimul 8 (3):493-8. doi: 10.1016/j.brs.2014.12.001. 

Dayan, E., N. Censor, E. R. Buch, M. Sandrini, and L. G. Cohen. 2013. "Noninvasive brain stimulation: from 

physiology to network dynamics and back."  Nat Neurosci 16 (7):838-44. doi: 10.1038/nn.3422. 

de Voogd, L. D., F. Klumpers, G. Fernandez, and E. J. Hermans. 2017. "Intrinsic functional connectivity 

between amygdala and hippocampus during rest predicts enhanced memory under stress."  

Psychoneuroendocrinology 75:192-202. doi: 10.1016/j.psyneuen.2016.11.002. 

DeDe, G., D. Caplan, K. Kemtes, and G. Waters. 2004. "The relationship between age, verbal working memory, 

and language comprehension."  Psychol Aging 19 (4):601-16. doi: 10.1037/0882-7974.19.4.601. 

Dickerson, B. C., and H. Eichenbaum. 2010. "The episodic memory system: neurocircuitry and disorders."  

Neuropsychopharmacology 35 (1):86-104. doi: 10.1038/npp.2009.126. 

Douaud, G., R. A. Menke, A. Gass, A. U. Monsch, A. Rao, B. Whitcher, G. Zamboni, P. M. Matthews, M. 

Sollberger, and S. Smith. 2013. "Brain microstructure reveals early abnormalities more than two years 

prior to clinical progression from mild cognitive impairment to Alzheimer's disease."  J Neurosci 33 

(5):2147-55. doi: 10.1523/JNEUROSCI.4437-12.2013. 

Douet, V., and L. Chang. 2014. "Fornix as an imaging marker for episodic memory deficits in healthy aging and 

in various neurological disorders."  Front Aging Neurosci 6:343. doi: 10.3389/fnagi.2014.00343. 

Doxey, C. R., and C. B. Kirwan. 2015. "Structural and functional correlates of behavioral pattern separation in 

the hippocampus and medial temporal lobe."  Hippocampus 25 (4):524-33. doi: 10.1002/hipo.22389. 

Duche, Q., H. Saint-Jalmes, O. Acosta, P. Raniga, P. Bourgeat, V. Dore, G. F. Egan, and O. Salvado. 2017. 

"Partial volume model for brain MRI scan using MP2RAGE."  Hum Brain Mapp 38 (10):5115-5127. 

doi: 10.1002/hbm.23719. 

Duque, J., E. Olivier, and M. Rushworth. 2013. "Top-down inhibitory control exerted by the medial frontal 

cortex during action selection under conflict."  J Cogn Neurosci 25 (10):1634-48. doi: 

10.1162/jocn_a_00421. 

Eichenbaum, H., A. P. Yonelinas, and C. Ranganath. 2007. "The medial temporal lobe and recognition 

memory."  Annu Rev Neurosci 30:123-52. doi: 10.1146/annurev.neuro.30.051606.094328. 

Fiori, V., M. Nitsche, L. Iasevoli, G. Cucuzza, C. Caltagirone, and P. Marangolo. 2017. "Differential effects of 

bihemispheric and unihemispheric transcranial direct current stimulation in young and elderly adults in 

verbal learning."  Behav Brain Res 321:170-175. doi: 10.1016/j.bbr.2016.12.044. 

Fischl, B. 2012. "FreeSurfer."  Neuroimage 62 (2):774-81. doi: 10.1016/j.neuroimage.2012.01.021. 

Fletcher, E., M. Raman, P. Huebner, A. Liu, D. Mungas, O. Carmichael, and C. DeCarli. 2013. "Loss of fornix 

white matter volume as a predictor of cognitive impairment in cognitively normal elderly individuals."  

JAMA Neurol 70 (11):1389-95. doi: 10.1001/jamaneurol.2013.3263. 

Floel, A., N. Rosser, O. Michka, S. Knecht, and C. Breitenstein. 2008. "Noninvasive brain stimulation improves 

language learning."  J Cogn Neurosci 20 (8):1415-22. doi: 10.1162/jocn.2008.20098. 

Friston, K. J. 2011. "Functional and effective connectivity: a review."  Brain Connect 1 (1):13-36. doi: 

10.1089/brain.2011.0008. 

Gazes, Y., P. Li, E. Sun, Q. Razlighi, and A. Tsapanou. 2018. "Age specificity in fornix-to-hippocampus 

association."  Brain Imaging Behav. doi: 10.1007/s11682-018-9958-1. 

Gondard, E., H. N. Chau, A. Mann, T. S. Tierney, C. Hamani, S. K. Kalia, and A. M. Lozano. 2015. "Rapid 

Modulation of Protein Expression in the Rat Hippocampus Following Deep Brain Stimulation of the 

Fornix."  Brain Stimul 8 (6):1058-64. doi: 10.1016/j.brs.2015.07.044. 

Goveas, J., L. O'Dwyer, M. Mascalchi, M. Cosottini, S. Diciotti, S. De Santis, L. Passamonti, C. Tessa, N. 

Toschi, and M. Giannelli. 2015. "Diffusion-MRI in neurodegenerative disorders."  Magn Reson 

Imaging 33 (7):853-76. doi: 10.1016/j.mri.2015.04.006. 

Green, B. Straube, S. Weis, A. Jansen, K. Willmes, K. Konrad, and T. Kircher. 2009. "Neural integration of 

iconic and unrelated coverbal gestures: a functional MRI study."  Hum Brain Mapp 30 (10):3309-24. 

doi: 10.1002/hbm.20753. 

Gunbey, H. P., K. Ercan, A. S. Findikoglu, H. T. Bulut, M. Karaoglanoglu, and H. Arslan. 2014. "The limbic 

degradation of aging brain: a quantitative analysis with diffusion tensor imaging."  

ScientificWorldJournal 2014:196513. doi: 10.1155/2014/196513. 

Habich, A., S. Kloppel, A. Abdulkadir, E. Scheller, C. Nissen, and J. Peter. 2017. "Anodal tDCS Enhances 

Verbal Episodic Memory in Initially Low Performers."  Front Hum Neurosci 11:542. doi: 

10.3389/fnhum.2017.00542. 



30 

 

Hao, S., B. Tang, Z. Wu, K. Ure, Y. Sun, H. Tao, Y. Gao, A. J. Patel, D. J. Curry, R. C. Samaco, H. Y. Zoghbi, 

and J. Tang. 2015. "Forniceal deep brain stimulation rescues hippocampal memory in Rett syndrome 

mice."  Nature 526 (7573):430-4. doi: 10.1038/nature15694. 

Hauk, O., I. Johnsrude, and F. Pulvermuller. 2004. "Somatotopic representation of action words in human motor 

and premotor cortex."  Neuron 41 (2):301-7. 

Hayek, D., A. Floel, and D. Antonenko. 2018. "Role of Sensorimotor Cortex in Gestural-Verbal Integration."  

Front Hum Neurosci 12:482. doi: 10.3389/fnhum.2018.00482. 

Helms, G. 2016. "Segmentation of human brain using structural MRI."  MAGMA 29 (2):111-24. doi: 

10.1007/s10334-015-0518-z. 

Henson, R. N., K. L. Campbell, S. W. Davis, J. R. Taylor, T. Emery, S. Erzinclioglu, C. A. N. Cam, and R. A. 

Kievit. 2016. "Multiple determinants of lifespan memory differences."  Sci Rep 6:32527. doi: 

10.1038/srep32527. 

Holland, R., A. P. Leff, O. Josephs, J. M. Galea, M. Desikan, C. J. Price, J. C. Rothwell, and J. Crinion. 2011. 

"Speech facilitation by left inferior frontal cortex stimulation."  Curr Biol 21 (16):1403-7. doi: 

10.1016/j.cub.2011.07.021. 

Hong, Y. J., B. Yoon, Y. S. Shim, K. J. Ahn, D. W. Yang, and J. H. Lee. 2015. "Gray and White Matter 

Degenerations in Subjective Memory Impairment: Comparisons with Normal Controls and Mild 

Cognitive Impairment."  J Korean Med Sci 30 (11):1652-8. doi: 10.3346/jkms.2015.30.11.1652. 

Hostetter, A. B. 2011. "When do gestures communicate? A meta-analysis."  Psychol Bull 137 (2):297-315. doi: 

10.1037/a0022128. 

Hostetter, A. B., and M. W. Alibali. 2008. "Visible embodiment: gestures as simulated action."  Psychon Bull 

Rev 15 (3):495-514. 

Iglesias, J. E., J. C. Augustinack, K. Nguyen, C. M. Player, A. Player, M. Wright, N. Roy, M. P. Frosch, A. C. 

McKee, L. L. Wald, B. Fischl, K. Van Leemput, and Alzheimers Dis Neuroimaging. 2015. "A 

computational atlas of the hippocampal formation using ex vivo, ultra-high resolution MRI: Application 

to adaptive segmentation of in vivo MRI."  Neuroimage 115:117-137. doi: 

10.1016/j.neuroimage.2015.04.042. 

Irish, M., O. Piguet, J. R. Hodges, and M. Hornberger. 2014. "Common and unique gray matter correlates of 

episodic memory dysfunction in frontotemporal dementia and Alzheimer's disease."  Hum Brain Mapp 

35 (4):1422-35. doi: 10.1002/hbm.22263. 

Jacobson, L., M. Koslowsky, and M. Lavidor. 2012. "tDCS polarity effects in motor and cognitive domains: a 

meta-analytical review."  Exp Brain Res 216 (1):1-10. doi: 10.1007/s00221-011-2891-9. 

Jang, S. H., S. H. Cho, and M. C. Chang. 2011. "Age-related degeneration of the fornix in the human brain: a 

diffusion tensor imaging study."  Int J Neurosci 121 (2):94-100. doi: 10.3109/00207454.2010.531894. 

Jeurissen, B., A. Leemans, D. K. Jones, J. D. Tournier, and J. Sijbers. 2011. "Probabilistic fiber tracking using 

the residual bootstrap with constrained spherical deconvolution."  Hum Brain Mapp 32 (3):461-79. doi: 

10.1002/hbm.21032. 

Jones, D. K., T. R. Knosche, and R. Turner. 2013. "White matter integrity, fiber count, and other fallacies: the 

do's and don'ts of diffusion MRI."  Neuroimage 73:239-54. doi: 10.1016/j.neuroimage.2012.06.081. 

Kerr, K. M., K. L. Agster, S. C. Furtak, and R. D. Burwell. 2007. "Functional neuroanatomy of the 

parahippocampal region: the lateral and medial entorhinal areas."  Hippocampus 17 (9):697-708. doi: 

10.1002/hipo.20315. 

Kesner, R. P., I. Lee, and P. Gilbert. 2004. "A behavioral assessment of hippocampal function based on a 

subregional analysis."  Rev Neurosci 15 (5):333-51. 

Kircher, T., B. Straube, D. Leube, S. Weis, O. Sachs, K. Willmes, K. Konrad, and A. Green. 2009. "Neural 

interaction of speech and gesture: differential activations of metaphoric co-verbal gestures."  

Neuropsychologia 47 (1):169-79. doi: 10.1016/j.neuropsychologia.2008.08.009. 

Knierim, J. J. 2015. "The hippocampus."  Curr Biol 25 (23):R1116-21. doi: 10.1016/j.cub.2015.10.049. 

Kobe, T., A. V. Witte, A. Schnelle, A. Lesemann, S. Fabian, V. A. Tesky, J. Pantel, and A. Floel. 2016. 

"Combined omega-3 fatty acids, aerobic exercise and cognitive stimulation prevents decline in gray 

matter volume of the frontal, parietal and cingulate cortex in patients with mild cognitive impairment."  

Neuroimage 131:226-38. doi: 10.1016/j.neuroimage.2015.09.050. 

Koechlin, E., C. Ody, and F. Kouneiher. 2003. "The architecture of cognitive control in the human prefrontal 

cortex."  Science 302 (5648):1181-5. doi: 10.1126/science.1088545. 

Kuhl, B. A., and M. M. Chun. 2014. "Successful remembering elicits event-specific activity patterns in lateral 

parietal cortex."  J Neurosci 34 (23):8051-60. doi: 10.1523/JNEUROSCI.4328-13.2014. 

Kulzow, N., A. V. Cavalcanti de Sousa, M. Cesarz, J. M. Hanke, A. Gunsberg, S. Harder, S. Koblitz, U. Grittner, 

and A. Floel. 2017. "No Effects of Non-invasive Brain Stimulation on Multiple Sessions of Object-

Location-Memory Training in Healthy Older Adults."  Front Neurosci 11:746. doi: 

10.3389/fnins.2017.00746. 

Lavidor, Michal. 2016. "tES Stimulation as a Tool to Investigate Cognitive Processes in   

   Healthy Individuals."  European Psychologist 21 (1):15-29. doi: 

10.1027/1016-9040/a000248. 



31 

 

Leach, R. C., M. P. McCurdy, M. C. Trumbo, L. E. Matzen, and E. D. Leshikar. 2018. "Differential Age Effects 

of Transcranial Direct Current Stimulation on Associative Memory."  J Gerontol B Psychol Sci Soc Sci. 

doi: 10.1093/geronb/gby003. 

Leemans, Alexander, Ben Jeurissen, Jan Sijbers, and D. K. Jones. 2009. ExploreDTI: A graphical toolbox for 

processing, analyzing, and visualizing diffusion MR data. Vol. 17. 

Lett, T. A., J. L. Kennedy, N. Radhu, L. G. Dominguez, M. M. Chakravarty, A. Nazeri, F. Farzan, H. Walter, A. 

Heinz, B. H. Mulsant, Z. J. Daskalakis, and A. N. Voineskos. 2016. "Prefrontal White Matter Structure 

Mediates the Influence of GAD1 on Working Memory."  Neuropsychopharmacology 41 (9):2224-31. 

doi: 10.1038/npp.2016.14. 

Lim, K. O., and A. Pfefferbaum. 1989. "Segmentation of MR brain images into cerebrospinal fluid spaces, white 

and gray matter."  J Comput Assist Tomogr 13 (4):588-93. 

Lockhart, S. N., and C. DeCarli. 2014. "Structural imaging measures of brain aging."  Neuropsychol Rev 24 

(3):271-89. doi: 10.1007/s11065-014-9268-3. 

Lockhart, S. N., A. B. Mayda, A. E. Roach, E. Fletcher, O. Carmichael, P. Maillard, C. G. Schwarz, A. P. 

Yonelinas, C. Ranganath, and C. Decarli. 2012. "Episodic memory function is associated with multiple 

measures of white matter integrity in cognitive aging."  Front Hum Neurosci 6:56. doi: 

10.3389/fnhum.2012.00056. 

Lovblad, K. O., K. Schaller, and M. I. Vargas. 2014. "The fornix and limbic system."  Semin Ultrasound CT MR 

35 (5):459-73. doi: 10.1053/j.sult.2014.06.005. 

Ly, M., N. Adluru, D. J. Destiche, S. Y. Lu, J. M. Oh, S. M. Hoscheidt, A. L. Alexander, O. C. Okonkwo, H. A. 

Rowley, M. A. Sager, S. C. Johnson, and B. B. Bendlin. 2016. "Fornix Microstructure and Memory 

Performance Is Associated with Altered Neural Connectivity during Episodic Recognition."  J Int 

Neuropsychol Soc 22 (2):191-204. doi: 10.1017/S1355617715001216. 

Maass, A., H. Schutze, O. Speck, A. Yonelinas, C. Tempelmann, H. J. Heinze, D. Berron, A. Cardenas-Blanco, 

K. H. Brodersen, K. E. Stephan, and E. Duzel. 2014. "Laminar activity in the hippocampus and 

entorhinal cortex related to novelty and episodic encoding."  Nat Commun 5:5547. doi: 

10.1038/ncomms6547. 

Mack, Michael L., Bradley C. Love, and Alison R. Preston. 2017. "Building concepts one episode at a time: The 

hippocampus and concept formation."  Neuroscience Letters. doi: 

https://doi.org/10.1016/j.neulet.2017.07.061. 

Makris, N., J. Kaiser, C. Haselgrove, L. J. Seidman, J. Biederman, D. Boriel, E. M. Valera, G. M. Papadimitriou, 

B. Fischl, V. S. Caviness, Jr., and D. N. Kennedy. 2006. "Human cerebral cortex: a system for the 

integration of volume- and surface-based representations."  Neuroimage 33 (1):139-53. doi: 

10.1016/j.neuroimage.2006.04.220. 

Martin, A. K., M. Meinzer, R. Lindenberg, M. M. Sieg, L. Nachtigall, and A. Floel. 2017. "Effects of 

Transcranial Direct Current Stimulation on Neural Networks Structure in Young and Older Adults."  J 

Cogn Neurosci 29 (11):1817-1828. doi: 10.1162/jocn_a_01166. 

Martin, D. M., R. Liu, A. Alonzo, M. Green, M. J. Player, P. Sachdev, and C. K. Loo. 2013. "Can transcranial 

direct current stimulation enhance outcomes from cognitive training? A randomized controlled trial in 

healthy participants."  Int J Neuropsychopharmacol 16 (9):1927-36. doi: 10.1017/S1461145713000539. 

Medvedeva, A., M. Materassi, V. Neacsu, J. Beresford-Webb, A. Hussin, N. Khan, F. Newton, and G. Galli. 

2019. "Effects of Anodal Transcranial Direct Current Stimulation Over the Ventrolateral Prefrontal 

Cortex on Episodic Memory Formation and Retrieval."  Cereb Cortex 29 (2):657-665. doi: 

10.1093/cercor/bhx347. 

Meinzer, M., D. Antonenko, R. Lindenberg, S. Hetzer, L. Ulm, K. Avirame, T. Flaisch, and A. Floel. 2012. 

"Electrical brain stimulation improves cognitive performance by modulating functional connectivity 

and task-specific activation."  J Neurosci 32 (5):1859-66. doi: 10.1523/JNEUROSCI.4812-11.2012. 

Meinzer, M., R. Darkow, R. Lindenberg, and A. Floel. 2016. "Electrical stimulation of the motor cortex 

enhances treatment outcome in post-stroke aphasia."  Brain 139 (Pt 4):1152-63. doi: 

10.1093/brain/aww002. 

Meinzer, M., S. Jahnigen, D. A. Copland, R. Darkow, U. Grittner, K. Avirame, A. D. Rodriguez, R. Lindenberg, 

and A. Floel. 2014. "Transcranial direct current stimulation over multiple days improves learning and 

maintenance of a novel vocabulary."  Cortex 50:137-47. doi: 10.1016/j.cortex.2013.07.013. 

Meinzer, M., R. Lindenberg, D. Antonenko, T. Flaisch, and A. Floel. 2013. "Anodal transcranial direct current 

stimulation temporarily reverses age-associated cognitive decline and functional brain activity 

changes."  J Neurosci 33 (30):12470-8. doi: 10.1523/JNEUROSCI.5743-12.2013. 

Meinzer, M., R. Lindenberg, M. M. Sieg, L. Nachtigall, L. Ulm, and A. Floel. 2014. "Transcranial direct current 

stimulation of the primary motor cortex improves word-retrieval in older adults."  Front Aging Neurosci 

6:253. doi: 10.3389/fnagi.2014.00253. 

Metoki, A., K. H. Alm, Y. Wang, C. T. Ngo, and I. R. Olson. 2017. "Never forget a name: white matter 

connectivity predicts person memory."  Brain Struct Funct 222 (9):4187-4201. doi: 10.1007/s00429-

017-1458-3. 

Metzler-Baddeley, C., D. K. Jones, B. Belaroussi, J. P. Aggleton, and M. J. O'Sullivan. 2011. "Frontotemporal 

connections in episodic memory and aging: a diffusion MRI tractography study."  J Neurosci 31 

(37):13236-45. doi: 10.1523/JNEUROSCI.2317-11.2011. 

https://doi.org/10.1016/j.neulet.2017.07.061


32 

 

Metzler-Baddeley, C., J. P. Mole, R. Sims, F. Fasano, J. Evans, D. K. Jones, J. P. Aggleton, and R. J. Baddeley. 

2019. "Fornix white matter glia damage causes hippocampal gray matter damage during age-dependent 

limbic decline."  Sci Rep 9 (1):1060. doi: 10.1038/s41598-018-37658-5. 

Minkova, L., A. Habich, J. Peter, C. P. Kaller, S. B. Eickhoff, and S. Kloppel. 2017. "Gray matter asymmetries 

in aging and neurodegeneration: A review and meta-analysis."  Hum Brain Mapp 38 (12):5890-5904. 

doi: 10.1002/hbm.23772. 

Moore, D. M., A. M. D'Mello, L. M. McGrath, and C. J. Stoodley. 2017. "The developmental relationship 

between specific cognitive domains and grey matter in the cerebellum."  Dev Cogn Neurosci 24:1-11. 

doi: 10.1016/j.dcn.2016.12.001. 

Mori, S., and P. C. van Zijl. 2002. "Fiber tracking: principles and strategies - a technical review."  NMR Biomed 

15 (7-8):468-80. doi: 10.1002/nbm.781. 

Nasseri, P., M. A. Nitsche, and H. Ekhtiari. 2015. "A framework for categorizing electrode montages in 

transcranial direct current stimulation."  Front Hum Neurosci 9:54. doi: 10.3389/fnhum.2015.00054. 

Nilakantan, A. S., D. J. Bridge, E. P. Gagnon, S. A. VanHaerents, and J. L. Voss. 2017. "Stimulation of the 

Posterior Cortical-Hippocampal Network Enhances Precision of Memory Recollection."  Curr Biol 27 

(3):465-470. doi: 10.1016/j.cub.2016.12.042. 

Norman, K. A. 2010. "How hippocampus and cortex contribute to recognition memory: revisiting the 

complementary learning systems model."  Hippocampus 20 (11):1217-27. doi: 10.1002/hipo.20855. 

Norman, K. A., and R. C. O'Reilly. 2003. "Modeling hippocampal and neocortical contributions to recognition 

memory: a complementary-learning-systems approach."  Psychol Rev 110 (4):611-46. doi: 

10.1037/0033-295X.110.4.611. 

Nyberg, L. 2017. "Functional brain imaging of episodic memory decline in ageing."  J Intern Med 281 (1):65-74. 

doi: 10.1111/joim.12533. 

Ogawa, S., D. W. Tank, R. Menon, J. M. Ellermann, S. G. Kim, H. Merkle, and K. Ugurbil. 1992. "Intrinsic 

signal changes accompanying sensory stimulation: functional brain mapping with magnetic resonance 

imaging."  Proc Natl Acad Sci U S A 89 (13):5951-5. 

Oren, N., I. Shapira-Lichter, Y. Lerner, T. Hendler, N. Giladi, and E. L. Ash. 2018. "How Attention Modulates 

Encoding of Dynamic Stimuli in Older Adults."  Behav Brain Res. doi: 10.1016/j.bbr.2018.02.031. 

Ouellet, J., A. McGirr, F. Van den Eynde, F. Jollant, M. Lepage, and M. T. Berlim. 2015. "Enhancing decision-

making and cognitive impulse control with transcranial direct current stimulation (tDCS) applied over 

the orbitofrontal cortex (OFC): A randomized and sham-controlled exploratory study."  J Psychiatr Res 

69:27-34. doi: 10.1016/j.jpsychires.2015.07.018. 

Papeo, L., A. Lingnau, S. Agosta, A. Pascual-Leone, L. Battelli, and A. Caramazza. 2015. "The origin of word-

related motor activity."  Cereb Cortex 25 (6):1668-75. doi: 10.1093/cercor/bht423. 

Parkin, B. L., H. Ekhtiari, and V. F. Walsh. 2015. "Non-invasive Human Brain Stimulation in Cognitive 

Neuroscience: A Primer."  Neuron 87 (5):932-45. doi: 10.1016/j.neuron.2015.07.032. 

Parzuchowski, M., A. Szymkow, W. Baryla, and B. Wojciszke. 2014. "From the heart: hand over heart as an 

embodiment of honesty."  Cogn Process 15 (3):237-44. doi: 10.1007/s10339-014-0606-4. 

Pereira, J. B., C. Valls-Pedret, E. Ros, E. Palacios, C. Falcon, N. Bargallo, D. Bartres-Faz, L. O. Wahlund, E. 

Westman, and C. Junque. 2014. "Regional vulnerability of hippocampal subfields to aging measured by 

structural and diffusion MRI."  Hippocampus 24 (4):403-14. doi: 10.1002/hipo.22234. 

Piccoli, T., G. Valente, D. E. Linden, M. Re, F. Esposito, A. T. Sack, and F. Di Salle. 2015. "The default mode 

network and the working memory network are not anti-correlated during all phases of a working 

memory task."  PLoS One 10 (4):e0123354. doi: 10.1371/journal.pone.0123354. 

Polania, R., M. A. Nitsche, and C. C. Ruff. 2018. "Studying and modifying brain function with non-invasive 

brain stimulation."  Nat Neurosci 21 (2):174-187. doi: 10.1038/s41593-017-0054-4. 

Pulvermuller, F., and L. Fadiga. 2010. "Active perception: sensorimotor circuits as a cortical basis for language."  

Nat Rev Neurosci 11 (5):351-60. doi: 10.1038/nrn2811. 

Raz, N., A. M. Daugherty, A. R. Bender, C. L. Dahle, and S. Land. 2015. "Volume of the hippocampal subfields 

in healthy adults: differential associations with age and a pro-inflammatory genetic variant."  Brain 

Struct Funct 220 (5):2663-74. doi: 10.1007/s00429-014-0817-6. 

Ren, C., J. Yuan, S. Tong, Y. Xue, H. Wu, W. Li, J. Wang, Z. Sun, L. Gong, X. Wang, J. Liu, Q. Chen, and H. 

Liu. 2018. "Memory Impairment Due to a Small Acute Infarction of the Columns of the Fornix."  J 

Stroke Cerebrovasc Dis 27 (7):e138-e143. doi: 10.1016/j.jstrokecerebrovasdis.2018.02.039. 

Reuter-Lorenz, P. A., and D. C. Park. 2010. "Human neuroscience and the aging mind: a new look at old 

problems."  J Gerontol B Psychol Sci Soc Sci 65 (4):405-15. doi: 10.1093/geronb/gbq035. 

Ruf, S. P., A. J. Fallgatter, and C. Plewnia. 2017. "Augmentation of working memory training by transcranial 

direct current stimulation (tDCS)."  Sci Rep 7 (1):876. doi: 10.1038/s41598-017-01055-1. 

Rugg, M. D., and K. L. Vilberg. 2013. "Brain networks underlying episodic memory retrieval."  Curr Opin 

Neurobiol 23 (2):255-60. doi: 10.1016/j.conb.2012.11.005. 

Salat, D. H. 2011. "The declining infrastructure of the aging brain."  Brain Connect 1 (4):279-93. doi: 

10.1089/brain.2011.0056. 

Sandrini, M., M. Brambilla, R. Manenti, S. Rosini, L. G. Cohen, and M. Cotelli. 2014. "Noninvasive stimulation 

of prefrontal cortex strengthens existing episodic memories and reduces forgetting in the elderly."  

Front Aging Neurosci 6:289. doi: 10.3389/fnagi.2014.00289. 



33 

 

Sandrini, M., R. Manenti, M. Brambilla, C. Cobelli, L. G. Cohen, and M. Cotelli. 2016. "Older adults get 

episodic memory boosting from noninvasive stimulation of prefrontal cortex during learning."  

Neurobiol Aging 39:210-216. doi: 10.1016/j.neurobiolaging.2015.12.010. 

Schulke, R., and B. Straube. 2017. "Modulating the assessment of semantic speech-gesture relatedness via 

transcranial direct current stimulation of the left frontal cortex."  Brain Stimul 10 (2):223-230. doi: 

10.1016/j.brs.2016.10.012. 

Schulke, R., and B. Straube. 2018. "Transcranial Direct Current Stimulation Improves Semantic Speech-Gesture 

Matching in Patients With Schizophrenia Spectrum Disorder."  Schizophr Bull. doi: 

10.1093/schbul/sby144. 

Simons, J. S., and H. J. Spiers. 2003. "Prefrontal and medial temporal lobe interactions in long-term memory."  

Nat Rev Neurosci 4 (8):637-48. doi: 10.1038/nrn1178. 

Sliwinska, M. W., A. James, and J. T. Devlin. 2015. "Inferior parietal lobule contributions to visual word 

recognition."  J Cogn Neurosci 27 (3):593-604. doi: 10.1162/jocn_a_00721. 

Sloviter, R. S., and T. Lomo. 2012. "Updating the lamellar hypothesis of hippocampal organization."  Front 

Neural Circuits 6:102. doi: 10.3389/fncir.2012.00102. 

Small, S. A., M. K. Chawla, M. Buonocore, P. R. Rapp, and C. A. Barnes. 2004. "Imaging correlates of brain 

function in monkeys and rats isolates a hippocampal subregion differentially vulnerable to aging."  Proc 

Natl Acad Sci U S A 101 (18):7181-6. doi: 10.1073/pnas.0400285101. 

Small, S. A., W. Y. Tsai, R. DeLaPaz, R. Mayeux, and Y. Stern. 2002. "Imaging hippocampal function across 

the human life span: is memory decline normal or not?"  Ann Neurol 51 (3):290-5. 

Smith, S. M. 2012. "The future of FMRI connectivity."  Neuroimage 62 (2):1257-66. doi: 

10.1016/j.neuroimage.2012.01.022. 

Smitha, K. A., K. Akhil Raja, K. M. Arun, P. G. Rajesh, B. Thomas, T. R. Kapilamoorthy, and C. Kesavadas. 

2017. "Resting state fMRI: A review on methods in resting state connectivity analysis and resting state 

networks."  Neuroradiol J 30 (4):305-317. doi: 10.1177/1971400917697342. 

Spitzer, M., J. Wildenhain, J. Rappsilber, and M. Tyers. 2014. "BoxPlotR: a web tool for generation of box 

plots."  Nat Methods 11 (2):121-2. doi: 10.1038/nmeth.2811. 

Stark, S. M., and C. E. L. Stark. 2017. "Age-related deficits in the mnemonic similarity task for objects and 

scenes."  Behav Brain Res 333:109-117. doi: 10.1016/j.bbr.2017.06.049. 

Strobach, Tilo, and Daria Antonenko. 2017. "tDCS-Induced Effects on Executive Functioning and Their 

Cognitive Mechanisms: a Review."  Journal of Cognitive Enhancement 1 (1):49-64. doi: 

10.1007/s41465-016-0004-1. 

Szczepankiewicz, F., J. Latt, R. Wirestam, A. Leemans, P. Sundgren, D. van Westen, F. Stahlberg, and M. 

Nilsson. 2013. "Variability in diffusion kurtosis imaging: impact on study design, statistical power and 

interpretation."  Neuroimage 76:145-54. doi: 10.1016/j.neuroimage.2013.02.078. 

Tadin, D., J. Silvanto, A. Pascual-Leone, and L. Battelli. 2011. "Improved motion perception and impaired 

spatial suppression following disruption of cortical area MT/V5."  J Neurosci 31 (4):1279-83. doi: 

10.1523/JNEUROSCI.4121-10.2011. 

Tambini, A., D. E. Nee, and M. D'Esposito. 2018. "Hippocampal-targeted Theta-burst Stimulation Enhances 

Associative Memory Formation."  J Cogn Neurosci 30 (10):1452-1472. doi: 10.1162/jocn_a_01300. 

Tettamanti, M., G. Buccino, M. C. Saccuman, V. Gallese, M. Danna, P. Scifo, F. Fazio, G. Rizzolatti, S. F. 

Cappa, and D. Perani. 2005. "Listening to action-related sentences activates fronto-parietal motor 

circuits."  J Cogn Neurosci 17 (2):273-81. doi: 10.1162/0898929053124965. 

Toner, C. K., E. Pirogovsky, C. B. Kirwan, and P. E. Gilbert. 2009. "Visual object pattern separation deficits in 

nondemented older adults."  Learn Mem 16 (5):338-42. doi: 10.1101/lm.1315109. 

Tournier, J. D., C. H. Yeh, F. Calamante, K. H. Cho, A. Connelly, and C. P. Lin. 2008. "Resolving crossing 

fibres using constrained spherical deconvolution: validation using diffusion-weighted imaging phantom 

data."  Neuroimage 42 (2):617-25. doi: 10.1016/j.neuroimage.2008.05.002. 

Tran, T. T., N. C. Hoffner, S. C. LaHue, L. Tseng, and B. Voytek. 2016. "Alpha phase dynamics predict age-

related visual working memory decline."  Neuroimage 143:196-203. doi: 

10.1016/j.neuroimage.2016.08.052. 

Tremblay, S., D. Austin, R. Hannah, and J. C. Rothwell. 2016. "Non-invasive brain stimulation as a tool to study 

cerebellar-M1 interactions in humans."  Cerebellum Ataxias 3:19. doi: 10.1186/s40673-016-0057-z. 

van de Vijver, I., M. X. Cohen, and K. R. Ridderinkhof. 2014. "Aging affects medial but not anterior frontal 

learning-related theta oscillations."  Neurobiol Aging 35 (3):692-704. doi: 

10.1016/j.neurobiolaging.2013.09.006. 

van Strien, N. M., N. L. Cappaert, and M. P. Witter. 2009. "The anatomy of memory: an interactive overview of 

the parahippocampal-hippocampal network."  Nat Rev Neurosci 10 (4):272-82. doi: 10.1038/nrn2614. 

Vatansever, D., A. E. Manktelow, B. J. Sahakian, D. K. Menon, and E. A. Stamatakis. 2017. "Angular default 

mode network connectivity across working memory load."  Hum Brain Mapp 38 (1):41-52. doi: 

10.1002/hbm.23341. 

Vukovic, N., M. Feurra, A. Shpektor, A. Myachykov, and Y. Shtyrov. 2017. "Primary motor cortex functionally 

contributes to language comprehension: An online rTMS study."  Neuropsychologia 96:222-229. doi: 

10.1016/j.neuropsychologia.2017.01.025. 



34 

 

Wen, Q., and D. B. Chklovskii. 2005. "Segregation of the brain into gray and white matter: a design minimizing 

conduction delays."  PLoS Comput Biol 1 (7):e78. doi: 10.1371/journal.pcbi.0010078. 

Willems, R. M., A. Ozyurek, and P. Hagoort. 2007. "When language meets action: the neural integration of 

gesture and speech."  Cereb Cortex 17 (10):2322-33. doi: 10.1093/cercor/bhl141. 

Wilson, I. A., M. Gallagher, H. Eichenbaum, and H. Tanila. 2006. "Neurocognitive aging: prior memories hinder 

new hippocampal encoding."  Trends Neurosci 29 (12):662-70. doi: 10.1016/j.tins.2006.10.002. 

Wokke, M. E., H. S. Scholte, and V. A. Lamme. 2014. "Opposing dorsal/ventral stream dynamics during figure-

ground segregation."  J Cogn Neurosci 26 (2):365-79. doi: 10.1162/jocn_a_00497. 

Xing, S., E. H. Lacey, L. M. Skipper-Kallal, X. Jiang, M. L. Harris-Love, J. Zeng, and P. E. Turkeltaub. 2016. 

"Right hemisphere grey matter structure and language outcomes in chronic left hemisphere stroke."  

Brain 139 (Pt 1):227-41. doi: 10.1093/brain/awv323. 

Yassa, M. A., J. W. Lacy, S. M. Stark, M. S. Albert, M. Gallagher, and C. E. Stark. 2011. "Pattern separation 

deficits associated with increased hippocampal CA3 and dentate gyrus activity in nondemented older 

adults."  Hippocampus 21 (9):968-79. doi: 10.1002/hipo.20808. 

Yassa, M. A., A. T. Mattfeld, S. M. Stark, and C. E. Stark. 2011. "Age-related memory deficits linked to circuit-

specific disruptions in the hippocampus."  Proc Natl Acad Sci U S A 108 (21):8873-8. doi: 

10.1073/pnas.1101567108. 

Yavari, F., A. Jamil, M. Mosayebi Samani, L. P. Vidor, and M. A. Nitsche. 2017. "Basic and functional effects 

of transcranial Electrical Stimulation (tES)-An introduction."  Neurosci Biobehav Rev. doi: 

10.1016/j.neubiorev.2017.06.015. 

Zaehle, T., P. Sandmann, J. D. Thorne, L. Jancke, and C. S. Herrmann. 2011. "Transcranial direct current 

stimulation of the prefrontal cortex modulates working memory performance: combined behavioural 

and electrophysiological evidence."  BMC Neurosci 12:2. doi: 10.1186/1471-2202-12-2. 

Zeineh, M. M., S. A. Engel, P. M. Thompson, and S. Y. Bookheimer. 2003. "Dynamics of the hippocampus 

during encoding and retrieval of face-name pairs."  Science 299 (5606):577-80. doi: 

10.1126/science.1077775. 

Zmigrod, S., L. Zmigrod, and B. Hommel. 2016. "Transcranial direct current stimulation (tDCS) over the right 

dorsolateral prefrontal cortex affects stimulus conflict but not response conflict."  Neuroscience 

322:320-5. doi: 10.1016/j.neuroscience.2016.02.046.                 



 
 Appendix A: Publications (Peer-reviewed journal articles)   Manuscript 1 

Hayek, D., Thams, F., Floel, A., and Antonenko, D., “Dentate gyrus volume mediates the relation between fornix microstructure and episodic memory performance in older adults” (submitted)  Manuscript 2 Antonenko, D., D. Hayek, J. Netzband, U. Grittner, and A. Floel. 2019. "tDCS-induced episodic memory enhancement and its association with functional network coupling in older adults."  Sci Rep 9 (1):2273. doi: 10.1038/s41598-019-38630-7.  Manuscript 3 Hayek, D., Floel, A., and Antonenko, D. 2018. "Role of Sensorimotor Cortex in Gestural-Verbal Integration."  Front Hum Neurosci 12:482. doi: 10.3389/fnhum.2018.00482              



 
 Manuscript 1  Dentate gyrus volume mediates the effect of fornix microstructure on memory formation in older adults Dayana Hayek, Friederike Thams, Agnes Flöel, Daria Antonenko (Submitted)   Authors contributions: D.H, D.A. and A.F. designed research. D.H., F.T., and D.A. analyzed the data. D.H. performed tractography and volumetric analysis D.H. prepared all figures. D.H. and D.A. wrote the manuscript. All authors reviewed and revised the manuscript.                



Hayek et al.    

1  

Dentate gyrus volume mediates the effect of fornix microstructure 1 on memory formation in older adults 2 Dayana Hayek1,2*, Friederike Thams 2, Agnes Flöel1,2,3, Daria Antonenko1,2* 3  4 1Charité – Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin, Humboldt-5 Universität Berlin, and Berlin Institute of Health, Department of Neurology, NeuroCure Clinical 6 Research Center, Berlin, Germany; 2Department of Neurology, Universitätsmedizin Greifswald, 7 Greifswald, Germany. 3German Centre for Neurodegenerative Diseases (DZNE) Standort Greifswald, 8 Greifswald, Germany 9  10 *For correspondence: dayana.hayek@stud.uni-greifswald.de or daria.antonenko@uni-greifswald.de, 11 Ferdinand-Sauerbruch-Straße, 17475 Greifswald  12  13 Competing interests: The authors declare no competing interests. 14 Keywords: Aging, brain plasticity, white matter integrity, hippocampal subfields, tractography 15 



Hayek et al.    

2  

Abstract  1 Age-related deterioration in white and grey matter is linked to cognitive deficits. Reduced 2 microstructure of the fornix, the major efferent pathway of the hippocampus, and volume of the 3 dentate gyrus (DG), may cause age-associated memory decline. However, the linkage between these 4 anatomical determinants and memory formation in healthy aging are poorly understood. In 30 older 5 adults, we acquired diffusion tensor and T1-weighted images for individual deterministic 6 tractography and volume estimation. A memory task, administered outside of the scanner to assess 7 memory formation, required discrimination of previously acquired picture-word pairs. The results 8 showed that fornix fractional anisotropy (FA) and left DG volumes were related to successful 9 retrieval. These brain-behavior associations were observed for correct rejections, but not hits, 10 indicating specificity of memory network functioning for detecting false associations. Mediation 11 analyses showed that DG volume mediated the effect of fornix FA on memory (48%), but not vice 12 versa. These findings suggest that reduced microstructure induces volume loss and thus negatively 13 affects memory formation, complementing evidence of a pivotal role of the fornix in healthy aging. 14 Our study offers a neurobehavioral model to explain variability in memory formation in older adults, 15 an important prerequisite for the development of interventions to counteract cognitive decline. 16 
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Introduction 1 Age-related deterioration of white and grey matter in the human brain contributes to cognitive 2 impairment in the course of aging (Grady 2012, Marstaller, Williams et al. 2015). Microstructure in 3 white matter tracts as assessed by diffusion tensor imaging (DTI) and grey matter volume estimated 4 from high-resolution structural magnetic resonance images predict behavioral task performance in 5 healthy older adults (Antonenko, Meinzer et al. 2012, Sasson, Doniger et al. 2013). Episodic memory, 6 as one of the most vulnerable cognitive domains in aging (Nyberg, Lövdén et al. 2012), is mediated by 7 hippocampal networks, including the hippocampus itself and the fornix as its major efferent white 8 matter pathway (Metzler-Baddeley, Jones et al. 2011, Lovblad, Schaller et al. 2014, Antonenko, 9 Kulzow et al. 2016, Gorbach, Pudas et al. 2017, Anblagan, Valdes Hernandez et al. 2018).  10 Reduced fornix white matter microstructure has been observed in the course of healthy, but also 11 pathological aging processes (Metzler-Baddeley, Hunt et al. 2012, Pelletier, Periot et al. 2013, 12 Zhuang, Sachdev et al. 2013). Deteriorated fornix pathways were suggested to be one of the earliest 13 abnormalities in older individuals with mild cognitive impairment (MCI) who progress to Alzhei er’s 14 dementia (Douaud, Menke et al. 2013, Kantarci 2014). Inter-individual variability in fornix macro- and 15 microstructure has been associated with older adults’ variability in performance on various episodic 16 memory tasks that require verbal or visual recall or recognition of items and associations (Metzler-17 Baddeley, Jones et al. 2011, Lockhart, Mayda et al. 2012, Douet and Chang 2014, Henson, Campbell 18 et al. 2016, Gazes, Li et al. 2018). Likewise, the hippocampus is susceptible to healthy and 19 pathological aging, involved in altered episodic memory function (Frisoni, Ganzola et al. 2008, 20 Walhovd, Westlye et al. 2011, den Heijer, der Lijn et al. 2012). Whether or not volumetric atrophy of 21 the whole hippocampus contributes to age-related memory decline is unclear (Head, Snyder et al. 22 2005, Fjell, Walhovd et al. 2010, Pereira, Valls-Pedret et al. 2014), probably due to its composition in 23 separate anatomic subregions being differentially vulnerable to aging (Small, Tsai et al. 2002, Small, 24 Schobel et al. 2011). Within the hippocampal formation, advanced age has been associated mainly 25 with reduced volumes in its subfields cornu ammonis 1-4 and dentate gyrus (DG) (Mueller and 26 
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Weiner 2009, Pereira, Valls-Pedret et al. 2014). The DG was observed to have a stronger age-1 associated cerebral blood volume decrease compared to other hippocampal subfields (Brickman, 2 Khan et al. 2014). Due to its particular vulnerability to age-related processes (Small, Chawla et al. 3 2004, Wilson, Gallagher et al. 2006) and activity during memory discrimination tasks, changes in DG 4 has been suggested to drive age-related cognitive decline (Yassa, Lacy et al. 2011, Yassa, Mattfeld et 5 al. 2011, Doxey and Kirwan 2015). 6 Of particular importance in the context of healthy aging and AD is the question of mutual 7 dependency of grey and white matter damage, i.e., their directional relationship and interaction to 8 predict cognitive decline (cf. Bartzokis 2011, Dansokho and Heneka 2018, Metzler-Baddeley, Mole et 9 al. 2019). Within structural hippocampal networks, correlational studies have found positive 10 associations between hippocampal atrophy and loss of fornix connections in older adults, with 11 findings pointing towards a pivotal role of the latter in older age (Fletcher, Raman et al. 2013, 12 Pelletier, Periot et al. 2013, Zhuang, Sachdev et al. 2013, Gazes, Li et al. 2018). Using mediation 13 analyses, a recent study applied individual white matter fiber tractography and hippocampal 14 segmentation to investigate the linkage between increased age, reduced fornix microstructure and 15 hippocampal atrophy in a directional approach (Metzler-Baddeley, Mole et al. 2019). The results 16 revealed that white matter changes predicted grey matter deterioration, but not vice versa, 17 concordant with the idea of age-related myelin damage causing abnormal intracellular metabolism 18 and neuronal death (Bartzokis 2004, Metzler-Baddeley, Mole et al. 2019). Moreover, animal studies 19 have observed a unique connection between the fornix and the DG subfield (Gondard, Chau et al. 20 2015, Hao, Tang et al. 2015). The authors showed that deep brain stimulation of the fornix activated 21 the DG by modulating the expression of neurotrophic factors and markers of synaptic plasticity 22 known to be crucial for memory processing. Taken together, these studies indicate that 23 disconnection in forniceal white matter pathways might induce atrophy in the hippocampus, and 24 more specifically in its DG subfield, which in turn may affect age-related decline in memory function. 25 
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The interactive effect of both structures on the ability to form novel memories in older adults has not 1 been elucidated yet. 2 In the present study, we aimed to investigate this linkage between structural hippocampal networks 3 and episodic memory formation in healthy older adults. We administered a task that required 4 learning of new picture-word associations and subsequent discrimination of correct and incorrect 5 pairings during retrieval in order to assess hippocampus-dependent memory performance 6 (Antonenko, Faxel et al. 2016, Antonenko, Hayek et al. 2019). Individual forniceal pathways were 7 reconstructed on diffusion-weighted images using deterministic tractography based on the 8 constrained spherical deconvolution (CSD) technique. Individual volumes of the DG were estimated 9 on T1 images using automated subcortical segmentation (Iglesias, Augustinack et al. 2015). We 10 aimed to explore correlational relationships between memory retrieval performance in different 11 response categories reflecting the detection of correct and incorrect associations, fractional 12 anisotropy in the fornix and volume in the left DG. Subsequent mediation models were conducted to 13 evaluate the linkage between structural properties and memory performance. 14  15 Materials and methods  16 Participants and study design 17 Thirty healthy older subjects between the age of 50 and 79 years were recruited in this study (14 f; 18 mean/SD age: 62/6 years). They were all right-handed, German native speakers, with no history of 19 neurological diseases. Neuropsychological testing was performed for all participants to assure normal 20 cognitive functioning within age- and education-related norms (CERAD-Plus, 21 https://www.memoryclinic.ch/de/) (Table 1). The study was approved by the ethics committee of 22 the Charité University Medicine and conducted in accordance with the Helsinki Declaration. Written 23 informed consent was obtained from all participants prior to participation.  24 

https://www.memoryclinic.ch/de/
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Table 1. Characteristics of participants. 1  Mean SD Age, years 62 6 Education, years 15 2 LQa 94.3 9.3 GDS 1.3 1.4 Digit Span (max. 14)    Forward 7.6 2.4  Backward 6.1 1.9 Vocabulary test (max. 37)c 33.2 2.1 Semantic fluency, N (in 60s) 25.3 5.6 Boston Naming Test, N (max.15) 14.7 0.5 Mini-Mental State (max. 30) 29.4 0.9 Word list learning, N    Total (max. 30) 23.3 3.0  Trial 1 (max. 10) 6.2 1.5  Trial 2 (max. 10) 8.1 1.3  Trial 3 (max. 10) 9.1 0.9 Word list retrieval, N (max. 10) 8.3 1.2 Word list intrusions, N 1.0 2.0 Figure copying, N (max. 11) 11 0.0 Figure retrieval, N (max. 11) 10.7 0.8 Phonemic fluency, N (in 60s) 16.1 4.1 Trail making test, s    Part A 38.9 10.7  Part B 79.0 20.2 a LQ, laterality quotient (Oldfield 1971). b GDS, Geriatric Depression Scale (Yesavage, Brink et al. 1982). c (Lehrl 2005)  2 Episodic memory task 3 The task was adapted from previous studies (Breitenstein and Knecht 2002, Breitenstein, Jansen et 4 al. 2005, Floel, Rosser et al. 2008, Antonenko, Faxel et al. 2016), and presented using Presentation 5 software (Neurobehavioral Systems, http://www.neurobs.com/, version 18.1). The paradigm consists 6 of the presentation of a combination of pseudowords and pictures of daily life. For each subject, a 7 group of 30 pseudowords and 30 pictures of daily life were randomly combined to 30 correct pairings 8 resulting in different correct and incorrect associations. The paradigm consisted of two phases: a 9 learning and a retrieval phase. The learning phase was divided into 5 blocks with 120 trials each (600 10 trials in total). I  ea h lo k, o e of the  pi tures as prese ted ith t o differe t i orre t  11 
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pairings  differe t i orre t  pairi gs i  total . Incorrect pairings occurred only once and correct 1 pairings occurred 10 times (twice in each block). Participants were blinded for the pairings 2 presentation frequency and were instructed to answer as quickly as possible if the pairing was 3 correct or not. As such, the learning basis of this phase lies in higher co-o urre es of orre t  4 
pairi gs o pared to i orre t  pairings. The order of the trials was randomized. Half of the 5 subjects had response buttons reversed. In each trial, the picture was presented for 200 ms after the 6 onset of an auditory spoken pseudoword (normalized at the same loudness and length of 600 ms). 7 Response window was set to 1500 ms. During the retrieval phase, learning success was assessed in a 8 
tra sfer  lo k. Pictures were replaced with corresponding spoken German words that were 9 presented together with the pseudowords, using the same stimuli number, trial timings, and 10 frequency. Duration of the task was 35 min. The task generated four response categories: hits (i.e., 11 correct classifications of newly acquired associations), correct rejections (i.e., correct detection of 12 incorrect associations), false alarms, and misses. Percentage of total correct responses and 13 percentage of correct responses in different response categories were examined in the retrieval 14 phase.   15 MRI acquisition 16 MRI was performed using 3T Siemens Trio MR-System using 12-channel head coil at the Berlin Center 17 for Advanced Neuroimaging. First, a 3D structural high-resolution T1-weighted magnetization 18 prepared rapid gradient echo image was acquired with the subsequent characteristics; TR=1900 ms, 19 TE=2.52 ms, 192 sagittal slices, voxel size = 1.0 x 1.0 x 1.0 mm3, flip angle = 9o. Second, a diffusion-20 weighted spin-echo echo-planar imaging image was acquired with the subsequent characteristics; TR 21 = 7500 ms, TE = 86 ms, 61 axial slices, voxel size = 2.3 x 2.3 x 2.3 mm3; 64 directions, b-value of 1000 22 s/mm2, 1 b0.  23 MRI data analysis 24 Tractography and tract variables 25 
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Tractography was performed using ExploreDTI (Leemans, Jeurissen et al. 2009). Diffusion MRI images 1 were corrected for eddy currents and distortions caused by head motion. Metzler-Baddeley (2011) 2 previously described that diffusion tensor model tractography (Basser, Pajevic et al. 2000) was not 3 found to be the most appropriate technique to reconstruct the fornix because it is positioned next to 4 other white matter tracts. Thus, we used deterministic tracking based on constrained spherical 5 deconvolution which was shown to resolve crossing fibers problem (Tournier, Calamante et al. 2004, 6 Tournier, Calamante et al. 2007, Tournier, Yeh et al. 2008). Deterministic tracking algorithm was 7 applied as following: The diffusion orientation was estimated at each seed point and then moved 8 further in 0.5 mm steps along the direction. Next, the fiber orientation was again estimated at the 9 subsequent seed point and propagated in another 0.5 mm step along the direction that traversed the 10 smallest angle of the trajectory. A pathway was depicted until either a change in direction with an 11 angle >60o or a drop of FA value below 0.2 occurred (Carballedo, Amico et al. 2012, Antonenko, 12 Kulzow et al. 2016).  13 Whole brain tractography was performed using every voxel as seed point. In order to extract three-14 dimensional reconstructions of the fornix, multiple way-point regions of interest (ROIs) masks was 15 implemented. This technique uses Booleian logical operations to delineate ROIs specific masks, for 16 instance, one can choose to reconstruct a tract that passes through ROI-1 but NOT ROI-2. All ROIs 17 were manually drawn in native space using color-coded fiber orientation maps for individual subjects 18 while blinded to age, neuropsychological data and memory performance (for individual tract, see 19 Supplementary Figure S1). The main outcome measure was mean fractional anisotropy (FA). 20 Landmark techniques that were used to draw tract specific ROIs were defined according to previously 21 published methods (Catani, Howard et al. 2002, Metzler-Baddeley, Jones et al. 2011, Carballedo, 22 Amico et al. 2012), see Figure 1.  23 In order to delineate the individual tracts, first, medial level of a coronal section where the anterior 24 
pillars e ter i to the od  of the for i  as lo ated. SEED  poi t ROI as dra  arou d the od  of 25 
the for i  u dle. Se o d, at the i ferior part of the sple iu  of the orpus allosu , AND  ROI 26 
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around the crus fornici of each hemisphere was drawn. Finally, to eliminate unwanted tracts, three 1 
NOT  ROIs ere dra ; o e is rostral to the for i  pillars; o e is audal to the rus for i i, a d a 2 third one on an axial slice through the upper pons and the corpus callosum. Every individual tract was 3 visually inspected and inadequate outlier tracts were removed usi g additio al NOT  ROIs. 4 Dentate gyrus volume 5 Individual volumes of the DG were segmented using FreeSurfer (version 6.0) 6 (http://surfer.nmr.mgh.harvard.edu/) algorithm, introduced by Iglesias et al. (2015). Fully automated 7 cortical and subcortical reconstructions and volumetric segmentations, including the hippocampus 8 were performed (for individual volumetric segmentation of all hippocampal subfields, see 9 Supplementary Figure S2). T1-weighted images were preprocessed for motion correction, intensity 10 normalization, skull stripping automated topology correction using a watershed algorithm (Fischl, 11 Salat et al. 2002). Individual DG volumes were adjusted for intracranial volume (ICV) (den Heijer, der 12 Lijn et al. 2012, Kerti, Witte et al. 2013, Kobe, Witte et al. 2017) with the following formula: 13 Adjusted Volume = raw volume - b × (ICV - mean ICV). 14 The coefficient b indicates the regression slope of the region to be adjusted on the ICV. Individual 15 hippocampal subfields were superimposed on anatomical images and segmentation quality was 16 visually inspected.  17 Statistical analysis 18 We used SPSS 25.0 (http://www-01.ibm.com/software/uk/analytics/spss/) to perform all statistical 19 analyses. Partial correlation coefficients were computed for correlation analyses of brain structural 20 variables and behavioral performance, corrected for age. We implemented a simple mediation 21 analysis using PROCESS (Hayes and Preacher 2014, Zamroziewicz, Paul et al. 2017, Zhang, Beyer et al. 22 2018) in order to test whether the relation between a predictor (fornix FA) and an outcome 23 (percentage of correct rejections) is mediated - in total or in part - by a mediator variable (volume of 24 left DG) (Baron and Kenny 1986). We assessed the indirect effect of the independent variable (IV) 25 
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and the dependent variable (DV) through a mediator variable (MV) with age added as covariate. To 1 test this hypothesis, a bootstrapping resampling strategy was implemented while taking 5000 2 bootstrap samples. Here, path a describes the direct effect of the IV (fornix FA) on the MV (left DG 3 volume), path b represents the direct effect of the MV (left DG volume) on the DV (percentage of 4 correct rejections), and path c indicates the total effect of IV and MV on the DV. Finally, path c’ 5 reveals the direct effect of the IV (minus MV) on the DV. Bias-corrected 95% confidence interval (CI) 6 was computed to evaluate the contribution of the MV (indirect effect, path a × b). CI reached 7 significance when the interval range did not include zero.  8 Results 9 Memory and fornix white matter microstructure  10 Fornix FA showed a positive correlation with percentage of total correct responses (partial 11 correlation coefficient: r (corrected for age) = 0.39, p = 0.035).  In order to examine whether this 12 relationship was specific to a response category, we further examined separate correlations between 13 Fornix FA and percentage of hits and correct rejections: Fornix FA did not correlate with percentage 14 of hits (partial r = -0.001, p = 0.995) but showed a positive correlation with percentage of correct 15 rejections (partial r = 0.403, p = 0.030, Figure 1).  16 Memory and DG volume 17 DG volume showed no strong correlation with percentage of total correct responses (partial 18 correlation coefficient: r (corrected for age) = 0.291, p = 0.126).  In order to explore this relationship 19 in different response categories, we further examined separate correlations between DG volume and 20 percentage of hits and correct rejections: DG volume did not correlate with percentage of hits 21 (partial r = -0.133, p = 0.492) but showed a positive correlation with percentage of correct rejections 22 (partial r = 0.501, p = 0.006, Figure 1).  23 
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 1 Figure1: Tractography analysis, hippocampal subfields representation, and their correlation with 2 memory performance. The left panel shows a sagittal and a coronal section of the fornix, and the 3 tactography using ROI waypoints (Leemans, Jeurissen et al. 2009) SEED  ROI is sho  i  lue, 4 
AND  ROI is sho  i  gree  a d NOT  ROIs are sho  i  red  for the for i  i  the ati e spa e of 5 one participant. The scatter plot shows a positive correlation of fornix FA and percentage of correct 6 rejections, corrected for age (partial r = 0.403, p = 0.030). The right panel shows hippocampal 7 subfields segmentation performed using FreeSurfer v6.0 algorithm. This segmentation resulted in 12 8 subfields; DG is shown in red and all remaining subfields are shown in colored outline. The scatter 9 plot shows a positive correlation of left DG volume (in mm3) and % correct rejections, adjusted for 10 age (partial r = 0.501, p = 0.006). 11  12 Mediation model analysis 13 Our model including fornix FA, memory performance and left DG volume met the criteria for 14 
ediatio , here path a,  a d  sho ed sig ifi a t asso iatio s p< .  a d path ’ did ot sho  15 significant associations (Table 2). Single mediation analysis (model A) showed an indirect effect of 16 fornix FA on percentage of correct rejections, mediated by left DG volume, corrected for age (β = 17 1.50, 95% CI: 0.03, 4.57, Table 2, Figure 2). The mediation effect (path ab) constituted 48% of the 18 total effect of fornix FA on percentage of correct rejections (path c). Reverse mediation analysis 19 
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(model B) showed that fornix FA did not mediate the effect of DG volume on percentage of correct 1 rejections, corrected for age (β = . 7, 95% CI: -0.0005, 0.0019, Table 2). These findings support 2 the mediation effects of DG volume on the relationship between fornix FA and percentage of correct 3 rejections. 4 

 5 Figure 2: Overview of results from the simple mediation analysis, including fornix FA, memory 6 
perfor a e a d left DG olu e  = . A   i di ates the total effe t dire t a d i dire t  of 7 fornix FA o  % orre t reje tio s. B  a  i di ates the effe t of for i  FA o  left DG olu e,  8 indicates the effect of left DG volume on % correct rejections, adjusted for fornix FA, i.e., direct effect 9 
of left DG olu e o  % orre t reje tio s. ’  i di ates the direct effect of fornix FA on % correct 10 rejections. 11  12 Table 2. Mediation of fornix FA and percentage of correct rejections by left DG volume (n = 30). 13 Effect Coefficient ± SE     (% Mediation) t p 95% CI Model A     Total effect c (fornix FA on % correct rejections) 3.13 ± 1.37 2.28 0.030*  a (fornix FA on left DG volume) 545.31 ±  189.80 2.87 0.008**  b (left DG volume on % correct rejections) 0.0028 ± 0.0013 2.10 0.045*  Mediation effect ab (fornix FA on %  correct rejections via left DG volume)        1.50 ± 1.03 (48) ̶̶― ̶̶― 0.03, 4.57 Direct effect c' (fornix FA on % correct rejections) 1.63 ±  1.47 1.10 0.279  Model B     Total effect c (fornix FA on % correct rejections) 0.0035 ± 0.0012 3.0 0.006**  a (fornix FA on left DG volume) 0.0004 ± 0.0001 2.87 0.008**  
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b (left DG volume on % correct rejections) 1.63 ± 1.47 1.10 0.279  Mediation effect ab (fornix FA on %  correct rejections via left DG volume) 0.0007 ± 0.0006 ̶̶― ̶̶― -0.0005, 0.0019 Direct effect c' (fornix FA on % correct rejections) 0.0028 ± 0.0013 2.10 0.045*  Abbreviations: FA, fractional anisotropy; DG, dentate gyrus; CI, confidence interval, * indicates significance with p<0.05 and 1 ** indicates significance with p<0.01. Significant bias-corrected confidence intervals are shown in bold. 2  3 Discussion 4 The current study investigated the effect of fornix white matter microstructure and DG volume on 5 episodic memory formation in healthy older adults. Fornix FA and DG volume were correlated with 6 correct rejections (i.e., successful retrieval of incorrect associations) during retrieval of previously 7 acquired picture-word pairs. Mediation analysis further showed that the prediction of memory 8 performance by increased fornix microstructure was mediated by higher volume in the left DG, but 9 not vice versa. This finding indicates that reduced fornix microstructure impairs successful memory 10 formation through its impact on DG subfield of the hippocampus. 11 Association of fornix white matter microstructure and memory performance 12 Our finding of a positive association between fornix FA and memory performance is in line with 13 previous studies in both young and older adults (Rudebeck, Scholz et al. 2009, Douet and Chang 14 2014, Ly, Adluru et al. 2016). Ly and colleagues found that variability in fornix microstructure in 15 middle-to-late aged adults was related to face recognition memory and partly explained preserved 16 functional connectivity within hippocampal networks (Ly, Adluru et al. 2016). A study by Metzler-17 Baddeley and colleagues further suggested that specifically age-related degradation of fornix 18 microstructure as derived from individual fiber tracking was linked to memory recall performance in 19 strategic and visual memory tasks in older adults (Metzler-Baddeley, Jones et al. 2011). Our data 20 further extend the role of the fornix in older adults to verbal episodic memory, in particular to 21 associative memory formation. Moreover, we found a positive link between fornix FA and 22 percentage of correct rejections in older adults, indicating that preservation of forniceal fiber 23 pathway integrity with increasing age may be crucial for the ability to detect false associations.  24 
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Association of dentate gyrus volume and memory performance  1 In line with previous studies, age-related preservation in left DG volumes was also associated with 2 superior memory performance (Small, Tsai et al. 2002, Toner, Pirogovsky et al. 2009, Stark and Stark 3 2017, Bennett, Stark et al. 2018). Our data further suggests that in particular the inhibition of false 4 memories may be sensitive to the effects of age-related atrophy in the DG. This result complements 5 the findings of Shing et al. (2011) who showed that DG volumes in healthy older adults were 6 negatively correlated to false alarm rates in a word-pair learning task. The authors hypothesized that 7 the role of the DG is to enhance the specificity of encoded memories. In order to store overlapping 8 inputs, DG performs pattern separation that enables the correct retrieval of interfering information 9 (Rolls 2010). As such, successful rejection of false associations is based on the efficient 10 representation of differences between the correct and the incorrect associations. Interestingly, older 11 adults show a specific decrease in their pattern separation ability, making them more vulnerable to 12 memory distortions (Toner, Pirogovsky et al. 2009, Stark, Yassa et al. 2010). It is also possible that 13 this specific association between DG volume and correct rejections reveals the function of DG in 14 implementing retrieval strategies to prevent these memory distortions (for  review (Kesner, Lee et al. 15 2004)). Novelty detection is one strategy that has been related to the DG and that allows recognition 16 of newly presented information. Our findings lend further support to this concept, assuming that 17 participants may have implemented this strategy to successfully detect new (i.e., incorrect) 18 associations.  19 Association of fornix white matter microstructure and memory performance was mediated by 20 dentate gyrus volume  21 Combining both white matter microstructure and grey matter volume within the structural 22 hippocampal memory network, our mediation analysis showed that the prediction of memory 23 performance by fornix microstructure was partially mediated by the volume of left DG in older 24 adults. Previous studies have shown a link between age-related decrease of fornix integrity and 25 
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hippocampal atrophy (Pelletier, Periot et al. 2013, Zhuang, Sachdev et al. 2013, Gazes, Li et al. 2018). 1 The directional relationship, however, remains unclear, as it is conceivable that both hippocampal 2 grey matter loss induces fornix white matter fiber degeneration and vice versa (cf. Zhuang, Sachdev 3 et al. 2013). So far, it has been shown that fornix microstructural degradation, and not hippocampal 4 atrophy, served as a biomarker for early amnestic MCI due to Alzhei er’s Disease (Zhuang, Sachdev 5 et al. 2013). Further, using mediation analysis, a recent study provided evidence for a causal effect of 6 age-related fornix white matter damage on hippocampal grey matter volume decline in healthy 7 adults (Metzler-Baddeley, Mole et al. 2019). The current study complements previous evidence by 8 demonstrating that fornix microstructure and DG subfield volume interact to specifically mediate 9 memory for false associations. Our mediation model offered a neurobehavioral model in which 10 preserved fornix white matter microstructure in older age predicts successful memory formation 11 through its protective effect on grey matter volume in the DG. Thus, demyelination, even in healthy 12 aging, may induce grey matter loss reflecting altered intracellular metabolism or neural death in 13 connected structures, and leading to constrained memory performance (Bartzokis 2004, Metzler-14 Baddeley, Mole et al. 2019). Due to the cross-sectional design of our study that still limits conclusions 15 about causality; future longitudinal studies are needed to support this hypothesis.  16 Strengths and limitations of the study  17 Strengths of the study include the multimodal imaging approach of combined grey matter volumetric 18 analysis and white matter fiber tractography to assess the impact of structural integrity that 19 promotes successful cognitive function in older adults. A robust tractography method was used. CSD 20 overcomes the limitations of other DTI techniques, estimating the orientation of multiple intravoxel 21 fiber populations in regions of white matter structures with crossing fibers like the fornix (Tournier, 22 Yeh et al. 2008, Jeurissen, Leemans et al. 2011). The present study presents two methodological 23 limitations; first, partial volume effects (PVE) affect DTI-based indices (Alexander, Hasan et al. 2001, 24 Szczepankiewicz, Latt et al. 2013). In order to attenuate PVE, we set the FA threshold to 0.2, as a 25 means to eliminate all underestimated FA values. Second, volumes of hippocampal subfields 26 
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segmentation was performed on images with standard spatial resolution using a 3-Tesla MRI scanner 1 (Iglesias, Augustinack et al. 2015). Future studies need to confirm age-related DG subfield volume 2 changes and its linkage to white matter microstructure and memory using high resolutions 7-Tesla 3 MRI scans. 4 Conclusion 5 We investigated the effect of fornix FA and DG volume on episodic memory formation in healthy 6 older adults. Our findings demonstrated that preserved fornix microstructure positively impacts on 7 memory for false associations through a protective effect on DG subfield volume. More generally, 8 the results lend further support to the hypothesis that structural disconnection plays a crucial role in 9 mediating deficits in the course of aging. Our study provides a neurobehavioral model for the linkage 10 between structural memory network properties to explain inter-individual variability behavioral 11 outcomes in older adults. Understanding this relationship is an important prerequisite for the 12 development of interventions to counteract cognitive decline such as aerobic exercise, cognitive 13 training or dietary interventions (Brickman, Khan et al. 2014, Antonenko, Kulzow et al. 2016, Kobe, 14 Witte et al. 2016).  15 Acknowledgements 16 
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 1 Supplementary Material 2 

 3 Supplementary Figure S1: Sagittal view of the left fornix in the 30 subjects. Using ExploreDTI toolbox 4 (Leemans, Jeurissen et al. 2009), fornix was manually drawn by author D.H. in native space using 5 color-coded fiber orientation maps for individual subjects while blinded to age and memory 6 performance. 7  8  9  10  11  12  13  14 
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 1 Supplementary figure S2: Coronal view of the left hippocampal subfields in the 30 subjects. Fully 2 automated hippocampal subfields reconstruction and volumetric segmentations were performed 3 using FreeSurfer (version 6.0) (http://surfer.nmr.mgh.harvard.edu/) algorithm, introduced by Iglesias 4 et al. (2015). Legend represents all hippocampal subfields segmented using FreeSurfer algorithm. 5 Hippocampal fimbria, hippocampal fissure and hippocampal tail were not visible. DG: dentate gyrus; 6 CA (1-4): cornu ammonis; ML_HP: molecular layer of the hippocampus. 7  8  9 
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tDCS-induced episodic memory 
enhancement and its association 
with functional network coupling in 
older adults
Daria Antonenko  , , Dayana Hayek , , Justus Netzband , Ulrike Grittner , ,  & Agnes Flöel ,

Transcranial direct current stimulation (tDCS) augments training-induced cognitive gains, an issue 
of particular relevance in the aging population. However, negative outcomes have been reported 
as well, and few studies so far have evaluated the impact of tDCS on episodic memory formation 
in elderly cohorts. The heterogeneity of previous findings highlights the importance of elucidating 
neuronal underpinnings of tDCS-induced modulations, and of determining individual predictors of a 
positive response. In the present study, we aimed to modulate episodic memory formation in  older 
adults with anodal tDCS (  mA,  min) over left temporoparietal cortex. Participants were asked 
to learn novel associations between pictures and pseudowords, and episodic memory performance 
was subsequently assessed during immediate retrieval. Prior to experimental sessions, participants 
underwent resting-state functional magnetic resonance imaging. tDCS led to better retrieval 

performance and augmented learning curves. Hippocampo-temporoparietal functional connectivity 

was positively related to initial memory performance, and was positively associated with the magnitude 
of individual tDCS-induced enhancement. In sum, we provide evidence for brain stimulation-induced 
plasticity of episodic memory processes in older adults, corroborating and extending previous findings. 
Our results demonstrate that intrinsic network coupling may determine individual responsiveness to 

brain stimulation, and thus help to further explain variability of tDCS responsiveness in older adults.

Research aiming at the facilitation and augmentation of cognitive processes through non-invasive brain stimula-
tion (NIBS) in the course of aging is an area of great current interest1,2. In particular, transcranial direct current 
stimulation (tDCS) has been suggested to tune ongoing network processes3–5, to increase inter-regional func-
tional communication and to reverse age-related network reorganization6. Beyond its potential for cognitive 
enhancement, tDCS may also reveal the magnitude of preserved neuroplasticity in older adults7–9.

Recently, several studies have reported an age-dependency of neural and behavioral effects of tDCS7,10–12. For 
instance, Fiori and colleagues showed that verbal learning during temporoparietal anodal tDCS was enhanced in 
older but not young adults12. Martin and colleagues observed comparable behavioral impact on semantic word 
fluency induced by tDCS in older and young adults, but found differential task-related network modulation11. 
Other studies could not corroborate beneficial effects of tDCS on memory performance in older adults13,14. Based 
on evidence for age-related structural deterioration and associated functional brain-wide network reorganiza-
tion, interventional techniques may operate upon other neural processes than in young brains1. Importantly, 
age-related cortical changes not only affect the magnitude of tDCS-induced modulation but also the pattern of 
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underlying network reorganization10–12,15. Beside the general variability in tDCS effects16, responsiveness may 
even vary more among older adults due to large inter-individual differences in age-related deterioration of cogni-
tive performance and brain structure8,17, most likely explaining differential effects of tDCS in young versus older 
adults. What seems indisputable thus far is that results from young adults regarding efficient stimulation param-
eters as well as expected interactions with underlying regional brain activity might not be transferable to older 
brains1,17. In sum, despite the large neuroscientific interest, the understanding of tDCS effects on the aged brain 
is still incomplete. The heterogeneity of findings further highlights the complexity of underlying mechanisms.

Among cognitive domains, episodic memory processes exhibit the most crucial age-related impairment18, thus 
representing a core target for interventional strategies such as tDCS. At the same time, these processes are difficult 
to target directly as they are mainly mediated by medial temporal brain structures, such as the hippocampus19. 
However, activity in these brain areas may be modulated by stimulating functionally connected cortical regions, 
as suggested by both functional magnetic resonance imaging (fMRI) studies19–21 and previous NIBS studies, using 
transcranial magnetic stimulation22,23 and tDCS with temporoparietal stimulation targets12,15,24–26. In addition, 
modulation of verbal episodic memory formation has been demonstrated by anodal tDCS over the left prefrontal 
cortex14,27–30. These findings confirm the involvement of a widespread neural network of medial temporal, tempo-
roparietal and frontal areas in episodic memory processes, with several nodes of the network being susceptible to 
modulation with brain stimulation19,31. Further, tDCS experiments have highlighted a laterality-dependent benefit 
for episodic memory in older adults, with right temporoparietal stimulation improving memory for visuospa-
tial15,24 and left temporoparietal stimulation for verbal information12,27. No study to date investigated the relation-
ship of individual tDCS-induced episodic memory enhancement with intrinsic network coupling in older adults.

In the present study, we aimed to investigate these open issues, using anodal tDCS over left temporoparietal 
cortex to modulate episodic memory formation. Specifically, we hypothesized that tDCS would enhance memory 
as assessed by retrieval performance after picture-word associative learning. In addition, we expected that tDCS 
would lead to steeper learning curves over multiple blocks. Further, we acquired resting-state functional images 
to examine the relationship individual memory network coupling with episodic memory formation at baseline as 
well as with the magnitude of tDCS-induced enhancement. Here, we hypothesized that individual memory net-
work coupling would be positively associated with memory formation and tDCS-induced memory enhancement.

Results
tDCS-induced learning and memory improvement. An episodic memory task was administered that 
required participants to learn picture-pseudoword associations during five learning blocks with concurrent tDCS 
application (1 mA, 20 min). Subsequent retrieval was assessed in two “transfer” blocks (one immediate, one with a 
20-min delay) where previously presented pictures were replaced by corresponding words and participants had to 
identify correct pairs. Performance on immediate retrieval was defined as main outcome. To examine the effects 
of tDCS on memory performance and learning curves, percentage of correct responses and reaction times for 
retrieval and learning blocks were subjected to linear mixed model analyses with stimulation condition (sham, 
anodal) as within-subject factor. Models were adjusted for age and the order of experimental sessions.

Memory performance. To address the question whether memory performance differed significantly between 
stimulation conditions after learning (primary endpoint), performance during the immediate retrieval block was 
compared. Performance after anodal stimulation was on average 2.8% better compared to sham in the 1st retrieval 

Figure 1. Accuracy in the episodic memory task. (a) Percentage of correct responses in the five learning 
blocks (L1-L5) and the two retrieval blocks (R1, R2). Means and (one side of) two-sided 95%-CIs are shown. 
(b) Boxplots and individual data points for main outcome variable R1, created with BoxPlotR (http://boxplot.
tyerslab.com/)72. *p < 0.05.
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block (β = 2.8, 95%-CI: [0.3, 5.4], F(1,89) = 4.815, p = 0.031; linear mixed model post-hoc, N = 34, 127 data points; 
Fig. 1). The main effect of stimulation condition on memory performance indicated superior performance in the 
anodal compared to the sham stimulation condition of on average 2.3% (β = 2.3, 95%-CI: [0.5, 4.2], F(1,91) = 6.30, 
p = 0.014). There were no condition by retrieval block interaction (β = −1, 95%-CI: [−4.6, 2.6], F(1,90) = 0.30, 
p = 0.585) or condition by age interaction effects (β = 0.01, 95%-CI: [−0.25, 0.27], F(1,93) = 0.01, p = 0.927). 
Performance on the 2nd retrieval block was on average 4.6% better compared to the 1st (β = 5.1, 95%-CI: [2.8, 6.4], 
F(1,89) = 25.58, p < 0.001). Effect of age was not statistically significant (β = −0.3, 95%-CI: [−0.6, 0.1], F(1,33) = 2.43, 
p = 0.129). A session effect revealed practice effects over the experimental sessions with an average improvement 
of 2.9% (β = 0.029, 95%-CI: [1.1, 4.8], F(1,91) = 9.70, p = 0.002).

There was no difference between stimulation conditions in reaction times (main effect: β = −1.2, 95%-CI: 
[−20.3, 17.9], F(1,90) = 0.02, p = 0.899). Reaction time on the 2nd retrieval block was shorter compared to the 
1st (main effect: β = −29.6, 95%-CI: [−55.2, −4.0], F(1,88) = 11.05, p = 0.001). Effect of age was not significant 
(β = 0.9, 95%-CI: [−2.5, 4.2], F(1,32) = 0.02, p = 0.899). A session effect revealed faster responses on the second 
experimental session (β = 25.0, 95%-CI: [6.0, 44.1], F(1,91) = 6.80, p = 0.011). Interactions between condition 
and retrieval block (β = −2.6, 95%-CI: [−39.5, 34.3], F(1,89) = 0.02, p = 0.889) and condition and age (β = −1.4, 
95%-CI: [−4.0, 1.3], F(1,93) = 1.06, p = 0.307) were non-significant.

Learning performance. Performance accuracy during five learning blocks was analyzed using a linear mixed 
model with blocks as level-one units nested in different individuals who were level-two units, in order to test for 
differences in the learning curves between stimulation conditions. The effect of stimulation condition itself was 
not significant (main effect: β = 0.4, 95%CI: [−0.8, 1.6] F(1,287) = 0.52, p = 0.473; linear mixed model, N = 34, 320 
data points; Fig. 1), but the interaction of condition and learning block indicated steeper learning curves in the 
anodal compared to the sham stimulation condition (β = 1.0, 95%-CI: [0.2, 1.8], F(1,281) = 6.16, p = 0.014). Overall, 
task performance improved over the learning blocks; improvement showed a curvilinear convex shape indicated 
by a linear increase of approximately 5% per block (β for the five learning blocks [centered and linear] = 4.9, 
95%-CI: [4.4, 5.5], F(1,281) = 687.61, p < 0.001) and an additional negative coefficient for the square of block order 
(β [squared] = −1.1, 95%-CI: [−1.4, −0.7], F(1,281) = 38.00, p < 0.001). The negative age effect revealed flatter 
learning curves with higher age (main effect: β = −0.2, 95%-CI: [−0.5, 0.0], F(1,33) = 4.68, p = 0.038). A session 
effect indicated practice effects over the experimental sessions of 2.5% (β = 2.5, 95%-CI: [1.3, 3.7], F(1,287) = 16.32, 
p < 0.001). There was no interaction effect of condition and age (β = −0.02, 95%-CI: [−0.19, 0.15] F(1,294) = 0.05, 
p = 0.827).

Reaction time became shorter over the course of learning blocks (β = −21.1, 95%-CI: [−27.0,−15.2], 
F(1,279) = 123.20, p < 0.001; Fig. 2) as well as experimental sessions (β = −28.3, 95%-CI: [−40.8,−15.8], 
F(1,284) = 19.80, p < 0.001). An age effect on reaction time indicated slower responses with higher age, but was 
not statistically significant (β = 3.2, 95%-CI: [0.2, 6.2], F(1,32) = 3.70, p = 0.063). Effect of stimulation condition 
(β = 7.5, 95%-CI: [−5.0, 20.1], F(1,284) = 1.40, p = 0.237), condition by learning block interaction (β = −6.0, 
95%-CI: [−14.5, 2.6] F(1,281) = 1.90, p = 0.169), and condition by age interaction (β = −1.0, 95%-CI: [−2.8, 0.7] 
F(1,290) = 1.29, p = 0.258) were not statistically significant.

Functional network correlates. Baseline correlations. To determine whether functional coupling within 
the memory network at rest predicted memory performance at baseline, seed-to-voxel correlation maps were calcu-
lated for the left hippocampus (i.e., Pearson’s r correlation of the blood-oxygenation level-dependent (BOLD) time 
course of the hippocampus with all other brain voxels). Subsequent general linear model analysis for the depend-
ent variable baseline memory performance revealed an association of task performance with left-hemisphere 
hippocampo-temporoparietal coupling (significant cluster in left angular gyrus, peak coordinates: x = −40, y = −52, 
z = 18, T = 4.45, k = 232 voxel, cluster-p-FDR = 0.040, cluster-p-unc < 0.001, Fig. 3, corrected for age).

Figure 2. Reaction time in the memory task. Mean reaction time (in ms) during the five learning blocks (L1-L5) 
and the two retrieval blocks (R1, R2). Means and (one side of) two-sided 95%-CIs are shown.
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Association of functional connectivity with individual tDCS-induced improvement. We then aimed to investigate 
whether the individual left-hemisphere hippocampo-temporoparietal coupling at baseline was also associated 
with the magnitude of responsiveness to tDCS. The latter was defined as difference in memory performance 
between anodal and sham stimulation (“percentage of correct responses during immediate retrieval in atDCS” 
minus “percentage of correct responses during immediate retrieval in stDCS”). Pearson’s r correlation coefficients 
between BOLD time series in the left hippocampus and in the significant cluster in the left angular gyrus were 
extracted to obtain individual memory network coupling. We performed a linear regression adjusted for sham 
stimulation performance, session order and age. Sham performance was included as a covariate in the statisti-
cal model because we wanted to account for “performance without stimulation” in the evaluation of individual 
improvement through anodal stimulation. We found that individual responsiveness to tDCS was positively asso-
ciated to functional connectivity (standardized β = 0.31, p = 0.036; see Table 1 for all model coefficients, overall 
model R² = 0.58, adjusted R² = 0.52; Fig. 4).

Control variables, mood ratings and adverse effect questionnaire. In order to control for effects 
of attention or working memory capacity, we conducted digit span forward and backward both before and after 
experimental sessions (Table 2). Forward and backward digit span did not differ between stimulation conditions 
(forward: β = 0.06, 95%-CI: [−0.38, 0.50], F(1,100) = 0.07, p = 0.790; backward: β = 0.1, 95%-CI: [−0.38, 0.47], 

Figure 3. Scatterplot of functional connectivity and memory performance. Functional connectivity between 
the left hippocampus and left temporoparietal cortex correlated with task performance at baseline (R, retrieval). 
The significant cluster that emerged from whole-brain seed-to-voxel analyses had peak coordinates of x = −40, 
y = −52, z = 18, T = 4.45, cluster size k = 232 mm², cluster-p-FDR = 0.040. The scatterplot illustrates the 
relationship (baseline performance is plotted over individual functional connectivity that was extracted from 
the significant cluster).

Independent variables B SE Standardized β t p

Constant 0.626 0.187 3.251 0.002

Sham performance −0.706 0.140 −0.826 −5.044 0.000

Session order −0.004 0.028 −0.022 −0.142 0.888

Functional connectivity 0.182 0.083 0.305 2.195 0.036

Age −0.002 0.002 −0.135 −1.035 0.309

Table 1. Multiple linear regression analysis for difference in memory performance (anodal minus sham) 
(dependent variable) (n = 34). Note. R² = 0.58, adjusted R² = 0.52.
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F(1,100) = 0.04, p = 0.836) and time points (forward: β = 0.21, 95%-CI: [−0.23, 0.64], F(1,100) = 0.88, p = 0.351; back-
ward: β = −0.22, 95%-CI: [–0.64, 0.20], F(1,100) = 1.08, p = 0.302; linear mixed models; N = 34, 136 data points).

Positive and negative affect ratings before and after the experimental sessions are shown in Table 3. Positive, 
and negative affect did not differ between stimulation conditions (positive: β = −0.05, 95%-CI: [−0.17, 0.07], 
F(1,100) = 0.60, p = 0.440; negative: β < 0.01, 95%-CI: [−0.02, 0.03], F(1,100) = 0.03, p = 0.855) and time points 
(positive: β = 0.10, 95%-CI: [−0.02, 0.22], F(1,100) = 2.87, p = 0.093; negative: β = −0.01, 95%-CI: [−0.04, 0.02], 
F(1,100) = 0.54, p = 0.466; linear mixed models; N = 34, 136 data points).

Number of participants who reported the respective adverse effect are shown in Table 4. Tingling during 
stimulation was most commonly reported in both stimulation conditions (in total by 47% of the participants). 
However, the occurrence of all adverse effects did not differ between conditions (all chi-square’s ≤ 3.1, all 
p’s ≥ 0.08).

Discussion
The present study investigated tDCS-induced modulation of episodic memory processes in older adults as well 
as the relationship with functional network coupling on an individual level. Memory performance was enhanced 
after anodal tDCS over left temporoparietal cortex, i.e., participants retrieved significantly more correct pairings 
of newly acquired picture-pseudoword associations in the transfer task. Additionally, older participants exhibited 
steeper learning curves during anodal compared to sham stimulation. Functional memory network coupling 
between left hippocampus and left temporoparietal brain area was positively associated with the magnitude of 
individual tDCS-induced cognitive enhancement.

Previous studies that used anodal tDCS over the left temporoparietal cortex to modulate associative learning 
and memory have reported benefits for performance of young adults25,26,32. For example, Flöel et al. found accel-
erated learning and improved retrieval of newly acquired picture-word pairs when learning was accompanied 
by anodal tDCS, using identical task and stimulation parameters26. In the present study, older adults likewise 

Figure 4. Partial regression plot (residuals) for the association between functional connectivity and individual 
responsiveness to tDCS (β = 0.31, p = 0.036). Linear regression included the difference in performance 
in anodal and sham stimulation condition as dependent variable and functional connectivity between 
hippocampus and angular gyrus as independent variable, adjusted for performance in sham stimulation 
condition, session order and age.

Anodal stimulation Sham stimulation

Forward

  Pre 7.85 (2.12) 7.91 (2.07)

  Post 7.79 (2.26) 7.59 (2.21)

Backward

  Pre 7.12 (2.21) 7.00 (2.30)

  Post 7.24 (2.17) 7.34 (2.09)

Table 2. Digit span test performance. Mean (SD) values.
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exhibited faster learning success during stimulation compared to sham and enhanced subsequent memory. Thus, 
our findings extend previous results from young adults to the aging population, and indicate preserved respon-
siveness of episodic memory networks in older adults. Anodal tDCS over left temporoparietal cortex could have 
enhanced memory formation by modulating synchronous activity or connectivity within the memory network 
comprising temporoparietal and hippocampal structures22,26,33. In older adults, beneficial effects for verbal learn-
ing of anodal tDCS over left temporoparietal cortex were supported by Fiori et al. who further suggested that 
simultaneous cathodal tDCS over right homologue may even be superior to a unilateral electrode montage12,34. 
Modulation of episodic memory functions has been also shown with prefrontal stimulation targets in older 
adults27–30. Anodal tDCS over left dorsolateral prefrontal cortex enhanced memory for words and reduced forget-
ting when applied during the encoding30, reconsolidation29 or recall phase27. A recent study showed that also ven-
trolateral prefrontal tDCS during intentional encoding enhanced delayed recognition memory in older adults28. 
These findings corroborate the hypothesis that hippocampus-dependent memory processes are mediated by the 
inter-regional interaction within a distributed network in older adults19,31, and are susceptible to modulation 
through lateral frontal and parietal brain stimulation28,29,35. In sum, the group-level comparison between anodal 
temporoparietal and sham stimulation conditions in our study corroborated and extended previous findings by 
demonstrating preserved plasticity of episodic memory processes in older adults.

As we observed beneficial effects on both learning curves and subsequent retrieval, the question whether 
memory enhancement in our study was caused primarily by modulation of encoding, of consolidation, or of 
retrieval processes remains open. However, from previous reports, there is more evidence favoring the hypoth-
esis that tDCS preferentially enhances post-encoding processes, such as consolidation and retrieval of acquired 
material30,36–38. Offline effects may thus be stronger than online effects and of particular relevance as they may also 
persist after a period of consolidation14,38–40. In sum, it is currently unclear whether initial encoding or retrieval 
processes, or both, are modulated with temporoparietal tDCS, and further studies are needed to approach this 
question41.

Recent studies have highlighted the need to report and examine individual data in tDCS studies in order 
to better understand inter-subject variability in responsiveness and its neurobiological correlates42–44. Given 
the complex mechanisms underlying tDCS effects, including interacting state-dependent brain activity, task 
demands, stimulation parameters and a set of inter-individual factors, it seems not surprising that findings 
between studies are heterogeneous and also depend on the study sample4. In older cohorts, the topic may even 
be more relevant as, in addition to variability in behavioral performance, variability of the rate of structural 
decline in aging likely also affects individual sensitivity to plasticity-inducing mechanisms8. As in Brosnan et al., 
we observed a large range of variability in individual responsiveness to tDCS within our sample of older adults. 
As sources of variability still need to be determined, detailed report of sample characteristics, individual factors 
and its correlative relationships within the sample under study will help to further advance our understanding of 
underlying mechanisms42–44.

By showing a positive correlation between memory performance and intrinsic hippocampo-temporoparietal 
functional coupling, our data further support the hypothesis that successful memory formation may be depend-
ent on the connection between posterior inferior parietal and medial temporal brain regions19,45. Thus, in our 
group of older adults, variability in task performance may be predicted by individual intrinsic connectivity within 
the memory network. This finding corroborates previous evidence for the crucial role of hippocampal-cortical 

Anodal stimulation Sham stimulation

Positive affect

  Pre 3.31 (0.82) 3.32 (0.84)

  Post 3.27 (0.81) 3.16 (0.92)

Negative affect

  Pre 1.07 (0.11) 1.07 (0.10)

  Post 1.08 (0.12) 1.09 (0.14)

Table 3. Mood ratings. Mean (SD) values.

Anodal stimulation Sham stimulation

Pain 3 1

Tingling 11 5

Itchiness 2 1

Burning 2 1

Fatigue 2 3

Tension 3 4

Loss of concentration 5 5

Headache 0 0

Discomfort 1 0

Table 4. Adverse effect ratings after the last experimental session. Number of participants. Total N = 34.
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networks for memory functions37,46,47. Our finding further emphasizes the importance of anatomical connection, 
and coordinated activity, between medial temporal and parietal areas for successful memory retrieval in older 
adults47. This link would then allow to modulate hippocampus-dependent processes by targeting connected cor-
tical sites22,41,48.

Further, we assessed whole-brain hippocampal functional connectivity to evaluate if individual tDCS 
responsiveness was predicted by baseline functional network coupling in older adults. We found that 
hippocampo-temporoparietal coupling was positively associated with the magnitude of individual tDCS-induced 
memory enhancement. This finding is in line with prior research suggesting a pivotal role of intrinsic hippocam-
pal coupling in age-related memory decline49. Specific connections, including synchronous activity between hip-
pocampus and angular gyrus may constitute central mechanisms underlying functional decline. Modulation of 
synchronous activity within and between networks appears not only to be crucial in the course of brain aging50, 
but has been also suggested as main underlying mechanisms of tDCS effects51,52. Our data supports the notion 
that functional connectivity at rest can be used as a predictor for individual response to brain stimulation41,53 
and that posterior brain areas may be viable target regions for neuromodulatory techniques in the context of 
age-related deficits8. Here, the combination of brain stimulation and neuroimaging to study neuromodula-
tory effects during and after tDCS will have to further elucidate its complex interaction with brain activity and 
age-related modulation of memory processes54,55.

The present study does not allow drawing firm conclusions about spatial specificity of the applied electrode 
configuration due to the large size of the temporoparietal electrode as well as the lack of testing other electrode 
configurations. Conventional dual-electrode tDCS set-ups stimulate networks rather than brain regions2,34,52. In 
particular, the targeted temporoparietal region has a heterogeneous organization with regard to its cytoarchi-
tectonic, connectional and functional diversity45,56, playing a role in several higher-order cognitive processes in 
humans45. Therefore, it is conceivable that other brain networks not primarily involved in memory processes were 
stimulated as well. Our computational modeling result confirms that maximal electric field strengths are distrib-
uted over the left lateral temporal and parietal areas, with high intensities around the intended target. Please note 
though that spatial specificity of tDCS is thought to be increased by concurrent task-related activity, indicating 
that the interaction of brain stimulation with a task induces more focused effects57,58. Moreover, the correlative 
functional connectivity analysis suggested that intrinsic synchronous activity in hippocampus and angular gyrus 
may be involved in successful memory performance in older adults. Thus, even though we cannot draw firm 
conclusions about spatial specificity, our set-up demonstrated tDCS-induced tuning of ongoing memory network 
processes and preserved plasticity in older adults3,8,9. Further, our data does not allow concluding whether the 
observed effects are specific to older adults, as no young group was included. However, we believe that at this 
point, detailed examination of older cohorts is paramount, to better understand variability in this group1.

Prospectively, persistence of benefits is essential to promote the development of clinical applications in the 
context of age-related diseases and may be achieved with combined tDCS-training interventions15,59. Future stud-
ies should therefore evaluate additional biomarkers determining individual responsiveness60 and probe the effi-
ciency of tDCS to produce sustained plasticity induction in older adults, for which our current mechanistic study 
provides important groundwork.

Materials and Methods
Participants and experimental procedure. Thirty-four healthy older adults participated in the study (16 
female, min/max age: 51/80 years, see Table 5 for participant characteristics). All were native German speakers, 
were right-handed, and had no history of neurological or psychiatric disorders. Neuropsychological testing was 
administered prior to study inclusion in order to assure normal cognitive functioning (CERAD-Plus, http://
memoryclinic.ch). Performances on all subtests were not below 1.5 SD’s according to age- and education-related 
normative scores. The study was approved by the ethics committee of the Charité University Medicine and con-
ducted in accordance with the Helsinki Declaration. Written informed consent was obtained from all participants 
prior to participation.

Older adults participated in three experimental sessions. The first session (baseline) included MRI scanning 
(acquisition of resting-state data) and subsequent administration of the episodic memory task. In the two sub-
sequent experimental sessions, tDCS was applied (either anodal or sham in counterbalanced order, separated by 
one week) over the left temporoparietal cortex during the learning phase of the task.

tDCS. A battery-driven stimulator (neuroConn DC-Stimulator Plus; neuroCare Group GmbH, Munich, 
Germany) was used to deliver direct current to the scalp via two sponge-electrodes soaked into saline solution. 
The anodal electrode (5 × 7 cm²) was placed centrally over CP5 according to the 10–10 EEG system, while the 
cathode (10 × 10 cm²) was placed over the right supraorbital area (centered over the right anterior frontal cor-
tex, or AF4, respectively). The larger size of the sponge (10 × 10 cm²) has been shown to reduce current den-
sity to a level (0.01 mA/cm²) that does not exert functional neurophysiological effects61. Due to these results, 
it is assumed that the effects underneath the cathode are functionally less efficient (but not “inert”)62. Episodic 
memory processes as assessed in our study have been shown to be mediated by distributed networks including 
medial temporal areas such as the hippocampus20 and lateral temporoparietal areas19–21,59. As anodal tDCS over 
the left temporoparietal cortex has been shown to modulate performance in similar tasks as the one used in our 
study25,26,32, it was chosen as target area for stimulation. The software SimNIBS 2.1.1 was used to estimate the 
electric field induced by tDCS, based on the finite element method and individualized tetrahedral head meshes 
generated from T1- and T2-weighted structural MR images of one healthy older participant (http://simnibs.org; 
see Supplementary Information for details on current field modeling)63,64. Modeling results showed that maximal 
electric field strengths are distributed over left lateral temporal and parietal areas, with high intensities around 
the intended target area, i.e., in the vicinity of the left angular gyrus (Figure S1). Electrodes were fixed with two 
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rubber bands and impedance was kept below 5 kOhm. Duration of anodal stimulation was 20 min (starting with 
the first learning block of the task, covering the first four learning blocks of the task) whereas in sham stimulation 
current was turned off after 30 sec. Stimulation intensity was 1 mA with 10 sec fade in and fade out.

Before and after each stimulation condition, positive and negative affect schedule (PANAS) was administered. 
Participants had to rate their current mood on 10 positive and 10 negative items (on a Likert scale with a range 
of 1 to 5)65. Change of ratings between time points was compared between conditions. After the completion of 
the last experimental session, participants were asked to retrospectively report the occurrence of adverse effects 
during the last session in a standardized questionnaire66.

Episodic memory task. The episodic memory paradigm was adapted from previous studies20,26,67,68 and 
programmed using the software Presentation (Neurobehavioral Systems, http://www.neurobs.com/, version 
18.1). The paradigm consists of the presentation of pseudoword-picture pairs. For each participant, a set of 30 
pseudowords and 30 pictures of daily life objects were randomly matched to 30 “correct” pairings to create differ-
ent correct (and, therefore, also incorrect) pseudoword-picture combinations.

Three different sets of stimuli (A, B, C) were used for three sessions (baseline, sham, anodal), containing 
different pseudowords and pictures26. The order of the set presentation was counterbalanced across participants. 
In each session, five learning blocks followed by an immediate retrieval block were presented. In the stimulation 
conditions (sham, anodal), an additional retrieval block was administered after a delay of 20 min.

During the learning blocks, a total of 600 trials were presented (120 trials per block). “Correct” pairings 
occurred ten times in total (i.e., twice in each block). In addition, each of the 30 pictures was presented ten times 
with varying “incorrect” pseudowords (i.e., two different “incorrect” pairings for each picture per block). Each 
“incorrect” pairing was presented only once over the course of learning. The order of trial presentation was rand-
omized. Participants were not informed about the underlying frequency principle, and were instructed to decide 
as quickly as possible if word and picture match. Thus, the learning principle of this associative learning phase 
involves higher co-occurrences of “correct” arbitrary couplings compared to “incorrect” couplings (ratio 10:1)68. 
In each learning trial, the picture was presented 200 ms after the onset of the auditory spoken pseudoword (deliv-
ered over headphones) and remained on the screen for 1500 ms67. During picture presentation, participants had 
to decide whether the pairing was “correct” or “incorrect” by pressing one of two response buttons (using their 
left or right index finger, respectively).

During retrieval blocks, learning success was measured in a “transfer” task. Here, instead of presenting a pic-
ture, corresponding German spoken words were delivered with the pseudowords. Stimulus count, the underlying 
frequency principle (i.e., two “correct” and two “incorrect” pairings per block), and trial timings were identi-
cal to those in the learning phase. Percentage of correct responses and mean reaction time of each block were 
assessed. Main outcome measure for memory performance was percentage of correct responses during the imme-
diate retrieval block26.

Mean SD

Age, years 63.1 7.7

Education, years 15.3 2.3

LQa 93.5 9.8

GDSb 1.3 1.4

Digit Span (max. 14)

  Forward 7.5 2.3

  Backward 6.0 1.8

Vocabulary test (max. 37)c 33.3 2.0

Semantic fluency, N (in 60 s) 25.3 5.7

Boston Naming Test, N (max. 15) 14.6 0.5

Mini-Mental State (max. 30) 29.4 0.8

Word list learning, N

  Total (max. 30) 23.3 3.2

  Trial 1 (max. 10) 6.2 1.5

  Trial 2 (max. 10) 8.1 1.3

  Trial 3 (max. 10) 9.0 1.0

Word list retrieval, N (max. 10) 8.3 1.2

Word list intrusions, N 0.9 1.9

Figure copying, N (max. 11) 11.0 0.0

Figure retrieval, N (max. 11) 10.7 0.7

Phonemic fluency, N (in 60 s) 16.1 4.1

Trail making test, s

  Part A 39.8 11.6

  Part B 83.8 32.5

Table 5. Sample characteristics. aLQ, laterality quotient73. bGDS, Geriatric Depression Scale74. c75.
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MRI acquisition. Brain imaging data were acquired at the Berlin Center of Advanced Neuroimaging using 
a 3T Siemens Trio Scanner with a standard 12-channel head coil. A three-dimensional structural scanning 
protocol was applied using high-resolution T1-weighted magnetization-prepared rapid gradient echo imag-
ing (1 × 1 × 1 mm³ voxel size; flip angle = 9 deg, repetition time = 1900 ms, echo time = 2.52 ms, 192 slices). 
Acquisition of resting-state fMRI was performed using an echo-planar imaging sequence (3 × 3 × 4 mm³ voxel 
size; flip angle = 78 deg, repetition time = 2070 ms, echo time = 30 ms, descending acquisition, 172 volumes). 
Participants were instructed to keep their eyes closed, not to fall asleep or think of anything in particular. None of 
the participants fell asleep during the scanning interval as per self-report. An additional fluid attenuated inversion 
recovery sequence was acquired for neuroradiological assessment and to exclude structural abnormalities.

fMRI analysis. Functional connectivity analysis was performed using the CONN toolbox version 17f (www.
nitrc.org/projects/conn, RRID:SCR_009550)69,70. We used the default data preprocessing pipeline provided by 
the toolbox which includes functional realignment, slice-time correction, structural segmentation and normali-
zation to the Montreal Neurological Institute (MNI) template, functional segmentation and normalization, and 
smoothing (with 6-mm Gaussian kernel). The realignment confound (derived from the estimated motion param-
eters) was defined by 6 rigid-body dimensions plus 6 first-order temporal derivatives using Artifact Detection 
Toolbox (ART, www.nitrc.org/projects/artifact_detect/). Confounds in the blood oxygenation level-dependent 
(BOLD) signal from physiological and other spurious sources of noise were estimated and regressed out using 
the anatomical CompCor method implemented in the toolbox71. Anatomical images were segmented into grey 
matter (GM), white matter (WM), and cerebrospinal fluid (CSF) masks using SPM12. To minimize partial volu-
ming with GM the WM and CSF masks were eroded by one voxel70. Functional data were temporally filtered (at 
high-pass threshold 0.01 Hz). First-level (within-subjects) seed-to-voxel correlation maps were calculated for the 
left hippocampus (i.e., Pearson’s r between the residual BOLD time-course of the seed mask and the time course 
of all other voxels in the brain were computed).

For second-level (between-subjects) general linear model analyses, correlation coefficients were transformed 
to normally distributed z scores (using Fisher’s transformation). To examine the association of hippocampal con-
nectivity with baseline task performance, first-level connectivity maps for each participants were entered into a 
whole-brain regression analysis with age as covariate. The reported cluster survived a height threshold of uncorrected 
p < 0.005 (positive contrast) and an extent threshold of FDR-corrected p < 0.05 at the cluster level. To obtain individ-
ual ROI-to-ROI connectivity values of hippocampal-temporoparietal coupling, Pearson’s r correlation coefficients 
between BOLD time series in the left hippocampus and in the significant cluster in the angular gyrus were extracted.

Statistical analysis. Statistical analyses were conducted using IBM SPSS Statistics 24 (http://www-01.ibm.
com/software/uk/analytics/spss/). Linear mixed models (random intercept models) were computed for depend-
ent variables with the factor stimulation condition (anodal, sham). Models were adjusted for age and experi-
mental session. Linear trends were tested with an index variable (centered) for task blocks (i.e., five for learning 
and two for retrieval). For learning, an additional quadratic term for learning blocks was entered into the model. 
Linear regression analysis was conducted for association between functional connectivity and individual respon-
siveness to tDCS (defined by performance in anodal minus performance in sham stimulation condition), adjusted 
for age, order of experimental sessions and sham stimulation performance. Logistic regression models were com-
puted for the comparison of adverse event occurrences. No corrections for multiple comparisons were applied. A 
two-sided significance level of α = 0.05 was used.

Data Availability
The datasets generated during the current study are available from the corresponding author on reasonable request.
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Action comprehension that is related to language or gestural integration has been shown

to engage the motor system in the brain, thus providing preliminary evidence for the

gestural-verbal embodiment concept. Based on the involvement of the sensorimotor

cortex (M1) in language processing, we aimed to further explore its role in the cognitive

embodiment necessary for gestural-verbal integration. As such, we applied anodal

(excitatory) and sham transcranial direct current stimulation (tDCS) over the left M1

(with reference electrode over the contralateral supraorbital region) during a gestural-

verbal integration task where subjects had to make a decision about the semantic

congruency of the gesture (prime) and the word (target). We used a cross-over within-

subject design in young subjects. Attentional load and simple reaction time (RT) tasks

served as control conditions, applied during stimulation (order of three tasks was

counterbalanced). Our results showed that anodal (atDCS) compared to sham tDCS

(stDCS) reduced RTs in the gestural-verbal integration task, specifically for incongruent

pairs of gestures and verbal expressions, with no effect on control task performance. Our

findings provide evidence for the involvement of the sensorimotor system in gestural-

verbal integration performance. Further, our results suggest that functional modulation

induced by sensorimotor tDCS may be specific to gestural-verbal integration. Future

studies should now evaluate the modulatory effect of tDCS on semantic congruency by

using tDCS over additional brain regions and include assessments of neural connectivity.

Keywords: brain stimulation, embodiment, gestural-verbal association, cognition, language processing

INTRODUCTION

The engagement of the sensorimotor system in word comprehension has been an intriguing

question in brain research (Hauk et al., 2004; Tettamanti et al., 2005; Pulvermuller and Fadiga,

2010; Vukovic et al., 2017). Gestures were found to enhance language comprehension of listeners

(Hostetter, 2011), possibly via embodiment. The embodiment concept, also referred to as grounded

cognition, is based on involuntary mimicry (Barsalou, 2008). Parzuchowski et al. (2014) used

embodied cognition to show that hand gestures enhance language comprehension. According to

Hostetter and Alibali (2008), the embodiment approach suggests that language understanding is

based on perceptual experience, that is, words start to have meaning when linked to real world

perception.
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Gestural-verbal integration has been studied at both the

behavioral and the neural level. It has been suggested that

language comprehension is facilitated by gestures due to the

presence of common neural substrates for processing language

and gesture (Holle et al., 2008; Dick et al., 2009; Hubbard

et al., 2009; Straube et al., 2012). These neural substrates

include both inferior frontal gyrus (IFG; Straube et al., 2011;

Dick et al., 2014; He et al., 2018b) and motor cortex (for

review Ozyurek, 2014). Studies have reported activation in the

primary motor cortex during word comprehension when words

involved sensorimotor features (Willems and Hagoort, 2007;

Pulvermuller and Fadiga, 2010), using various methodological

approaches. These approaches include functional magnetic

resonance imaging (fMRI; Kemmerer et al., 2008; Kana

et al., 2012, 2015), electroencephalography (Mollo et al.,

2016; Schaller et al., 2017) and magnetoencephalography

(Klepp et al., 2015; Mollo et al., 2016). The findings have

raised the intriguing question why language comprehension

is processed in a sensorimotor area (De Marco et al.,

2015). One explanation might be that mirror neurons are

responsible for this interaction (Caramazza et al., 2014).

Aridan and Mukamel (2016) found that observing someone

else performing a task enhances one’s own performance.

Simultaneously acquired fMRI data showed a significant positive

correlation between blood oxygen level dependent (BOLD)

fMRI response within left sensorimotor cortex (M1) during

action observation and the execution rate of the subjects. Thus,

activation of the same fronto-parietal sensorimotor areas in

both observing and executing an action enables an individual

to understand the observed action more easily (Rizzolatti et al.,

2001).

In addition to neuroimaging, non-invasive brain stimulation

is a promising approach to investigate the involvement of the

stimulated cortex in the respective function (Jacobson et al.,

2012; Parkin et al., 2015; Tremblay et al., 2016; Polania et al.,

2018). Moreover, stimulation may modulate performance in

the task under study. In particular, transcranial direct current

stimulation (tDCS) was found to modulate cognitive functions

and underlying neuronal activity and connectivity (Meinzer

et al., 2012; Parkin et al., 2015; Lavidor, 2016; Strobach and

Antonenko, 2017; Yavari et al., 2017). More recent studies have

used tDCS to reveal a role for M1 in language comprehension,

especially for action-related words (Meinzer et al., 2016;

Branscheidt et al., 2018). These results provided evidence for an

interaction of motor cortex activity with language processing.

A more recent study found that for healthy individuals, anodal

tDCS (atDCS) over the motor cortex improved semantic word

retrieval performance (Martin et al., 2017). In terms of gesture

comprehension, studies have used tDCS over the IFG to

investigate the role of this region in processing gestural-verbal

stimuli (Cohen-Maximov et al., 2015; Schulke and Straube, 2017,

2018). Gesture prime clips were implemented for word targets.

Participants were instructed to make a semantic decision of

the prime-target congruency. Subjects responded faster under

atDCS of the right IFG compared to sham tDCS (stDCS).

The study suggested that inferior frontal atDCS may enhance

gestural-verbal integration, which in turn enhances gesture

comprehension. However, no previous study, to our knowledge,

explored the role of left M1 for gestural-verbal integration, using

tDCS.

In our study, we therefore assessed the impact of atDCS over

left M1 on gestural-verbal integration (adapted from Cohen-

Maximov et al., 2015). In order to exclude that the effect on

gestural-verbal task would be based on improved attentional

and motor processes, we included two control tasks during

stimulation [attentional load task and simple reaction time

(RT) task]. Given the role of left M1 in language processing,

we hypothesized that tDCS-induced upregulation of M1 will

improve the performance of associating gestures and word

comprehension.

MATERIALS AND METHODS

Participants
Twenty-two right-handed healthy young adults (14 female;

mean/SD/range age: 24/3/19–30 years; mean/SD/range

Handedness score: 91/10/70–100) participated in the study. All

were native German speakers and had no history of neurological

or psychiatric disorders. The study was carried out in agreement

with the Helsinki Declaration, and was approved by the ethics

committee of the Charité Universitätsmedizin. Participants

signed an informed consent form before participating.

Study Design
In a within-subjects design, all young adults participated in

two sessions where either anodal or sham tDCS was applied.

Participants were blind to the stimulation condition. During the

stimulation interval, participants were exposed to three different

tasks that were presented in a counterbalanced order: gestural

task, attention load task and simple RT task. Order of stimulation

conditions was counterbalanced across subjects and sessions

were separated by at least 1 week (Figure 1).

Stimuli
The tasks were administered on the computer screen using the

software Presentation (Neurobehavioral Systems1, version18.1).

Gestural Task

The task was adapted from previous studies (Vainiger et al.,

2014; Cohen-Maximov et al., 2015 for detailed description).

Participants were exposed to a set of videos followed by set

of written German words (prime, target). The duration of

the task was 10 min. They were asked to choose whether

the words describe the video or not, by clicking either the

button ‘‘V’’ or ‘‘N’’ on the keyboard. They were instructed

to use their right index finger and rest it on the ‘‘B’’ button

between answers. Each trial began with the presentation of

a fixation cross for 500 ms, followed by the 1,520 ms video

clip (the prime). Gestures were grouped into instrumental

and symbolic categories: instrumental gestures are those that

imitate commonly known actions such as brushing teeth;

1https://www.neurobs.com/
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symbolic gestures are those that carry figurative meaning such

as ‘‘goodbye.’’ A third type of video consisted of landscape scenes

such as an erupting volcano. All videos were followed by a short

written German sentence comprising of a maximum of three

words; the sentence was either congruent or incongruent in the

preceding video. A total of 108 videos, grouped into two sessions

with a 90 s break in-between, were presented. Of the 108 videos,

22 were instrumental congruent, 22 instrumental incongruent,

16 symbolic congruent, 16 symbolic incongruent, 16 landscapes

congruent and 16 landscapes incongruent (Figure 2). RT was

defined as main dependent variable. In addition, percentage of

correct responses was assessed. Only correct answers with RT less

than 2 s were included in the analyses.

Attentional Load Task

We adapted the Visual Attention—Flanker Compatibility Task

Version 4 paradigm described elsewhere (Green and Bavelier,

2003). The duration of the task was 7 min. The task consisted

of 12 practice trials and 96 experimental trials. Each trial in the

attentional load task began with 500ms of a central white fixation

cross. Participants searched for two possible target shapes

(‘‘Square’’ or ‘‘Diamond’’) among central non-target shapes.

Participants were asked to indicate whether one of the Shapes was

a ‘‘Square’’ or a ‘‘Diamond’’ by pressing ‘‘V’’ or ‘‘N’’ buttons on

the keyboard. They were instructed to use their right index finger

and rest it on the ‘‘B’’ button between answers. Attentional load

was manipulated randomly between trials. Target position (1–6),

target identity and distractor compatibility were counterbalanced

when the trials were constructed. Two load conditions were

presented, the low load (low competition condition), where the

circle was composed of the target shape with no competing

central shapes and the high load (high competition condition),

where the circle was composed of the target shapes along with

five competing shapes. A flanker appeared to the right or left of

the circle in equal probabilities. The flankers were a ‘‘Square’’

or a "Diamond’’ and could be compatible with the target shape

or not. Participants were instructed to ignore the flankers. The

stimulus was presented for 100 ms. The interstimulus duration

was 1,000 ms. RT and percentage of correct responses were

assessed.

Simple Reaction Time Task

The duration of the task was 3 min. The task was adapted from

Neurobehavioral Systems1; (e.g., Vieluf et al., 2017). Participants

were instructed to click the ‘‘space’’ button on the keyboard as

soon as they see a red square on the screen. The experiment

consisted of eight practice trials and 100 experimental trials. The

stimulus was presented for 500ms with a rectangular distribution

of inter-stimulus duration (between 1,000 ms and 2,000 ms). RT

and percentage of correct responses were assessed.

tDCS
Direct current stimulation was delivered through a battery-

driven stimulator (neuroConn DC-Stimulator Plus, neuroCare

Group GmbH, Munich, Germany) using two electrodes inserted

in saline-soaked synthetic sponges. The anode (5 × 7 cm2) was

centered over left sensorimotor cortex (left M1) and the reference

FIGURE 1 | Illustration of experimental design. All subjects underwent atDCS

and stDCS separated by at least 1 week, in a counterbalanced order. The

duration of the main task (gestural task) and of control tasks [attentional load

and simple reaction time (RT) tasks] are shown. Order of task presentation

was counterbalanced between subjects. G, gestural task; A, attentional load

task; SRT, simple RT task; atDCS, anodal transcranial direct current

stimulation (tDCS); stDCS, sham tDCS.

electrode (10 × 10 cm2) was positioned over the contralateral

(right) supraorbital region. Due to its larger size (10 × 10 cm2),

the effect underneath the cathode is thought to be functionally

less efficient (Nitsche et al., 2007; Nitsche and Paulus, 2011; Antal

et al., 2017). Electrode positions were individually determined

according to the 10-20 EEG system (active electrode centered

over C3, reference over Fp2). The stimulation started with the

beginning of the tasks. In the atDCS condition, stimulation

was delivered continuously for 20 min (with 10-s fade in/out

intervals) with a constant current of 1 mA. The duration of the

stimulation was equal to the total duration of the three tasks. In

the stDCS condition, stimulation was turned off after 30 s.

Before and after each stimulation condition mood ratings

were assessed using the Positive and Negative Affect Schedule

(PANAS; Watson et al., 1988). Participants rated their positive

and negative affect (10 items each) on a scale ranging from 1–5,

where higher values describe more positive or negative feelings,

respectively. After completion of the second experimental

session, participants were asked to retrospectively report the

FIGURE 2 | Examples of congruent and incongruent stimuli. (A) A gesture

congruent with the word meaning and (B) a gesture incongruent with the

word meaning.
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occurrence of adverse effects (pain, tingling, itching, burning,

fatigue, tension, headache, discomfort) during stimulation

in a standardized questionnaire (Poreisz et al., 2007). The

questionnaire included the adverse effect with its corresponding

intensity scale that ranges from 1–5 (with 1 as ‘‘very low’’ and 5 as

‘‘very high’’).

Statistical Analysis
IBM SPSS Statistics 242 was used for statistical analyses. In

order to test for differences between atDCS and stDCS, repeated-

measures ANOVAs were performed, separately for all dependent

variables. For the gestural task, congruency was added as within-

subject factor. The interaction of congruency and stimulation

effect was further assessed with subsequent ANOVAs conducted

per congruency, in order to study the effect of stimulation on

congruent and incongruent stimuli separately. In addition, an

explorative analysis was conducted by adding the stimuli type

(instrumental, symbolic, landscapes) as an additional factor and

subsequent within-subjects t-tests were performed to compare

RT of atDCS and stDCS in the three different incongruent

stimuli types. Both percentage of correct responses and RT

were analyzed separately as dependent variables for each task.

Repeated-measures ANOVA were used for mood ratings with

stimulation type (atDCS and stDCS) as within-subject factor.

Generalized estimating equations were performed for adverse

events to compare the frequencies of their occurrence under

atDCS compared to stDCS. A two-sided significance level of α =

0.05 was used.

RESULTS

Task Versions Validation
Two versions of the task were created. The similarity of the

versions was validated in a pilot study. Ten native German

speakers (6 females, Mean/SD age = 27.3/3.9) performed the

two versions in a counterbalanced order. No difference in RTs

was found between the two versions, version A (Mean/SD

RT = 864/135 ms) and version B (Mean/SD RT = 809/113 ms),

U = 41.5, p = 0.529. Likewise, no difference in percentage

of correct responses was found between version A (Mean/SD

percentage of correct responses = 91.7/3.2%) and version

B (Mean/SD percentage of correct responses = 89.8/3.1%),

2www-03.ibm.com/software/

U = 29.0, p = 0.123. In addition, gestures that could not be

identified by participants because of their cultural specificity were

omitted after task versions validation.

Reaction Times (RTs)
In the gestural task, a 2 × 2 ANOVA showed that there

was no significant main effect of stimulation condition on RT

(F(1,21) = 2.41, p = 0.135). Interestingly, there was a significant

interaction between stimulation condition and congruency,

(F(1,21) = 5.21, p = 0.033, partial eta squared = 0.20). Subsequent

ANOVAs conducted per congruency, showed that, for congruent

stimuli, there was no significant difference in RT between

atDCS and stDCS (F(1,21) = 0.013, p = 0.911). However, for

incongruent stimuli, RT under atDCS was significantly faster

compared to stDCS, (F(1,21) = 6.15, p = 0.022, partial eta

squared = 0.23; Table 1). Moreover, there was no significant

interaction between stimulation condition, congruency and

stimuli type (F(2,20) = 2.87, p = 0.068). Subsequent exploratory

within-subjects t-tests showed that for incongruent stimuli, RT

of instrumental stimuli under atDCS (M = 871, SD = 99) was

significantly faster compared to stDCS (M = 917, SD = 118);

t(21) = 2.9, p = 0.009 and RT of symbolic stimuli under atDCS

(M = 879, SD = 115) was significantly faster compared to stDCS

(M = 919, SD = 139); t(21) = 2.2, p = 0.041. However, there was

no significant difference in RT of landscape stimuli under atDCS

(M = 825, SD = 103) compared to stDCS (M = 834, SD = 87);

t(21) = 0.552, p = 0.587.

In both control tasks, there was no significant main effect

of stimulation condition on RT (for attentional load task:

(F(1,21) = 1.33, p = 0.262); for simple reaction time task:

(F(1,21) = 0.01, p = 0.926; Figure 3).

Percentage of Correct Responses
In the gestural task, a 2 × 2 ANOVA showed that there was no

significant main effect of stimulation condition on percentage

of correct responses (F(1,21) = 1.14, p = 0.298). There was

no significant interaction between stimulation and congruency,

(F(1,21) = 0.61, p = 0.807; Table 1). However, there was a

significant main effect of congruency on percentage of correct

responses (F(1,21) = 44.31, p < 0.001, partial eta squared = 0.68),

indicating more correct responses for incongruent compared to

congruent stimuli.

In both control tasks, there was no significant main effect of

stimulation condition on percentage of correct responses (for

TABLE 1 | Summary of mean reaction times (RTs) and percentage of correct responses of all stimuli types in atDCS and stDCS for the gestural task, attentional load task

and simple RT task.

Reaction Time (ms) Percentage of correct responses (%)

atDCS stDCS atDCS stDCS

Mean SD Mean SD p Mean SD Mean SD p

Gestural task

Cong 876.0 101.8 877.4 92.1 0.911 0.90 0.04 0.89 0.05 0.739

Incong 859.5 97.1 891.8 108.9 0.022 0.97 0.03 0.96 0.04 0.288

Attentional load task 900.2 133.3 869.3 168.9 0.262 0.90 0.12 0.88 0.14 0.327

Simple reaction time task 267.5 20.0 267.8 23.1 0.926 0.99 0.01 0.98 0.02 0.056

cong, congruent; incong, incongruent; SD, standard deviation; atDCS, anodal tDCS; stDCS, sham tDCS. Bold values refer to p < 0.05.

Frontiers in Human Neuroscience | www.frontiersin.org 4 December 2018 | Volume 12 | Article 482

http://www-03.ibm.com/software/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Hayek et al. Role of Sensorimotor Cortex in Gestural-Verbal Integration

FIGURE 3 | Mean RT (in ms) of the three tasks under both atDCS and stDCS.

(A) Gestural task for congruent and incongruent stimuli. Only for incongruent

stimuli, RT was significantly faster under atDCS compared to stDCS.

(B) Attentional load and (C) simple RT task showed no significant difference in

RT in atDCS compared to stDCS. Plots were constructed using BoxPlotR

(Spitzer et al., 2014; http://shiny.chemgrid.org/boxplotr/). The white circles

represent the individual data points, the red and blue lines represent the mean

values across the group. Error bars represent 95% confidence interval. Violin

plots show the distribution across subjects. ∗p < 0.05.

attentional load task (F(1,21) = 1.01, p = 0.327), and for simple

reaction time task (F(1,21) = 4.10, p = 0.056)).

Mood Rating and Stimulation Side Effects
Table 2 shows mood ratings before and after stimulation for

both atDCS and stDCS. Repeated-measures ANOVA showed

that there was no significant difference in mood changes between

atDCS and stDCS for both positive (F(1,21) = 1.623, p = 0.217) and

negative (F(1,21) = 0.062, p = 0.806) affect.

All subjects tolerated the stimulation with only few subjects

reporting adverse effects; Table 2 shows the number of

participants reporting each adverse effect in the corresponding

condition. From participants who reported adverse effects in

atDCS, more than 50% scaled the intensity as less than 2 (out

of 5). Only 4 of 22 subjects noticed a difference and reported

a slightly stronger tingling sensation due to atDCS, indicating

an overall efficient placebo condition. Generalized estimating

equation did not show any significant differences in atDCS

compared to stDCS (p values > 0.106). PANAS and adverse

events (AEs) of tDCS are presented in Tables 2, 3 respectively.

DISCUSSION

This study assessed the effect of excitatory atDCS over left

M1 on gestural-verbal integration. We found that atDCS led to

significantly faster correct answers compared to stDCS, but only

TABLE 2 | Participants’ mood ratings before and after stimulation.

atDCS stDCS

Mean SD Mean SD

Positive affect

Before 2.02 0.18 2.10 0.24

After 2.50 0.48 2.46 0.55

Negative affect

Before 1.88 0.27 1.78 0.26

After 1.15 0.13 1.14 0.16

atDCS, anodal tDCS; stDCS, sham tDCS.

TABLE 3 | Number of participants who reported adverse effects (total N = 22).

atDCS stDCS

Pain 5 4

Tingling 2 5

Itchiness 7 2

Burning 4 2

Fatigue 4 2

Tension – 4

Loss of concentration 3 2

Discomfort 1 –

for incongruent and not for congruent associations. Performance

on attentional load and simple reaction time tasks was not

affected by the stimulation.

Neural Correlates of Gestural-Verbal
Integration
In the present study, we observed faster responses during atDCS

compared to stDCS in the gestural-verbal task. This result is

consistent with previous studies that showed a tDCS-induced

improvement in cognitive functions (Radman et al., 2018; Wang

et al., 2018; Yang et al., 2018). Further studies investigated

gestural-verbal integration and gesture processing using atDCS

over frontal (Cohen-Maximov et al., 2015; Schulke and Straube,

2017) and parietal cortices (Bianchi et al., 2015). Results

showed that stimulation of frontal area decreased RTs of

processing gestural-verbal associations (Cohen-Maximov et al.,

2015; Schulke and Straube, 2017). Similarly, stimulation of the

left parietal cortex improved motor test scores in apraxia patients

(Bianchi et al., 2015). Taking together, atDCS over frontal and

parietal cortices has been shown to improve both gestural-

verbal integration and gesture comprehension. More recently,

Schulke and Straube (2017) applied tDCS during a speech-

gesture semantic task. They found that inhibitory cathodal tDCS

(ctDCS) decreased task performance and atDCS enhanced it.

As for motor cortex, previous studies investigated the role of

motor cortex in language processing using atDCS (Meinzer

et al., 2016; Branscheidt et al., 2018). For example, Meinzer

et al. (2016) applied atDCS over left motor cortex twice daily

at the beginning of a naming therapy and suggested that

stimulating this area enhanced naming ability of patients with

post-stroke aphasia. Branscheidt and colleagues followed up

on Meinzer et al.’s (2016) findings by also applying atDCS

over left motor cortex showing that atDCS improved lexical

decision accuracy selectively for action-related words and not for

object-related ones (Branscheidt et al., 2018). More specifically,

we observed faster responses in atDCS compared to stDCS

for incongruent associations. This indicates the involvement of

motor areas in the processing of language and gesture when

the information conveyed by the gesture does not describe

the information conveyed by language. Our results corroborate

previous studies showing activation of left IFG and its adjacent

motor areas during the processing of incongruent speech-

gesture associations (Willems et al., 2007; Green et al., 2009;

Kircher et al., 2009). For instance, Willems et al. (2007)

measured brain activity using fMRI during performance of a

gestural-verbal semantic task in healthy young subjects. They
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showed that premotor cortex was activated only when the

gesture did not match the word. More recently, studies have

shown that IFG is involved in gestural-verbal integration in

case of semantic conflict (Willems et al., 2007; Green et al.,

2009; Zhao et al., 2018). In addition, IFG and premotor

cortex are anatomically connected and are both activated in

gestural-verbal integration (Marstaller and Burianova, 2015).

It is thus possible that activation of one region is affected

by the activation of the other, creating an extended network

sensitive to the congruency of gestural-verbal association.

However, negative findings were also reported: for example,

Siciliano et al. (2016) applied anodal tDCS over left IFG

during language learning and found no difference between

anodal and sham conditions when words were coupled with

gestures. In contrast to our study, the authors only included

gestures that were congruent with the presented word in their

task.

Our subsequent explorative results showed that faster

responses under atDCS compared to stDCS were found only

for gestural stimuli (instrumental and symbolic), and not for

landscape stimuli. In accordance with previous studies suggesting

that motor and premotor cortices are activated only in action-

related gestures like instrumental gestures (He et al., 2018a),

and that left frontal cortex is specifically implicated in the

understanding of symbolic gestures (Rapp et al., 2007, 2012;

Straube et al., 2013), our initial hypothesis was that only

instrumental gestures would be affected. However, our results

are in line with previous studies suggesting no difference in the

processing of instrumental and symbolic gestures (He et al., 2015,

2018b), indicating that both gesture types may be supported

by left motor activity. Nevertheless, these findings should be

interpreted with caution due to the relatively small number of

stimuli within the stimulus categories.

Involvement of M1 in Cognitive Control
Mechanism
In line with our results, tDCS has been previously implicated

in modulating task performance in incongruent associations;

this hypothesis was investigated using paradigms that include

an interference effect like the flanker task and Stroop task

(Ouellet et al., 2015; Zmigrod et al., 2016). For instance, a

recent study applied ctDCS during a flanker task to examine the

effect of stimulation on performance and showed that ctDCS

led to slower RTs when the flanker was incongruent with

the target (Zmigrod et al., 2016). Thus, tDCS was shown to

affect performance of incongruent stimuli associations. Further,

Botvinick et al. (2001) suggested that the brain responds

to interference (in this case incongruent associations) by

implementing a cognitive control mechanism. It was suggested

that the cognitive control mechanism is not defined as a

simple task, related to one brain region, but rather it is

recognized as a cascade of distinct control types performed by

distinct brain regions. For instance, in a brain imaging study,

dorsolateral prefrontal cortex (DLPFC) was shown to engage

its control through the top-down modulation of task-dependent

information processing in M1, also referred to as sensory

control (Koechlin et al., 2003). Based on these studies, the

improvement of subjects’ ability to detect incongruent gestural-

verbal associations, or in other words cases of semantic conflicts,

might result from increased cognitive control mechanisms

following modulation of brain circuitry underlying sensory

control in M1 region. In addition, a previous study used

high-definition tDCS over DLPC or over M1 during a flanker

task and showed that tDCS over M1 region did not show

any significant effect on conflict adaptation effect which is

a hallmark of cognitive control mechanism (Gbadeyan et al.,

2016). This result complements our results in assuming that

the effect we found might be specific to the gestural-verbal

task, since the flanker task used in the previous study does

not include a motor component. Moreover, given that atDCS

did not affect attentional load task, which is a classical conflict

task, this result further supported our assumption that the

cognitive control mechanism generated by the M1 might be

specific to motor action, i.e., gestural-verbal integration and

rather than simply affecting attention. It might be interesting

to compare our results with DLPFC stimulation of the same

task, to test direct cognitive control effects on gestural-verbal

associations. Taken together, our findings suggest that atDCS

over left M1 might have affected cognitive control mechanisms,

leading to better performance in the detection of incongruent

associations. Regardless of stimulation condition, we found

a significantly higher accuracy for incongruent associations

compared to congruent ones. Previous studies observed a

similar pattern (Proverbio et al., 2014, 2015; Kelly et al.,

2015), possibly due to the fact that semantic matching decision

may be easier when it is obviously violated by incongruent

associations.

In addition, our results go along with a recent study

that used tDCS over right temporo-parietal junction followed

by transcranial magnetic stimulation application over left

M1. Participants were instructed to perform an action while

observing either a congruent or incongruent action, while motor

evoked potentials (MEPs) were elicited. Results showed that

only during observation of incongruent actions, MEPs were

significantly higher under atDCS compared to stDCS. This

study suggested that up-regulation of the appropriate motor

action leads to suppression of the congruency effect, possibly

via interaction between the temporo-parietal junction and M1

(Bardi et al., 2017). The process of action observation and action

execution inM1 region is related to gestural-verbal integration in

humans, a process that was found to be related to mirror neuron

system (for review Rizzolatti et al., 2014). Despite the fact that

our paradigm included gesture observation and not production,

our findings suggest that atDCS may have improved gestural-

verbal integration by facilitating mirror neuron system mapping

activity.

Several limitations should be considered when interpreting

the results of the present study. First, the sample size was

relatively modest and larger future studies be conducted to

confirm these results. Second, we used tDCS, a stimulation

device with low spatial resolution (Polania et al., 2018). To

infer specificity of left M1 for gestural-verbal integration, a

control tDCS site would have to be included. Nevertheless,

specificity of left M1 atDCS for the gestural task was
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demonstrated by the absence of effects on the control tasks.

Finally, the sequential presentation of gesture and words might

be considered less natural than the integration of auditory

input and visual gestural information, so future studies should

include paradigms with auditory presentation of words, to more

closely resemble the natural setting of language and gesture

processing.

CONCLUSIONS AND OUTLOOK

In sum, we found that enhancing left M1 improves semantic

processing by specifically enhancing performance of incongruent

stimuli, possibly mediated by facilitation the action perception

sensitivity of the MNS. In addition, the excitatory effect of tDCS

on M1 might have increased its cognitive control potential,

leading to lower interference. Future studies should in more

detail investigate the neural correlates of semantic congruency

with tDCS and EEG exploring also the interaction between the

M1 and other brain regions involved in cognitive control like the

DLPFC (Koechlin et al., 2003; Gbadeyan et al., 2016), or brain

regions know to closely interact with the MNS like the IFG (for

review Buccino et al., 2004; Jeon and Lee, 2018). In the clinical

context, tDCS effects on speech and gesture processing may be

relevant for patients with schizophrenia who suffer from severe

deficits in speech and gesture processing (Schulke and Straube,

2018).

AUTHOR CONTRIBUTIONS

DH, AF and DA designed the research. DH and DA performed

the research. DH and DA analyzed the data. DH, AF and DA

wrote the article.

FUNDING

The project was funded by the German-Israeli Foundation for

Scientific Research and Development Nb. I-1299-105.4/2015.

ACKNOWLEDGMENTS

We thank Prof. Michal Lavidor who provided insight and

expertise during research question development and data

analysis, and Dr. Magdalene Ortmann for statistical support.

REFERENCES

Antal, A., Alekseichuk, I., Bikson, M., Brockmoller, J., Brunoni, A. R., Chen, R.,

et al. (2017). Low intensity transcranial electric stimulation: safety, ethical,

legal regulatory and application guidelines. Clin Neurophysiol. 128, 1774–1809.

doi: 10.1016/j.clinph.2017.06.001

Aridan, N., and Mukamel, R. (2016). Activity in primary motor cortex during

action observation covaries with subsequent behavioral changes in execution.

Brain Behav. 6:e00550. doi: 10.1002/brb3.550

Bardi, L., Gheza, D., and Brass, M. (2017). TPJ-M1 interaction in the control

of shared representations: new insights from tDCS and TMS combined.

Neuroimage 146, 734–740. doi: 10.1016/j.neuroimage.2016.10.050

Barsalou, L. W. (2008). Grounded cognition. Annu. Rev. Psychol. 59, 617–645.

doi: 10.1146/annurev.psych.59.103006.093639

Bianchi, M., Cosseddu, M., Cotelli, M., Manenti, R., Brambilla, M., Rizzetti, M. C.,

et al. (2015). Left parietal cortex transcranial direct current stimulation

enhances gesture processing in corticobasal syndrome. Eur. J. Neurol. 22,

1317–1322. doi: 10.1111/ene.12748

Botvinick, M. M., Braver, T. S., Barch, D. M., Carter, C. S., and Cohen, J. D.

(2001). Conflict monitoring and cognitive control. Psychol. Rev. 108, 624–652.

doi: 10.1037/0033-295X.108.3.624

Branscheidt, M., Hoppe, J., Zwitserlood, P., and Liuzzi, G. (2018). tDCS over the

motor cortex improves lexical retrieval of action words in poststroke aphasia.

J. Neurophysiol. 119, 621–630. doi: 10.1152/jn.00285.2017

Buccino, G., Binkofski, F., and Riggio, L. (2004). The mirror neuron system

and action recognition. Brain Lang. 89, 370–376. doi: 10.1016/S0093-

934X(03)00356-0

Caramazza, A., Anzellotti, S., Strnad, L., and Lingnau, A. (2014). Embodied

cognition and mirror neurons: a critical assessment. Annu. Rev. Neurosci. 37,

1–15. doi: 10.1146/annurev-neuro-071013-013950

Cohen-Maximov, T., Avirame, K., Floel, A., and Lavidor, M. (2015). Modulation

of gestural-verbal semantic integration by tDCS. Brain Stimul. 8, 493–498.

doi: 10.1016/j.brs.2014.12.001

DeMarco, D., De Stefani, E., and Gentilucci, M. (2015). Gesture and word analysis:

the same or different processes? Neuroimage 117, 375–385. doi: 10.1016/j.

neuroimage.2015.05.080

Dick, A. S., Goldin-Meadow, S., Hasson, U., Skipper, J. I., and Small, S. L.

(2009). Co-speech gestures influence neural activity in brain regions associated

with processing semantic information. Hum. Brain Mapp. 30, 3509–3526.

doi: 10.1002/hbm.20774

Dick, A. S., Mok, E. H., Raja Beharelle, A., Goldin-Meadow, S., and Small, S. L.

(2014). Frontal and temporal contributions to understanding the iconic

co-speech gestures that accompany speech. Hum. Brain Mapp. 35, 900–917.

doi: 10.1002/hbm.22222

Gbadeyan, O., McMahon, K., Steinhauser, M., and Meinzer, M. (2016).

Stimulation of dorsolateral prefrontal cortex enhances adaptive cognitive

control: a high-definition transcranial direct current stimulation study.

J. Neurosci. 36, 12530–12536. doi: 10.1523/jneurosci.2450-16.2016

Green, C. S., and Bavelier, D. (2003). Action video game modifies visual selective

attention. Nature 423, 534–537. doi: 10.1038/nature01647

Green, C. S., Straube, B., Weis, S., Jansen, A., Willmes, K., Konrad, K., et al. (2009).

Neural integration of iconic and unrelated coverbal gestures: a functional MRI

study. Hum. Brain Mapp. 30, 3309–3324. doi: 10.1002/hbm.20753

Hauk, O., Johnsrude, I., and Pulvermuller, F. (2004). Somatotopic representation

of action words in human motor and premotor cortex. Neuron 41, 301–307.

doi: 10.1016/s0896-6273(03)00838-9

He, Y., Gebhardt, H., Steines, M., Sammer, G., Kircher, T., Nagels, A., et al.

(2015). The EEG and fMRI signatures of neural integration: an investigation

of meaningful gestures and corresponding speech.Neuropsychologia 72, 27–42.

doi: 10.1016/j.neuropsychologia.2015.04.018

He, Y., Steines, M., Sammer, G., Nagels, A., Kircher, T., and Straube, B.

(2018a). Action-related speech modulates beta oscillations during observation

of tool-use gestures. Brain Topogr. 31, 838–847. doi: 10.1007/s10548-018

-0641-z

He, Y., Steines, M., Sommer, J., Gebhardt, H., Nagels, A., Sammer, G.,

et al. (2018b). Spatial-temporal dynamics of gesture-speech integration:

a simultaneous EEG-fMRI study. Brain Struct. Funct. 223, 3073–3089.

doi: 10.1007/s00429-018-1674-5

Holle, H., Gunter, T. C., Ruschemeyer, S. A., Hennenlotter, A., and Iacoboni, M.

(2008). Neural correlates of the processing of co-speech gestures. Neuroimage

39, 2010–2024. doi: 10.1016/j.neuroimage.2007.10.055

Hostetter, A. B. (2011).When do gestures communicate? Ameta-analysis. Psychol.

Bull. 137, 297–315. doi: 10.1037/a0022128

Hostetter, A. B., and Alibali, M. W. (2008). Visible embodiment: gestures

as simulated action. Psychon. Bull. Rev. 15, 495–514. doi: 10.3758/pbr.15.

3.495

Hubbard, A. L., Wilson, S. M., Callan, D. E., and Dapretto, M. (2009).

Giving speech a hand: gesture modulates activity in auditory cortex during

speech perception. Hum. Brain Mapp. 30, 1028–1037. doi: 10.1002/hbm.

20565

Frontiers in Human Neuroscience | www.frontiersin.org 7 December 2018 | Volume 12 | Article 482

https://doi.org/10.1016/j.clinph.2017.06.001
https://doi.org/10.1002/brb3.550
https://doi.org/10.1016/j.neuroimage.2016.10.050
https://doi.org/10.1146/annurev.psych.59.103006.093639
https://doi.org/10.1111/ene.12748
https://doi.org/10.1037/0033-295X.108.3.624
https://doi.org/10.1152/jn.00285.2017
https://doi.org/10.1016/S0093-934X(03)00356-0
https://doi.org/10.1016/S0093-934X(03)00356-0
https://doi.org/10.1146/annurev-neuro-071013-013950
https://doi.org/10.1016/j.brs.2014.12.001
https://doi.org/10.1016/j.neuroimage.2015.05.080
https://doi.org/10.1016/j.neuroimage.2015.05.080
https://doi.org/10.1002/hbm.20774
https://doi.org/10.1002/hbm.22222
https://doi.org/10.1523/jneurosci.2450-16.2016
https://doi.org/10.1038/nature01647
https://doi.org/10.1002/hbm.20753
https://doi.org/10.1016/s0896-6273(03)00838-9
https://doi.org/10.1016/j.neuropsychologia.2015.04.018
https://doi.org/10.1007/s10548-018-0641-z
https://doi.org/10.1007/s10548-018-0641-z
https://doi.org/10.1007/s00429-018-1674-5
https://doi.org/10.1016/j.neuroimage.2007.10.055
https://doi.org/10.1037/a0022128
https://doi.org/10.3758/pbr.15.3.495
https://doi.org/10.3758/pbr.15.3.495
https://doi.org/10.1002/hbm.20565
https://doi.org/10.1002/hbm.20565
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Hayek et al. Role of Sensorimotor Cortex in Gestural-Verbal Integration

Jacobson, L., Koslowsky, M., and Lavidor, M. (2012). tDCS polarity effects in

motor and cognitive domains: a meta-analytical review. Exp. Brain Res. 216,

1–10. doi: 10.1007/s00221-011-2891-9

Jeon, H., and Lee, S. H. (2018). From neurons to social beings: short review of

the mirror neuron system research and its socio-psychological and psychiatric

implications. Clin. Psychopharmacol. Neurosci. 16, 18–31. doi: 10.9758/cpn.

2018.16.1.18

Kana, R. K., Ammons, C. J., Doss, C. F., Waite, M. E., Kana, B., Herringshaw, A. J.,

et al. (2015). Language andmotor cortex response to comprehending accidental

and intentional action sentences. Neuropsychologia 77, 158–164. doi: 10.1016/j.

neuropsychologia.2015.08.020

Kana, R. K., Blum, E. R., Ladden, S. L., and Ver Hoef, L. W. (2012). ‘‘How to do

things with words’’: role of motor cortex in semantic representation of action

words.Neuropsychologia 50, 3403–3409. doi: 10.1016/j.neuropsychologia.2012.

09.006

Kelly, S., Healey, M., Ozyurek, A., and Holler, J. (2015). The processing of speech,

gesture and action during language comprehension. Psychon. Bull. Rev. 22,

517–523. doi: 10.3758/s13423-014-0681-7

Kemmerer, D., Castillo, J. G., Talavage, T., Patterson, S., and Wiley, C. (2008).

Neuroanatomical distribution of five semantic components of verbs: evidence

from fMRI. Brain Lang. 107, 16–43. doi: 10.1016/j.bandl.2007.09.003

Kircher, T., Straube, B., Leube, D., Weis, S., Sachs, O., Willmes, K., et al.

(2009). Neural interaction of speech and gesture: differential activations of

metaphoric co-verbal gestures. Neuropsychologia 47, 169–179. doi: 10.1016/j.

neuropsychologia.2008.08.009

Klepp, A., Niccolai, V., Buccino, G., Schnitzler, A., and Biermann-Ruben, K.

(2015). Language-motor interference reflected in MEG beta oscillations.

Neuroimage 109, 438–448. doi: 10.1016/j.neuroimage.2014.12.077

Koechlin, E., Ody, C., and Kouneiher, F. (2003). The architecture of

cognitive control in the human prefrontal cortex. Science 302, 1181–1185.

doi: 10.1126/science.1088545

Lavidor, M. (2016). tES stimulation as a tool to investigate cognitive processes

in healthy individuals. European Psychologist 21, 15–29. doi: 10.1027/1016-

9040/a000248

Marstaller, L., and Burianova, H. (2015). A common functional neural network for

overt production of speech and gesture.Neuroscience 284, 29–41. doi: 10.1016/j.

neuroscience.2014.09.067

Martin, A. K., Meinzer, M., Lindenberg, R., Sieg, M. M., Nachtigall, L., and

Floel, A. (2017). Effects of transcranial direct current stimulation on neural

networks structure in young and older adults. J. Cogn. Neurosci. 29, 1817–1828.

doi: 10.1162/jocn_a_01166

Meinzer, M., Antonenko, D., Lindenberg, R., Hetzer, S., Ulm, L., Avirame, K.,

et al. (2012). Electrical brain stimulation improves cognitive performance by

modulating functional connectivity and task-specific activation. J. Neurosci. 32,

1859–1866. doi: 10.1523/JNEUROSCI.4812-11.2012

Meinzer, M., Darkow, R., Lindenberg, R., and Floel, A. (2016). Electrical

stimulation of the motor cortex enhances treatment outcome in post-stroke

aphasia. Brain 139, 1152–1163. doi: 10.1093/brain/aww002

Mollo, G., Pulvermuller, F., and Hauk, O. (2016). Movement priming

of EEG/MEG brain responses for action-words characterizes the link

between language and action. Cortex 74, 262–276. doi: 10.1016/j.cortex.2015.

10.021

Nitsche, M. A., and Paulus, W. (2011). Transcranial direct current stimulation-

-update 2011. Restor. Neurol. Neurosci. 29, 463–492. doi: 10.3233/RNN-

2011-0618

Nitsche, M. A., Doemkes, S., Karakose, T., Antal, A., Liebetanz, D., Lang, N.,

et al. (2007). Shaping the effects of transcranial direct current stimulation of

the human motor cortex. J. Neurophysiol. 97, 3109–3117. doi: 10.1152/jn.01

312.2006

Ouellet, J., McGirr, A., Van den Eynde, F., Jollant, F., Lepage, M., and

Berlim, M. T. (2015). Enhancing decision-making and cognitive impulse

control with transcranial direct current stimulation (tDCS) applied

over the orbitofrontal cortex (OFC): A randomized and sham-controlled

exploratory study. J. Psychiatr. Res. 69, 27–34. doi: 10.1016/j.jpsychires.2015.

07.018

Ozyurek, A. (2014). Hearing and seeing meaning in speech and gesture:

insights from brain and behaviour. Philos. Trans. R. Soc. Lond. B. Biol. Sci.

369:20130296. doi: 10.1098/rstb.2013.0296

Parkin, B. L., Ekhtiari, H., and Walsh, V. F. (2015). Non-invasive human

brain stimulation in cognitive neuroscience: a primer. Neuron 87, 932–945.

doi: 10.1016/j.neuron.2015.07.032

Parzuchowski, M., Szymkow, A., Baryla, W., and Wojciszke, B. (2014). From the

heart: hand over heart as an embodiment of honesty.Cogn. Process 15, 237–244.

doi: 10.1007/s10339-014-0606-4

Polania, R., Nitsche, M. A., and Ruff, C. C. (2018). Studying and modifying

brain function with non-invasive brain stimulation.Nat. Neurosci. 21, 174–187.

doi: 10.1038/s41593-017-0054-4

Poreisz, C., Boros, K., Antal, A., and Paulus, W. (2007). Safety aspects of

transcranial direct current stimulation concerning healthy subjects and

patients. Brain Res. Bull. 72, 208–214. doi: 10.1016/j.brainresbull.2007.

01.004

Proverbio, A. M., Calbi, M., Manfredi, M., and Zani, A. (2014). Comprehending

body language and mimics: an ERP and neuroimaging study on Italian actors

and viewers. PLoS One 9:e91294. doi: 10.1371/journal.pone.0091294

Proverbio, A. M., Gabaro, V., Orlandi, A., and Zani, A. (2015). Semantic brain

areas are involved in gesture comprehension: an electrical neuroimaging study.

Brain Lang. 147, 30–40. doi: 10.1016/j.bandl.2015.05.002

Pulvermuller, F., and Fadiga, L. (2010). Active perception: sensorimotor

circuits as a cortical basis for language. Nat. Rev. Neurosci. 11, 351–360.

doi: 10.1038/nrn2811

Radman, N., Britz, J., Buetler, K., Weekes, B. S., Spierer, L., and Annoni, J. M.

(2018). Dorsolateral prefrontal transcranial direct current stimulation

modulates language processing but does not facilitate overt second

language word production. Front. Neurosci. 12:490. doi: 10.3389/fnins.2018.

00490

Rapp, A. M., Leube, D. T., Erb, M., Grodd, W., and Kircher, T. T. (2007).

Laterality in metaphor processing: lack of evidence from functional magnetic

resonance imaging for the right hemisphere theory. Brain Lang. 100, 142–149.

doi: 10.1016/j.bandl.2006.04.004

Rapp, A. M., Mutschler, D. E., and Erb, M. (2012). Where in the brain is nonliteral

language? A coordinate-based meta-analysis of functional magnetic resonance

imaging studies. Neuroimage 63, 600–610. doi: 10.1016/j.neuroimage.2012.

06.022

Rizzolatti, G., Cattaneo, L., Fabbri-Destro, M., and Rozzi, S. (2014). Cortical

mechanisms underlying the organization of goal-directed actions and

mirror neuron-based action understanding. Physiol. Rev. 94, 655–706.

doi: 10.1152/physrev.00009.2013

Rizzolatti, G., Fogassi, L., and Gallese, V. (2001). Neurophysiological mechanisms

underlying the understanding and imitation of action. Nat. Rev. Neurosci. 2,

661–670. doi: 10.1038/35090060

Schaller, F., Weiss, S., and Muller, H. M. (2017). EEG beta-power changes reflect

motor involvement in abstract action language processing. Brain Lang. 168,

95–105. doi: 10.1016/j.bandl.2017.01.010

Schulke, R., and Straube, B. (2017).Modulating the assessment of semantic speech-

gesture relatedness via transcranial direct current stimulation of the left frontal

cortex. Brain Stimul. 10, 223–230. doi: 10.1016/j.brs.2016.10.012

Schulke, R., and Straube, B. (2018). Transcranial direct current stimulation

improves semantic speech-gesture matching in patients with schizophrenia

spectrum disorder. Schizophr. Bull. doi: 10.1093/schbul/sby144 [Epub ahead of

print].

Siciliano, R., Hirata, Y., and Kelly, S. D. (2016). Electrical stimulation over

left inferior frontal gyrus disrupts hand gesture’s role in foreign vocabulary

learning. Edu. Neurosci. 1:2377616116652402. doi: 10.1177/2377616116652402

Spitzer, M., Wildenhain, J., Rappsilber, J., and Tyers, M. (2014). BoxPlotR: a

web tool for generation of box plots. Nat. Methods 11, 121–122. doi: 10.1038/

nmeth.2811

Straube, B., Green, A., Bromberger, B., and Kircher, T. (2011). The differentiation

of iconic and metaphoric gestures: common and unique integration processes.

Hum. Brain Mapp. 32, 520–533. doi: 10.1002/hbm.21041

Straube, B., Green, A., Weis, S., and Kircher, T. (2012). A supramodal neural

network for speech and gesture semantics: an fMRI study. PLoS One 7:e51207.

doi: 10.1371/journal.pone.0051207

Straube, B., He, Y., Steines, M., Gebhardt, H., Kircher, T., Sammer, G., et al.

(2013). Supramodal neural processing of abstract information conveyed by

speech and gesture. Front. Behav. Neurosci. 7:120. doi: 10.3389/fnbeh.2013.

00120

Frontiers in Human Neuroscience | www.frontiersin.org 8 December 2018 | Volume 12 | Article 482

https://doi.org/10.1007/s00221-011-2891-9
https://doi.org/10.9758/cpn.2018.16.1.18
https://doi.org/10.9758/cpn.2018.16.1.18
https://doi.org/10.1016/j.neuropsychologia.2015.08.020
https://doi.org/10.1016/j.neuropsychologia.2015.08.020
https://doi.org/10.1016/j.neuropsychologia.2012.09.006
https://doi.org/10.1016/j.neuropsychologia.2012.09.006
https://doi.org/10.3758/s13423-014-0681-7
https://doi.org/10.1016/j.bandl.2007.09.003
https://doi.org/10.1016/j.neuropsychologia.2008.08.009
https://doi.org/10.1016/j.neuropsychologia.2008.08.009
https://doi.org/10.1016/j.neuroimage.2014.12.077
https://doi.org/10.1126/science.1088545
https://doi.org/10.1027/1016-9040/a000248
https://doi.org/10.1027/1016-9040/a000248
https://doi.org/10.1016/j.neuroscience.2014.09.067
https://doi.org/10.1016/j.neuroscience.2014.09.067
https://doi.org/10.1162/jocn_a_01166
https://doi.org/10.1523/JNEUROSCI.4812-11.2012
https://doi.org/10.1093/brain/aww002
https://doi.org/10.1016/j.cortex.2015.10.021
https://doi.org/10.1016/j.cortex.2015.10.021
https://doi.org/10.3233/RNN-2011-0618
https://doi.org/10.3233/RNN-2011-0618
https://doi.org/10.1152/jn.01312.2006
https://doi.org/10.1152/jn.01312.2006
https://doi.org/10.1016/j.jpsychires.2015.07.018
https://doi.org/10.1016/j.jpsychires.2015.07.018
https://doi.org/10.1098/rstb.2013.0296
https://doi.org/10.1016/j.neuron.2015.07.032
https://doi.org/10.1007/s10339-014-0606-4
https://doi.org/10.1038/s41593-017-0054-4
https://doi.org/10.1016/j.brainresbull.2007.01.004
https://doi.org/10.1016/j.brainresbull.2007.01.004
https://doi.org/10.1371/journal.pone.0091294
https://doi.org/10.1016/j.bandl.2015.05.002
https://doi.org/10.1038/nrn2811
https://doi.org/10.3389/fnins.2018.00490
https://doi.org/10.3389/fnins.2018.00490
https://doi.org/10.1016/j.bandl.2006.04.004
https://doi.org/10.1016/j.neuroimage.2012.06.022
https://doi.org/10.1016/j.neuroimage.2012.06.022
https://doi.org/10.1152/physrev.00009.2013
https://doi.org/10.1038/35090060
https://doi.org/10.1016/j.bandl.2017.01.010
https://doi.org/10.1016/j.brs.2016.10.012
https://doi.org/10.1093/schbul/sby144
https://doi.org/10.1177/2377616116652402
https://doi.org/10.1038/nmeth.2811
https://doi.org/10.1038/nmeth.2811
https://doi.org/10.1002/hbm.21041
https://doi.org/10.1371/journal.pone.0051207
https://doi.org/10.3389/fnbeh.2013.00120
https://doi.org/10.3389/fnbeh.2013.00120
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Hayek et al. Role of Sensorimotor Cortex in Gestural-Verbal Integration

Strobach, T., and Antonenko, D. (2017). tDCS-induced effects on executive

functioning and their cognitive mechanisms: a review. J. Cogn. Enhance. 1,

49–64. doi: 10.1007/s41465-016-0004-1

Tettamanti, M., Buccino, G., Saccuman, M. C., Gallese, V., Danna, M., Scifo, P.,

et al. (2005). Listening to action-related sentences activates fronto-parietal

motor circuits. J. Cogn. Neurosci. 17, 273–281. doi: 10.1162/089892905

3124965

Tremblay, S., Austin, D., Hannah, R., and Rothwell, J. C. (2016). Non-invasive

brain stimulation as a tool to study cerebellar-M1 interactions in humans.

Cerebellum Ataxias 3:19. doi: 10.1186/s40673-016-0057-z

Vainiger, D., Labruna, L., Ivry, R. B., and Lavidor, M. (2014). Beyond words:

evidence for automatic language-gesture integration of symbolic gestures but

not dynamic landscapes. Psychol. Res. 78, 55–69. doi: 10.1007/s00426-012-

0475-3

Vieluf, S., Aschersleben, G., and Panzer, S. (2017). Lifespan development of the

bilateral deficit in a simple reaction time task. Exp. Brain. Res. 235, 985–992.

doi: 10.1007/s00221-016-4856-5

Vukovic, N., Feurra, M., Shpektor, A., Myachykov, A., and Shtyrov, Y. (2017).

Primary motor cortex functionally contributes to language comprehension:

An online rTMS study. Neuropsychologia 96, 222–229. doi: 10.1016/j.

neuropsychologia.2017.01.025

Wang, J., Tian, J., Hao, R., Tian, L., and Liu, Q. (2018). Transcranial direct

current stimulation over the right DLPFC selectively modulates subprocesses

in working memory. PeerJ 6:e4906. doi: 10.7717/peerj.4906

Watson, C., Clark, C. M., and Tellegen, A. (1988). Development and validation of

brief measures of positive and negative affect: the PANAS scales. J Pers. Soc.

Psychol. 54, 1063–1070. doi: 10.1037/0022-3514.54.6.1063

Willems, R. M., and Hagoort, P. (2007). Neural evidence for the interplay between

language, gesture and action: a review. Brain Lang. 101, 278–289. doi: 10.1016/j.

bandl.2007.03.004

Willems, R. M., Ozyurek, A., and Hagoort, P. (2007).When languagemeets action:

the neural integration of gesture and speech. Cereb. Cortex 17, 2322–2333.

doi: 10.1093/cercor/bhl141

Yang, L. C., Ren, P., and Ma, Y. Y. (2018). Anodal transcranial direct-current

stimulation over the right dorsolateral prefrontal cortex influences emotional

face perception. Neurosci. Bull. 34, 842–848. doi: 10.1007/s12264-018-0242-6

Yavari, F., Jamil, A., Mosayebi Samani, M., Vidor, L. P., and Nitsche, M. A.

(2017). Basic and functional effects of transcranial electrical stimulation (tES)-

an introduction. Neurosci. Biobehav. Rev. 85, 81–92. doi: 10.1007/978-3-319-

56782-2_9040-1

Zhao, W. Y., Riggs, K., Schindler, I., and Holle, H. (2018). Transcranial magnetic

stimulation over left inferior frontal and posterior temporal cortex disrupts

gesture-speech integration. J. Neurosci. 38, 1891–1900. doi: 10.1523/jneurosci.

1748-17.2017

Zmigrod, S., Zmigrod, L., and Hommel, B. (2016). Transcranial direct current

stimulation (tDCS) over the right dorsolateral prefrontal cortex affects stimulus

conflict but not response conflict. Neuroscience 322, 320–325. doi: 10.1016/j.

neuroscience.2016.02.046

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Hayek, Flöel and Antonenko. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Human Neuroscience | www.frontiersin.org 9 December 2018 | Volume 12 | Article 482

https://doi.org/10.1007/s41465-016-0004-1
https://doi.org/10.1162/0898929053124965
https://doi.org/10.1162/0898929053124965
https://doi.org/10.1186/s40673-016-0057-z
https://doi.org/10.1007/s00426-012-0475-3
https://doi.org/10.1007/s00426-012-0475-3
https://doi.org/10.1007/s00221-016-4856-5
https://doi.org/10.1016/j.neuropsychologia.2017.01.025
https://doi.org/10.1016/j.neuropsychologia.2017.01.025
https://doi.org/10.7717/peerj.4906
https://doi.org/10.1037/0022-3514.54.6.1063
https://doi.org/10.1016/j.bandl.2007.03.004
https://doi.org/10.1016/j.bandl.2007.03.004
https://doi.org/10.1093/cercor/bhl141
https://doi.org/10.1007/s12264-018-0242-6
https://doi.org/10.1007/978-3-319-56782-2_9040-1
https://doi.org/10.1007/978-3-319-56782-2_9040-1
https://doi.org/10.1523/jneurosci.1748-17.2017
https://doi.org/10.1523/jneurosci.1748-17.2017
https://doi.org/10.1016/j.neuroscience.2016.02.046
https://doi.org/10.1016/j.neuroscience.2016.02.046
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


 
 Appendix B:  Anteil Aller Autoren bei Kumulativen Dissertationen  Manuscript 1: Hayek, D., Thams, F., Floel, A., and Antonenko, D., (submitted) “Dentate gyrus volume 

mediates the relation between fornix microstructure and episodic memory performance in older adults”  D.H, D.A. and A.F. designed research. D.H., F.T., and D.A. analyzed the data. D.H. performed tractography and volumetric analysis D.H. prepared all figures. D.H. and D.A. wrote the manuscript. All authors reviewed and revised the manuscript.  Manuscript 2: Antonenko, D., Hayek. D, Netzband, J., Grittner, U., and Floel, A. (2019). "tDCS-induced episodic memory enhancement and its association with functional network coupling in older adults."  Sci Rep 9 (1):2273. doi: 10.1038/s41598-019-38630-7.  D.A. and A.F. designed research. D.A., D.H. and J.N. collected the data. D.A., D.H., J.N. and U.G. analyzed the data. D.H. performed resting state functional analysis. D.A. prepared all figures. D.A. and A.F. wrote the manuscript. All authors reviewed and revised the manuscript.  Manuscript 3: Hayek, D., Floel, A., and Antonenko, D. (2018). "Role of Sensorimotor Cortex in Gestural-Verbal Integration."  Front Hum Neurosci 12:482. doi: 10.3389/fnhum.2018.00482.  DH, AF and DA designed research; DH and DA performed research; DH, AF and DA analyzed data; DH, AF and DA wrote the paper.    
 
 
 
 
 
 
 
 
 
 



 
 Appendix C: List of Publications (Peer-reviewed journal articles)   Hayek, D., Floel, A., & Antonenko, D. (2018). Role of Sensorimotor Cortex in Gestural-Verbal Integration. Front Hum Neurosci, 12, 482. doi:10.3389/fnhum.2018.00482   Antonenko, D., D. Hayek, J. Netzband, U. Grittner, and A. Floel. (2019). "tDCS-induced episodic memory enhancement and its association with functional network coupling in older adults."  Sci Rep, 9 (1):2273. doi: 10.1038/s41598-019-38630-7  Antonenko, D., Schubert, F., Bohm, F., Ittermann, B., Aydin, S., Hayek, D., . . . Floel, A. (2017). tDCS-Induced Modulation of GABA Levels and Resting-State Functional Connectivity in Older Adults. J Neurosci, 37(15), 4065-4073. doi:10.1523/JNEUROSCI.0079-17.2017   Hayek, D, Thams, F., Flöel, A., Antonenko, D., Dentate gyrus volume mediates the effect of fornix microstructure on memory formation in older adults (submitted)   Hayek, D, Antonenko, D. et al., The impact of COMT and APOE Polymorphisms on Brain Stimulation Improvement Effect (in prep)   Naser, R., Vandenbosch, R., Omais, S., Hayek, D., Jaafar, C., Al Lafi, S., . . . Ghanem, N. (2016). Role of the Retinoblastoma protein, Rb, during adult neurogenesis in the olfactory bulb. Sci Rep, 6, 20230. doi:10.1038/srep20230              



 
 Acknowledgments 

"No one can whistle a symphony. It takes a whole orchestra to play it." – H.E. Luccock  Prof. Dr. Agnes Flöel: I highly appreciate your continuous support and immense knowledge that added great assets to my research profile. Dr. Daria Antonenko: I don’t think I can find the right words to thank you enough for your patience, motivation, and trust. Your guidance helped me in every step of the way, both on the personal and the professional level.  My thesis committee and reviewers: Prof. Dr. Alfons Hamm, Prof. Dr. Martin Lotze and Prof. Michael Nitsche for their insightful comments and assistance. My lovely colleagues: Friederike Thams, Robert Malinowski, Annick Wüsten, Viola von Podewils, Hamza Moussa, Angelica Soussa, Gloria Benson, Claudia Schwarz, Hui Wang, Laura Goeschel, Theresa Köbe, Torsten Rackoll. Thank you for your cooperation and friendship! Katholischer Akademischer Ausländer-Dienst (KAAD) for funding my studies over the three years: Dr. Christina Pfestroff, Mrs. Nora Kalbarczyk, Mrs. Santra Sontowski. Your support was not only financial, but also moral and personal.  Last but not least, to the reason of my strength: Dori Chbib, Almaza & Joseph Hayek, David and Elsy Hayek, Joe Hayek, Yara Hayek, Kamal & Vera Chbib, Joelle Chbib, Dani Chbib. I am sure that I 
wouldn’t have done this without you by my side. Whatever level of success I reach, it would mean nothing without your presence.    


	tDCS-induced episodic memory enhancement and its association with functional network coupling in older adults
	Results
	tDCS-induced learning and memory improvement. 
	Memory performance. 
	Learning performance. 

	Functional network correlates. 
	Baseline correlations. 
	Association of functional connectivity with individual tDCS-induced improvement. 

	Control variables, mood ratings and adverse effect questionnaire. 

	Discussion
	Materials and Methods
	Participants and experimental procedure. 
	tDCS. 
	Episodic memory task. 
	MRI acquisition. 
	fMRI analysis. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Accuracy in the episodic memory task.
	Figure 2 Reaction time in the memory task.
	Figure 3 Scatterplot of functional connectivity and memory performance.
	Figure 4 Partial regression plot (residuals) for the association between functional connectivity and individual responsiveness to tDCS (β = 0.
	Table 1 Multiple linear regression analysis for difference in memory performance (anodal minus sham) (dependent variable) (n = 34).
	Table 2 Digit span test performance.
	Table 3 Mood ratings.
	Table 4 Adverse effect ratings after the last experimental session.
	Table 5 Sample characteristics.

	Role of Sensorimotor Cortex in Gestural-Verbal Integration
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Study Design
	Stimuli
	Gestural Task
	Attentional Load Task
	Simple Reaction Time Task

	tDCS
	Statistical Analysis

	RESULTS
	Task Versions Validation
	Reaction Times (RTs)
	Percentage of Correct Responses
	Mood Rating and Stimulation Side Effects

	DISCUSSION
	Neural Correlates of Gestural-Verbal Integration
	Involvement of M1 in Cognitive Control Mechanism

	CONCLUSIONS AND OUTLOOK
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


