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Abstract

Background: Working memory decline has been associated with normal aging. The frontal 

brain structure responsible for this decline is primarily located in the prefrontal cortex (PFC). Our 

previous neuroimaging study demonstrated a significant change in functional connectivity between 

the left dorsolateral PFC (DLPFC) and left ventrolateral PFC (VLPFC) when applying 2mA tDCS 

in MRI scanner during an N-back task. These regions were part of the working memory network. 

The present study is the first study that utilizes individualized finite element models derived from 

older adults’ MRI to predict significant changes of functional connectivity observed from an acute 

tDCS application.

Methods: Individualized head models from 15 healthy older adults (mean age=71.3 years) were 

constructed to create current density maps. Each head model was segmented into 11 tissue types: 

white matter, gray matter, CSF, muscle, blood vessels, fat, eyes, air, skin, cancellous, and cortical 

bone. Electrodes were segmented from T1-weighted images and added to the models. Computed 

median and maximum current density values in the left DLPFC and left VLPFC regions of interest 

(ROIs) were correlated with beta values as functional connectivity metrics measured in different 

timepoint (baseline, during stimulation) and stimulation condition (active and sham).

Main results: Positive significant correlations (R2=0.523 for max J, R2=0.367 for median J, 

p<0.005) were found between the beta values and computed current densities in the left DLPFC 

ROIs for active stimulation, but no significant correlation was found during sham stimulation. We 

found no significant correlation between connectivity and current densities computed in the left 

VLPFC for both active and sham stimulation.

Conclusions: The amount of current within the left DLPFC ROIs was found positively 

correlated with changes in functional connectivity between left DLPFC and left VLPFC during 
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active 2mA stimulation. Future work may include expansion of number of participants to further 

test the accuracy of tDCS models used to predict tDCS-induced functional connectivity changes 

within the working memory network.
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INTRODUCTION

Anatomical and functional changes in the brain can occur with normal aging and have 

been associated with decline in brain function [1–4]. In particular, the prefrontal cortex 

(PFC) exhibits strong age-related changes that affect cognition (e.g., working memory) 

[1]. The working memory process is critical for decision-making and activities of daily 

living and thus age-related cognitive decline can cause loss of independence that could 

impact the quality of life [5,6]. Prior research has explored neuroimaging measures such 

as structural and functional magnetic resonance imaging (fMRI) to investigate the neural 

correlates of working memory performance in older adults [7–9]. For instance, Cabeza et al. 

reported that high-performing older adults exhibited bilateral recruitment of frontal structure 

(neural compensation hypothesis) compared to low performing older adults who exhibited 

a significant increase of the right lateralized blood-oxygenation-level-dependent (BOLD) 

response during a working memory task [8]. Therefore, effective intervention strategies are 

needed to further explore potential means to improve working memory performance affected 

by normal aging.

Transcranial direct current stimulation (tDCS) is a form of non-invasive brain stimulation 

and has the potential to impact cognitive processes, such as remediating age-related 

cognitive decline in older adults [10]. In conventional tDCS, a pair of large electrodes (e.g., 

~35cm2) are fixed on the scalp to deliver a constant current at ~1–2mA [11,12]. One domain 

of cognitive processes that can benefit from tDCS application is working memory [13–15]. 

Prior research shows that tDCS application during a working memory task can increase 

training gains and suggests the efficacy of pairing tDCS with working memory task is state 

dependent [16,17]. A prior neuroimaging study from our research group [18] investigated 

the acute effects of an in-scanner 2mA tDCS application over the frontal cortex of healthy 

older adults during working memory tasks. The prior study found a significant increase in 

functional connectivity between the left dorsolateral prefrontal cortex (lh-DLPFC) and left 

ventrolateral prefrontal cortex (lh-VLPFC) during active stimulation, but not during sham 

stimulation.

In-vivo measurements of tDCS electrical current distribution in the brain are difficult 

to accomplish and thus MRI-derived computational modeling has been used to estimate 

delivered tDCS current dose in the brain [19–21]. These computational models use finite 

element method (FEM) to construct realistic head models derived from structural MRI data 

such as T1- and T2-weighted images. Constructing individualized models that are unique 

to each person improves estimates of tDCS current distribution in the brain because these 

models account for inter-individual anatomical differences [22–24]. Prior research shows 
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that estimated field measures generated from tDCS computational models can be used to 

predict associated tDCS-induced changes seen in acquired functional MRI (fMRI) data. 

For instance, Halko et al. [25] compared field measures generated from tDCS models to 

fMRI BOLD activation in a 61-year-old stroke patient, and found a positive correlation 

(r=0.308, p<0.05) between calculated maximum electric field within the occipital cortex 

and changes in fMRI BOLD response in the occipital lobe. Jamil et al. [26] performed a 

correlation analysis in 29 young adults (mean age(SD): 25(4.4) years) to investigate the 

relationship between tDCS-induced cerebral blood flow measured via arterial spin labeling 

and electric fields generated from a single FEM model derived from an MNI template 

head. They reported a similar relationship where the maximum electric field within the 

primary motor cortex was positively correlated (r=0.204, p<0.0001) with measured cerebral 

blood flow. Antonenko et al. [27] was the first study to use FEM to investigate functional 

connectivity changes induced by tDCS. They performed FEM modeling study in 24 tDCS 

recipients (mean age (SD): 25(4) years) and found a positive correlation between the normal 

component of computed electric fields and the sensorimotor network strengths derived from 

functional connectivity measurements of resting-state fMRI within the precentral gyrus. 

However, there has not been a tDCS computational study that investigates the relationship 

between estimated current dose in the brain and measured functional connectivity changes 

within the working memory network resulting from tDCS application in an older adult 

population.

In a recently published paper from our research group [18], Nissim et al. reported a 

mechanistic study investigating the acute effects of a single session in-scanner bilateral 

tDCS (2mA, 12 minutes) on functional connectivity of the working memory network 

in healthy older adults. The prior study found significant connectivity changes between 

lh-DLPFC and lh-VLPFC during an active tDCS stimulation paired with an N-back task 

[18]. Specifically, the connectivity changes were measured as beta values within spherical 

regions of interest (ROIs) that were located within lh-DLPFC and lh-VLPFC. The spherical 

ROIs were derived from a meta-analysis conducted by Owen et al. [9] that reported MNI 

coordinates for the nodes that are representative of the working memory network. In the 

present study, we generated current density maps using individualized FEM modeling 

derived from the same participants to predict previously reported tDCS-induced functional 

connectivity changes within the working memory network [18]. The present study is the first 

modeling study performed on the acute in-scanner tDCS dataset reported in Nissim et al. 

[18]. Since the prior study performed an in-scanner tDCS, the electrode pads and paste were 

captured as part of the structural MR data (T1-weighted images). Therefore, the electrodes 

were manually segmented directly from the T1-weighted images. In the present study, we 

hypothesized that computed current density within the same ROIs would be positively 

correlated with the beta values measured during active stimulation, but not with the beta 

values measured during sham stimulation. Further, computed current densities within each 

ROI may provide insight into the relationship between the role of current dose delivered in 

each ROI and the observed significant changes in functional connectivity between these two 

ROIs.
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METHODS

Detailed information regarding participant recruitment, screening, inclusion/exclusion 

criteria, and study methods can be found in the previously published study [18]. In 

brief, sixteen older adults (age range=61–82 years, mean age=71.8 years, 6 females, mean 

education=16.8 years) that were deemed as healthy older adults defined as cognitively 

intact/cognitively healthy individuals, without any form of neurodegenerative diseases 

and cognitive impairment. The screening process to confirm cognitively healthy in each 

participant was based on a Montreal Cognitive Assessment (MoCA) score of 20 and 

above. Each participant underwent an in-scanner tDCS and had two MRI sessions paired 

with one active and one sham tDCS. One participant was excluded from the present 

modeling study due to poor SNR in the acquired T1-weighted data. The remaining 

fifteen T1-weighted images were converted into head models for generating field maps. 

Computed current density values were compared to significant beta values that were 

calculated in previously performed functional connectivity analyses [18]. Additional details 

on neuroimaging methods, stimulation information, and modeling workflow are described in 

the following subsections.

Functional MRI and tDCS Application

Imaging Acquisition—Individual T1-weighted images were acquired using MPRAGE 

sequence in 3T Phillips Achieva MRI scanner (FOV=240×240×170mm, voxel size=1mm3, 

TR=7ms, TE=3.2ms, flip angle=8°) prior to fMRI data acquisition. fMRI images were 

acquired using a single-shot EPI sequence (36 slices, voxel size 3.5mm3, TR=2000ms, 

TE=30ms, flip angle=80°). All scans were collected using a 32-channel head coil.

tDCS Parameter and fMRI Paradigm—During fMRI data acquisition, participants 

performed a series of N-back tasks aimed at activation of the working memory network 

while under both sham and active stimulation. A total of three N-Back task with 12 

minutes duration each was performed in-scanner by participants before (baseline), during 

and after stimulation. Details on the N-Back task can be found in the prior study [18]. 

Conventional tDCS with 5×7cm2 rubber pad electrodes in F3 (cathode) and F4 (anode) 

location was applied inside the MRI scanner (in-scanner tDCS) during the fMRI paradigm. 

Each participant received one dose of active stimulation and one dose of sham during a 

separate MRI visit. Stimulation of 2mA was applied using the neuroConn DC-Stimulator 

MR for 12 minutes during active condition and 30 seconds during sham condition with 30 

seconds ramp up/down. Stimulation duration of 12 minutes total was selected to match the 

duration of the N-Back task length. A layer of approximately 5mm thick electric conductive 

paste (Ten20 paste) was applied at the interface between the rubber pad electrode and 

the scalp, and the electrodes were held in place using a rubber Soterix Easy-Head strap. 

The stimulation delivery was double-blinded and the order of active and sham tDCS was 

counterbalanced across participants.

Functional Connectivity Analysis—Two spherical regions of interest (ROIs) created 

using the Wake Forest University (WFU) PickAtlas [28,29] and the MNI-coordinates from 

Owen et al. [9] were selected based on seed-to-target ROIs in our published functional 

Indahlastari et al. Page 4

Brain Stimul. Author manuscript; available in PMC 2022 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



connectivity analysis study [18]. The two ROIs consisted of a ~129mm3 sphere within lh-

DLPFC and a ~314mm3 sphere within lh-VLPFC [18]. Functional connectivity analysis was 

performed using CONN Toolbox v.2017.f1 to compute beta values between the two ROIs 

during active and sham stimulation. In CONN, model contrasts comprised various timepoint 

(baseline, during stimulation) and stimulation condition (active, sham) were defined within a 

single stimulation session. A significant increase in functional connectivity seeding between 

lh-DLPFC ROI and lh-VLPFC ROI for during-active over baseline-active contrast (during-

active>baseline-active) was found. The CONN denoising pipeline identifies potential noise 

areas from BOLD images, particularly within two anatomically defined regions namely 

white matter and CSF. During this step, regions within white matter and CSF probability 

masks with intensity above 50% were applied a one-voxel binary erosion.

Computational Modeling

Model Construction—All acquired fifteen T1-weighted images were segmented into 

eleven tissue types using a combination of manual and automatic segmentation process 

following a pipeline described in Appendix A. Each tissue type was assigned unique 

conductivity values derived from the literature [20,30–33]. White matter, gray matter, CSF, 

and skin were assigned conductivity values of 0.126S/m, 0.276S/m, 1.65S/m, and 0.465S/m, 

respectively [30,34]. Muscle, fat, blood vessels, and eyes conductivity values were assigned 

as 0.16S/m, 0.25S/m, 0.67S/m, and 0.5S/m, respectively [20]. Conductivity values of 

21.4e−3S/m and 5.52e−3S/m were assigned to cancellous and cortical bone, respectively 

[33]. Automatic segmentation process for bone, skin and air was completed using SPM 12 

[35] and corrected manually in Simpleware ScanIP module (Synopsys, Exeter, UK). All 

manual segmentation work for the remaining tissue masks was performed in Simpleware 

ScanIP with a reference to an atlas. White and gray matter masks that were previously used 

in CONN analysis were imported to Simpleware and combined with the rest of segmented 

tissue volumes. Since the electrodes were visible in T1-weighted images, the rubber pad 

electrodes and paste were manually segmented directly from T1-Weighted images and 

assigned conductivity values of 1S/m [19] and 0.3178S/m [36], respectively.

Volume Meshing and Model Solution—Segmented head volumes were converted 

into volume meshes in Simpleware ScanFE module and meshed models were exported 

to COMSOL 5.2a for finite element formulation and solution. Terminal current boundary 

conditions of 2mA at F4 and −2mA at F3 were assigned to the model using COMSOL 

AC/DC module [19]. The models were then solved for voltage and converted to current 

density values using COMSOL-MATLAB Livelink Interface.

Current Density Analysis—Generated current density maps in each model were 

restricted using a custom mask containing gray matter, white matter, and CSF compartment. 

A one-voxel binary erosion of white matter and CSF was performed following the CONN 

denoising pipeline outlined in Functional Connectivity Analysis section and combined with 

the custom mask. After the masking process, each current density volume was linearly 

transformed into the WFU PickAtlas space using FSL FMRIB’s Linear Registration Tool 

(FLIRT) [37] and applied the full-width at half maximum (FWHM) Gaussian smoothing 

kernel in SPM with the same setting (8×8×8mm kernel size) as BOLD image processing. 
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Median and maximum values of smoothed current densities were computed in each ROI 

and compared to the beta values obtained from prior connectivity analysis [18] for active 

and sham stimulation in each participant. The median values were used to represent central 

tendency of current density distribution within ROIs. The mean values were omitted to 

avoid skewed values affected by partial volume effects (e.g., outliers from large spikes 

at tissue boundary between CSF and gray matter regions) [19,20]. The maximum current 

density was selected following prior research in this topic [25] and computed as a single 

peak value within each ROI in each head model. Only beta values measured for contrast 

stimulation over baseline (during>baseline) were compared to current density values. Beta 

values measured during the sham stimulation were included in the analysis to investigate 

the specificity between estimated current density values and types of stimulation (active or 

sham). A correlation analysis was performed between computed current densities and beta 

values using SPSS package Version 25 [38] and converted to Cohen’s d [39]. In addition, 

regression analyses were performed to test the effect of age, weight, height, and head fat 

content on computed electric fields. Head fat content was computed by counting the number 

of voxels of fat compartment in each head and normalize them according to voxel count of 

soft tissues in each head (fat, muscle, and skin) [40].

RESULTS

Electric field and current density maps were generated from fifteen segmented head volumes 

and further quantified within the two spherical ROIs: lh-DLPFC and lh-VLPFC. The 

maximum and median values of computed current densities in each ROI were correlated 

to the beta values measured during active but not sham stimulation. Demographic factors 

such as age, weight, height, and body mass index (BMI) of each participant are reported in 

Appendix B. None of the demographic factors or head fat content were found significantly 

correlated to computed field measures as shown in Appendix C. Details of model quality and 

current density analyses are reported in the following subsections.

Segmentation quality and electrode placement

Figure 1 illustrates an overlay of a T1-weighted image and the segmented head volume in 

a single head model consists of eleven tissue types and two sets of electrode’s paste and 

pad. Each of the eleven tissue types and the additional segmented electrodes underwent a 

series of quality assessments to ensure there was no gap between adjacent tissue types and 

that individual tissues were within their respective tissue boundaries in all image slices. 

Figure 2 shows the individual location of manually segmented electrodes (combination of 

pad and paste) in fifteen participants with red denoting the anode and blue denoting the 

cathode location. While the study aimed to stimulate using F4 (red) as anode and F3 (blue) 

as cathode location, there was a slight variation of electrode location across participants for 

both the anodes and the cathodes as illustrated in Figure 2.

Overall current density distribution

Computed field maps in each head model are shown in Figure 3. Overall, field patterns 

across individuals were varied and non-identical. As expected, the overall pattern of 

field measures showed larger values concentrated towards the frontal regions near the 
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electrodes and smaller values distributed towards the posterior of the brain, further away 

from the electrodes. Generated current density maps after being processed with custom 

masks according to the denoising pipeline in CONN are shown as axial slices in Figure 

4. Application of the Gaussian filter to generated current densities produced smoothed 

or blurred texture of distributed current density values, comparable to the appearance of 

processed BOLD images as seen in Figure 4. The black and red circles overlaid onto 

the BOLD images illustrated the location of the spherical ROIs in the lh-DLPFC and the 

lh-VLPFC, respectively.

Current density in the left DLPFC ROI

The overall average of median current density (J[A/m2]) across fifteen participants within 

lh-DLPFC ROI was 0.0814Am−2. The maximum current density computed in lh-DLPFC 

ROIs for all fifteen participants was 0.1094Am−2. Figure 5 shows the correlation plots 

between computed current densities in lh-DLPFC ROIs and measured beta values during 

active and sham stimulation. The correlation plot in Figure 5A shows a significant positive 

relationship between the beta values measured during active stimulation and the maximum 

current density values in lh-DLPFC ROIs (R2=0.523, p=0.0023). Computed median current 

densities within lh-DLPFC are also significantly correlated with the beta values measured 

during active stimulation (R2=0.367, p=0.0168) as shown in Figure 5B. There was no 

correlation between computed maximum and median current density values within lh-

DLPFC ROIs and measured beta values for the sham stimulation (Figure 5C, 5D).

Current density in the left VLPFC ROI

The average median current density within lh-VLPFC ROIs computed in fifteen participants 

was 0.0529Am−2, while the maximum current density was 0.0829Am−2. The correlation 

plots between computed current densities and measured beta values are reported in Figure 

6. We found no correlation between computed maximum and median current densities in 

lh-VLPFC ROIs and the beta values measured during active stimulation (Figure 6A–B). 

There was also no correlation between computed current densities and measured beta values 

for sham stimulation as illustrated in Figure 6C and 6D.

DISCUSSION

The primary goal of the present study is to evaluate the relationship between the current 

dose within brain regions during an acute application of tDCS and resulting significant 

functional connectivity changes. We performed detailed FEM modeling in each individual 

by carefully segmenting each T1-weighted image into eleven tissue types in fifteen healthy 

older adults receiving an in-scanner tDCS during a working memory task. Unique to most 

tDCS computational modeling studies, the electrode pad and paste were visible in individual 

T1 images and thus were manually segmented and combined with the rest of segmented 

tissue volumes. Current density maps from each participant were then post-processed 

following the same pipeline as the BOLD image processing that was used to perform 

functional connectivity analysis. Computed current densities in post-processed models and 

measured significant beta values were compared in each ROI. We found a significant 

positive correlation (p<0.05) between measured beta values during active stimulation and 
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computed current densities within lh-DLPFC ROIs. The findings from this study will be 

discussed further in the following subsections.

Model Validity

Manual tissue segmentation performed in each person allowed additional tissue 

characteristics incorporated into the models, creating a more realistic tissue representation 

in older adults, and, in turn, an improved current density estimation. Each of the eleven 

tissue types were non-identical and shaped differently across participants. Individual shapes 

of tissue regions were assigned unique conductivity values, and thus dictate the patterns 

of electrical current distribution in each person as shown in Figure 3–4. For example, the 

adipose tissue or fat composition in each head model was varied across participants, and 

the inclusion of fat compartment has been found to affect current density prediction by 

up to 60 [40]. We found non-significant relationship between electric field and head fat 

content (R2=0.202, p=0.092), as shown in Appendix C. The non-significance effect of fat 

on computed field measure might be caused by the inclusion of a large number of tissue 

types (eleven tissue types) within our head models. This finding aligned with observation 

reported by Truong et al., stating that the relative contribution from head fat tissue on current 

density was found small when other components of head anatomy were added [40]. In 

addition, accurate representation of bone tissue is important in the generated electric field 

due to its resistive property [41]. Further separation of the skull compartment into cancellous 

and cortical bone is crucial in older adults since bone degradation or osteoporosis causing 

the bone to be more porous (i.e., more spongy or cancellous) is more likely to occur with 

older age especially in female [42]. A considerable portion of cancellous versus cortical 

bone can be seen in the T1 image (Figure 1A) where the cancellous portion appears brighter 

than cortical tissue within skull compartment as well as in segmented volume (Figure 1C). 

Spongy or cancellous bone is comprised of bone marrow that is more conductive compared 

to compact or cortical bone. Therefore, the individual differences of cancellous and cortical 

bone composition across participants contributed to more realistic representation of tissue 

organization in older adults and thus reflected in generated current density estimates in each 

person, which support prior studies in this domain of the importance in including cortical 

and cancellous bone [41,43,44].

Electrodes segmented from individual T1 images captured actual electrode location that 

depict a more accurate prediction of delivered current density distribution in individual 

brain regions. Since this modeling study was performed on an in-scanner tDCS, the precise 

electrode location was captured during imaging and thus the electrodes were visible in the 

T1-weighted scans. The exact electrode location was crucial to formulate more accurate 

boundary conditions in the model where electrical current was applied and removed (anode 

and cathode location). In addition to capturing accurate location of the electrodes, the 

segmented electrodes also provided a more accurate representation of contact areas since 

the input current density is quantified base on the total amount of current divided by the 

contact area. Thus, the location of modeled contact areas in this study are true representation 

of actual electrode placements. While available current flow modeling toolboxes include 

electrode placement routine, the electrodes are artificially placed in their ideal location based 

on the 10–20 EEG system that may not be an exact replica of actual electrode location used 
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during tDCS session. Further, any shifts within electrode location as little as 1cm have been 

shown to have a profound effect on delivered current dose in the brain [11,44,45]. Therefore, 

our models are considered more accurate by incorporating actual electrode placement, in 

terms of location, orientation, and contact area instead of adding artificially made electrodes 

that are placed in their ideal locations based on the 10–20 EEG system prior to calculating 

current density distribution.

Model Implications

Our modeling results further support the importance of incorporating each person’s 

anatomical characteristics to estimate tDCS current delivery at an individual level shown 

by the relationship seen between computed field measures and changes in functional 

connectivity. The levels of current dose delivered to each brain across fifteen participants 

were varied, indicated by a range of computed median and maximum current densities in 

each ROI despite employing the same tDCS parameters (electrode location, input current, 

etc.). This finding demonstrates that the difference in anatomy across different individuals 

contributed to various levels of current dose found in the brain. Further, individual current 

density values corresponded to individual changes in functional connectivity between 

brain regions, underlining the importance of individualized modeling. For instance, the 

anatomical details included in our models, such as the amount of cortical bone or CSF, 

may affect current pattern in the brain. Therefore, modeled tissue shape and organization 

that were unique to each person might be crucial to observed connectivity changes in 

each individual. If the models were generated by using a single template head model, no 

variation would have been seen in their computed current densities and thus would omit 

the distinct relationship seen between various current dosage in each participant and their 

respective measured beta values. Additionally, studies within the tDCS field often result 

in mixed findings [15]. This may be due, in part, by not taking into account individual 

head anatomical differences which cause varying amounts of current to reach the underlying 

tissues. Using the head modeling approach in the current paper will allow for greater 

accuracy and replicability with the tDCS field. Therefore, the construction of individualized 

head models proves to be a robust and promising tool to predict individual changes in 

measured functional connectivity induced by tDCS.

Our findings suggested that the current dose contained within lh-DLPFC contributed to the 

significant changes in functional connectivity within the working memory network induced 

by active tDCS. Out of several combinations of spherical ROIs placed within the working 

memory network, the prior study found significant changes in functional connectivity 

between lh-VLPFC and lh-DLPFC ROIs during active stimulation. Prior research has shown 

that the VLPFC has exhibited increased activity for various cognitive control processes 

while the DLPFC has shown an important contribution towards maintaining, manipulating 

and retrieving information during task delay periods [46–50]. Increased connectivity 

between these two regions suggests enhanced activity in cognitive control processes, which 

is relevant to the working memory domain. Computing the current dose in each of these 

regions provides insight into which of the two brain regions played a larger role in observed 

significant changes of functional connectivity between the two ROIs. Prior studies have 

shown promising results of enhanced activity in the DLPFC regions resulting from brain 
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stimulation [51,52]. Applying tDCS with F3-F4 electrode placement is typically chosen to 

aim current delivery to the DLPFC region [15], which is approximately directly underneath 

and between the electrode pair. As expected, current delivered within the DLPFC region 

was found to be larger in magnitude compared to the VLPFC due to the proximity of 

electrode placement. Further, we found a significant positive correlation with large effect 

size (Cohen’s d=2.094, R2=0.523 for max J, R2=0.367 for median J, p<0.005) between 

computed current densities in lh-DLPFC ROIs and measured connectivity during active 

stimulation. No significant correlation was found between computed current densities in lh-

VLPFC and measured connectivity. Therefore, our findings implied that significant changes 

in functional connectivity between lh-DLPFC and lh-VLPFC during a pairing between a 

working memory task and acute tDCS application were driven by the amount of current 

delivered to the left DLPFC area. These findings suggest that future dosing strategies 

should consider maximizing current delivery at targeted brain region to optimize stimulation 

outcomes associated with that region. Taken together, our study suggests the potential 

benefit of pairing computational modeling and neuroimaging methods by isolating current 

characteristics and corresponding functional changes that may allow future formulation of 

precision dosing applications to maximize tDCS effects.

The lack of significant correlation between current density and functional connectivity 

during sham stimulation indicates specificity of the relationship between estimated current 

densities and a brief stimulation duration. The sham stimulation only consisted of a brief 

current application of 30 sonds at the start of the N-Back task with 30s ramp up/down. We 

found that the estimated current dose in both ROIs did not have a significant correlation with 

measured connectivity during sham stimulation which suggests that functional connectivity 

captured during sham stimulation was not affected by the brief presence of electrical current. 

Therefore, our models demonstrate that estimated current density was able to capture the 

changes caused by active stimulation and not sham stimulation, indicating evidence of a 

mutual relationship between current dose delivery and measured connectivity change during 

active stimulation.

Model limitation and future direction

We acknowledge a number of limitations present in our study. While individual tissues 

were manually corrected and segmented, the resolution of each tissue type was limited by 

the resolution of the MR scans (1mm3). There might be a partial volume effect that may 

cause the head model to be less accurate and, in turn, affecting estimated current density in 

each ROI. Similarly, estimated field measures are highly dependent on assigned conductivity 

values in each tissue. We used the most common set of conductivity values performed 

in prior tDCS computational studies [30,31]. As in-vivo measurements of conductivity 

values become available, it is crucial to rerun these models and obtain the most accurate 

estimation possible. In addition, future studies can utilize higher resolution images, if 

available, to further improve model estimation. We also acknowledge the small number 

of participants (N=15) included in this study. A larger cohort study is required to further 

test the validity of model prediction in estimating functional connectivity changes in the 

working memory network. A similar modeling pipeline can be used by incorporating 

different tDCS parameters (e.g., electrode location, electrode size, current dose) to predict 
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functional connectivity in other brain networks, such as the default mode network or 

sensory-motor network to investigate the relationship between current dose and changes 

in functional connectivity. Further, additional connectivity analyses using anatomical based 

ROIs in addition to spherical ROIs might be useful in capturing any functional changes 

outside spherical ROIs and within anatomically defined brain regions affected by delivered 

tDCS. Registering individual heads to a more appropriate older adult based template such 

as the UFAB-587 [23] may also increase the accuracy of analyzing functional data in older 

adult cohort since structural decline such as brain atrophy would be counted when analyzing 

relevant brain regions. In addition, performing a multivariate approach on generated models 

in future study can be beneficial to further explore contributions of median and maximum 

current densities to observed connectivity due to tDCS.

CONCLUSION

We present the first computational study to evaluate the relationship of current dose and 

resulting functional connectivity from an acute tDCS application targeting the working 

memory network in older adults. We found a significant correlation between the amount of 

current density delivered to the left DLPFC and measured functional connectivity between 

the left DLPFC and the left VLPFC during tDCS application paired with the N-Back task. 

Our findings indicate that the large amount of current dose within the left DLPFC may be 

important for eliciting functional connectivity changes within the left DLPFC and the left 

VLPFC. Our modeling results provide insight for future studies that focus on dosing strategy 

[53] to maximize stimulation outcomes within the working memory network.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
T1-weighted images and an overlay of T1 images and segmented tissue volumes. A panel 

view of sagittal, axial, and coronal slice illustrating the A) T1-weighted image, B) 50% 

translucent overlay and C) 100% opaque overlay to demonstrate the tissue segmentation 

quality consists of eleven tissue types: white matter (pink), gray matter (orange), CSF 

(purple), sclera and lens (light blue), blood vessels (dark blue), fat (ivory), muscle (red), skin 

(brown), air/sinuses (dark green), cancellous (magenta) and cortical bone (light green), as 

well as the electrode paste (grey) and pads at F3-F4 location (blue and red, respectively).
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Figure 2. 
Electrode placement in fifteen participants. Each electrode (illustrated as a combination 

of pad and paste) at the anode (red, F4) and cathode (blue, F3) location was manually 

segmented from captured electrodes in individual T1-weighted images. The participant 

number is annotated on the top left of each head model.
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Figure 3. 
Generated electric field magnitudes (EF[A/m]) in fifteen head models. Top view of electric 

field distribution in the brain (white and gray matter) shows non-identical patterns of current 

delivery across individuals. Each participant is denoted by the yellow numbers on top of 

each field map.

Indahlastari et al. Page 17

Brain Stimul. Author manuscript; available in PMC 2022 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Generated current density (J[A/m2]) maps processed according to CONN denoising steps. 

Axial view representing current density distribution in fifteen participants. Each participant 

is denoted by the yellow numbers on the left side of each set of image slices. Slice location 

is denoted by the white numbers on top of each image slice. The left DLPFC regions of 

interest and the left VLPFC regions of interest are annotated by the black and red circles, 

respectively. An illustration of a single processed BOLD image is included in top left corner 

for comparison.

Indahlastari et al. Page 18

Brain Stimul. Author manuscript; available in PMC 2022 March 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Correlation plots between generated current densities (J [A/m2]) in the left DLPFC (lh-

DLPFC) ROIs and measured beta values. Measured beta values during active stimulation 

indicative of the functional connectivity changes between lh-DLPFC and the left VLPFC 

(lh-VLPFC) ROIs are plotted against A) the maximum current density values in lh-DLPFC 

ROIs (R2=0.523, p=0.0023) and B) the median current density values in lh-DLPFC ROIs 

(R2=0.0.367, p=0.0168) computed in fifteen participants. Measured beta values during 

sham stimulation indicative of the functional connectivity changes between lh-DLPFC and 

lh-VLPFC ROIs are plotted against C) the maximum current density values in lh-DLPFC 

ROIs (R2=0.013, p=0.6805) and D) the median current density values in lh-DLPFC ROIs 

(R2=0.063, p=0.8772) computed in fifteen participants.
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Figure 6. 
Correlation plots between generated current densities (J) in the left VLPFC (lh-VLPFC) 

ROI and measured beta values. Measured beta values during active stimulation indicative of 

functional connectivity changes between the left DLPFC (lh-DLPFC) and lh-VLPFC ROIs 

are plotted against A) the maximum current density values in lh-VLPFC ROIs (R2=4e-06, 

p=0.6019) and B) the median current density values in lh-VLPFC ROIs (R2=0.023, 

p=0.6205) computed in fifteen participants. Measured beta values during sham stimulation 

indicative of functional connectivity changes between lh-DLPFC and lh-VLPFC ROIs are 

plotted against C) the maximum current density values in the lh-VLPFC ROIs (R2=0.013, 

p=0.4494) and D) the median current density values in the lh-VLPFC ROIs (R2=0.001, 

p=0.9029) computed in fifteen participants.
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