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Abstract
There is substantial intersubject variability of behavioral and neurophysiological re-
sponses to transcranial electrical stimulation (tES), which represents one of the most 
important limitations of tES. Many tES protocols utilize a fixed experimental param-
eter set disregarding individual anatomical and physiological properties. This one-
size-fits-all approach might be one reason for the observed interindividual response 
variability. Simulation of current flow applying head models based on available ana-
tomical data can help to individualize stimulation parameters and contribute to the 
understanding of the causes of this response variability. Current flow modeling can 
be used to retrospectively investigate the characteristics of tES effectivity. Previous 
studies examined, for example, the impact of skull defects and lesions on the modula-
tion of current flow and demonstrated effective stimulation intensities in different 
age groups. Furthermore, uncertainty analysis of electrical conductivities in current 
flow modeling indicated the most influential tissue compartments. Current flow mod-
eling, when used in prospective study planning, can potentially guide stimulation con-
figurations resulting in individually effective tES. Specifically, current flow modeling 
using individual or matched head models can be employed by clinicians and scientists 
to, for example, plan dosage in tES protocols for individuals or groups of participants. 
We review studies that show a relationship between the presence of behavioral/
neurophysiological responses and features derived from individualized current flow 
models. We highlight the potential benefits of individualized current flow modeling.

K E Y W O R D S
age, current flow simulation, forward modeling, precision medicine, transcranial electrical 
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1  |  INTRODUC TION

Noninvasive transcranial electrical stimulation (tES) includes direct 
current (tDCS), alternating current (tACS), and random noise stimu-
lation (tRNS) (Paulus, 2011). The neuromodulatory effects of these 
techniques have been used in neuroscience to investigate brain 
function (Vosskuhl et al., 2018) and in clinical research to derive new 
therapies (Fregni et al., 2021; Lefaucheur et al., 2017). During the 
last two decades, studies provided essential insights into the mecha-
nisms of action of tES (Fertonani & Miniussi, 2017; Reed & Cohen 
Kadosh,  2018). However, there is substantial variability in the re-
sponses to tES across subjects and within subjects across multiple 
stimulation sessions, which represents one of the most important 
limitations of tES (Fertonani & Miniussi, 2017; Guerra et al., 2020; 
Horvath et al., 2014; Krause & Kadosh, 2014; Li et al., 2015; Medina 
& Cason, 2017; Vergallito et al., 2022).

Experimentally, often a one-size-fits-all approach is used, in 
which a generic stimulation protocol of a particular electrode setup 
and stimulation intensity is applied to all participants. This neglects 
interindividual anatomical and physiological differences.

For example, studies have shown that with an identical montage 
and setup the effects of tDCS on cognitive functions can vary (Hsu 
et al., 2016; Splittgerber et al., 2020; Tseng et al., 2012). Clinical stud-
ies showed that the same stimulation protocols with the same stim-
ulation parameters may not be optimal in different patients (Cappon 
et al., 2016). Due to the individual anatomy of the head, the same 
stimulation setup and parameters will yield different electric fields 
(Datta et al., 2012; Kim et al., 2014) in the targeted and nontargeted 
brain regions. Consequently, the generic one-size-fits-all approach 
might be one of the reasons for the substantial outcome variability 
(Karabanov et al., 2016; Krause & Kadosh, 2014; Li et al., 2015).

While the number of tES studies has grown significantly, the re-
producibility of these studies remains a challenge. A survey found 
that with tDCS only 45%–50% of researchers were able to routinely 
replicate published effects (Héroux et al., 2017). Although less re-
search was published on tACS, similar reproducibility problems 
have been reported (Brauer et al., 2018; Coldea et al., 2021; Jones 
et al., 2019; Veniero et al., 2017).

One possible reason for null effects or failed replications could 
be the differences in anatomy, which affect the amount of current 
entering the brain and the distribution of current in the brain. For 
example, the magnitudes of neurophysiological modulations in-
duced by tDCS were identified to be significantly associated with 
individual simulation-based electric field strengths within the tar-
geted left precentral gyrus (Antonenko et al., 2019). However, about 
2/3 of the studies included in a recent review summarizing the ef-
fects of single-session tDCS on reactive response inhibition in the 
stop-signal task performance incorporated no current flow modeling 
(Friehs et al., 2021).

Current flow modeling describes the quantification of the elec-
tric field and the electric current density throughout the entire head. 
Typically, the quasi-stationary approximation of Maxwell's equations 
is applied in tES current flow modeling. Under this assumption, the 

electric field and the current density are considered to be linearly 
linked via the conductivity values of the modeled tissues. In this re-
view, we focus on interpretations of the electric field as this measure 
is more frequently used in the considered literature. However, that 
does not limit the generality, since the considered linear relationship 
allows a transfer of the interpretations to the current density.

tES applications intend to modulate the activity in one or more 
specific, target brain regions. The electric field is a major determi-
nant for the initiation of the physiological and thus the behavioral 
stimulation effect (Liu et al., 2018; Peterchev et al., 2012). Therefore, 
the stimulation setup should be determined with respect to the 
generated field in the target areas (Bergmann & Hartwigsen, 2020; 
Evans et al.,  2020). At the same time, the electric field possibly 
also modulates activity in other, nontarget brain regions (Gomez-
Tames et al., 2020). Moreover, target and nontarget regions interact 
through their neuronal networks. Consequently, the induced elec-
tric field should be analyzed in both the target and the nontarget 
regions. Both the individual anatomy and the neuronal network 
structure have considerable intersubject variability which affect tES 
outcome.

The orientation of the target1 has an important role as the 
electric field exerts its effect along the field orientation but has a 
negligible effect for vectors orthogonal to the field orientation (Liu 
et al., 2018). Cortical pyramidal cells show a systematic alignment 
perpendicular to the cortical surface. Assemblies of pyramidal cells 
can be modeled as an equivalent dipole and, at the same time, as a 
neural mass in a neural mass model, see Figure 1.

Based on the estimation of electric fields in the brain, the 
electrode placement and the applied current strength can be in-
versely defined to optimally target a specified brain region which 
was modeled as a dipole in the brain. Modeling current flow, 
therefore, provides the basis for tES optimization to provide the 
stimulation to the target brain regions (Dmochowski et al., 2017; 
Gomez-Tames et al., 2019; Guler et al., 2016; Ruffini et al., 2014; 
Wagner et al., 2016). Optimization strategies have different goals 
that are expressed through goal functions and constraints. For ex-
ample, one might want to maximize the field strength at a set of 
target regions with specific target orientations. However, due to 
the restrictions inherent to tES, all optimization results essentially 
represent a compromise between a wished stimulation at target 

Significance

Transcranial electrical stimulation (tES) is a promising 
methodology for interventional neurophysiology used 
in both scientific and therapeutic applications. Many tES 
protocols apply fixed parameters to all participants or pa-
tients contributing to outcome variability. Here we review 
studies using individualized modeling to derive adapted 
stimulation configurations leading to more robust stimula-
tion effects.
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regions and unwanted stimulation at nontarget regions. Even op-
timization on single targets essentially results in a compromise 
between stimulation intensity at the target and the field through-
out the brain (Dmochowski et al., 2011). Without restricting, for 
example, the intensity, also nontarget regions will receive field 
intensities, that might be sufficient to induce modulation effects 
(Gomez-Tames et al., 2020).

The head models applied in current flow modeling can be ex-
tended with models of neurons or neuronal populations repre-
senting brain activity and interacting in networks. The simulated 
induced field at a considered region is used as modulatory input to 
such neuronal models mimicking stimulation effects on the neuro-
nal dynamics which in turn can be used to compute neurophysio-
logical quantities such as the EEG (Kunze et al., 2016), see Figure 1. 
Ultimately, these neurophysiological quantities can be linked to be-
havioral effects or treatment responses.

Previous reviews summarized current flow modeling studies for 
single (Bikson et al., 2012) and multichannel (Miranda et al., 2018) 
tES setups with a focus on the methodological strategy covering the 
pipeline from individual image datasets, over model parameters to 
the electric field simulation and incorporated other sources of be-
havioral variability in terms of state-dependent and contextual fac-
tors (Vergallito et al., 2022).

In line with these preceding reviews summarizing modeling as-
pects and sources of variability in tES effects, in this minireview, we 
build upon an updated literature search. We used the terms “tran-
scranial electrical stimulation” and “current flow model” or “electric 

field model” and “behavioral effect” or “physiological effect” to 
foster the databases of PubMed, the Web of Science, and Google 
Scholar. During the selection of studies for this minireview, we fo-
cused on studies that investigated the association between current 
flow modeling features and the characteristics of behavioral or neu-
rophysiological responses (for an overview see Table 1).

2  |  CURRENT FLOW MODELING IN 
GENERIC AND INDIVIDUAL MODEL S

Simulations of the current flow rely on models of the head (which 
are also called volume conductor models) and models of the elec-
trodes. Initially, spherical head models representing the scalp, 
skull, and brain compartments as nested spheres were utilized 
(Bikson et al.,  2008; Miranda et al.,  2006) to infer the electric 
field intensity and orientation impressed by different stimula-
tion electrode configurations. A first realistically shaped model 
based on magnetic resonance imaging (MRI) data approximated 
the head geometry with scalp, skull, cerebrospinal fluid (CSF), 
gray and white matter to demonstrate different intensity distribu-
tions in brains containing lesions (Wagner et al., 2007). Following 
this line of modeling, tissue compartments of the scalp, skull, 
CSF, and brain were segmented from an MRI dataset of one per-
son (Datta et al., 2009). This model was used to show the differ-
ence in focality between a bipolar and a distributed montage of 
four anodes and one central cathode. The terminology for the 

F I G U R E  1  Structure of the forward and inverse problem setup for tES. A stimulation setup is shown in the left panel with an anode 
(red) and a cathode (blue) and two EEG electrodes (yellow). With the help of a volume conductor model and an electrode model the 
distribution of the electric field is computed (middle panel, field amplitude color coded). Consider, for example, three regions of interest in 
the brain forming a network (location and main orientation indicated by the purple arrows) for which we obtain the electric current flow 
characterized by an amplitude and orientation (red arrows). Note that the two orientations do not necessarily align. Neural activity can be 
described on a physiological level as arising from networks of interacting neurons or neural populations. For example, one may use models 
of interconnected neural masses. The activity in these models is modulated by tES and can be formulated in a way that they predict the 
activity, for example, measured by the EEG during an experiment (right panel). The inverse methods seek to invert these forward models, 
trying to estimate optimal electrode parameters (e.g., number, size, and positions) and/or stimulation current parameters (e.g., amplitude, 
frequency, and/or signal forms).
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current flow modeling and simulation was introduced by Sadleir 
et al.  (2010) and the modeling approaches were first summa-
rized by Bikson et al.  (2012). Rampersad et al.  (2014) proposed a 
model that included scalp, compact and spongy bone, CSF, gray 
and anisotropic white matter which was based on T1, T2, and 
diffusion-weighted MRI datasets. Simulations with several models 
have been performed for individuals in different developmental 
stages (Kessler et al., 2013) and with pathological conditions that 
affect the head geometry (Truong et al., 2013). To compare simula-
tion results derived from individual models, the cortical surfaces 
were mapped into a standard space, for example, the Montreal 
Neurological Institute (MNI) template brain (Laakso et al.,  2016; 
Opitz et al., 2015). Also, generic head models have been proposed 
(Huang et al., 2016). Recent studies with advanced individual head 
models suggest that current flow in a cortical target can predict the 
efficacy of transcranial electrical stimulation (Albizu et al., 2020; 
Kasten et al., 2019; Laakso et al., 2019). Their data emphasize the 
impact of individual brain anatomy on the impressed field intensity 
and spread, and support the usefulness of numerical estimations 
of the electric field to make predictions on the empirical efficacy.

The methodology of current flow modeling was verified in surgi-
cal patients (Huang et al., 2017; Opitz et al., 2016), human cadavers 
(Vöröslakos et al., 2018), and physical phantoms (Jung et al., 2013; 
Kim et al.,  2015) by comparing simulated and measured electric 
fields.

A central question when planning a tES study is the one about 
the methodology for current flow modeling. There are several levels 
of modeling detail (from simple spheres to realistic compartments 
and detailed voxel models) and several methods for computation 
(e.g., semi-analytical, boundary element, finite difference, and fi-
nite element methods) available. The choice needs to consider three 
main factors: accuracy, information availability, and modeling/com-
putation costs. Of course, an analytical multi-sphere model is less 
accurate in terms of the approximation of the head geometry and, 
in consequence, the electric field estimation, than a realistically 
shaped numerical model. However, more realistic models tend to 
require more detailed information in terms of head geometry and 
material properties. The availability of individual MRI scans is not 
always given and thus scaled generic realistic models might be used 
in these cases. In case of only partially available individual data, for 
example, in case of a limited field of view, another approach lies in 
the construction of fused models with extensions of, for example, 
the neck from averaged data (Gomez-Tames et al., 2019). Using real-
istic models necessitates the availability and segmentation of image 
data of the head. The full advantage of finite element over bound-
ary element models is only effective if (possibly anisotropic) con-
ductivity information is available on a voxel or at least on a region 
base. Realistic volume conductor models tend to be more costly, not 
only during the computation but also during model generation, with 
the latter being the more important part. Nevertheless, individually 
shaped compartment models represent the current state of the art.

There are multiple software toolboxes to perform current flow 
modeling, which include freely available tools: SimNIBS (Windhoff 

et al.,  2013), ROAST (Huang et al.,  2019), SCIRun (Dannhauer 
et al., 2012), COMETS (Lee et al., 2017), SimBio (Wagner et al., 2014); 
in-house pipelines (Laakso & Hirata, 2013) and commercial software: 
Simpleware/COMSOL (Datta et al., 2011), HD-Explore/HD-Targets 
(Soterix Medical Inc., Woodbridge, USA), and tES LAB (Neurophet 
Inc., Seoul, Republic of Korea).

3  |  INDUCED FIELD AND STIMUL ATION 
MONTAGE BA SED ON INDIVIDUAL 
MODELING

A cognitive training study with a group of elderly participants did 
not show an expected effect of tDCS on task performance when ap-
plying a protocol with 1 mA current intensity, derived from studies 
with young participants (Antonenko et al., 2022). The authors indi-
cate signs of atrophy in their retrospectively analyzed head mod-
els for current flow modeling and indicated the missing correction 
for effective electric field strength as a compromising factor on 
the stimulation results. A meta-analysis of prefrontal tDCS effects 
on working memory performance was based on a performance—
electric field correlation (PEC) associating behavioral effect size to 
tDCS-induced electric field strength (Wischnewski et al.,  2021). 
Different stimulation configurations including both electrode con-
figurations and stimulation intensities addressing tDCS effects on 
working memory were simulated in a generic head model. The au-
thors found a positive correlation between induced electric field 
strength and reported behavioral effect size. Furthermore, the au-
thors used the location with maximal PEC as the target for a tDCS 
optimization in the generic head model to guide future attempts 
addressing tDCS-induced working memory effects (Wischnewski 
et al., 2021). Similarly, a retrospective analysis of simulated elec-
tric field strength in depressed patients who received tDCS indi-
cated a positive correlation between high electric field strength 
in prefrontal cortical areas and improvements in the behavioral 
outcomes (Suen et al., 2021). Comparing the electric field strength 
from 2 mA tDCS in the dorsolateral prefrontal cortex (DLPFC) of 
healthy older participants to improvements in working memory 
performance indicated the correspondence of higher behavioral 
effects to higher cortical electric field strength. Thus, the au-
thors suggested simulating the stimulation intensity necessary 
to achieve an effective cortical electric field strength (Caulfield 
et al.,  2022). An individual selection of the stimulation montage 
targeting the DLPFC with 4 × 1 montages relied on current flow 
modeling in individual head models from Alzheimer's disease pa-
tients (Rasmussen et al., 2021). In this study, the selection of the 
stimulation electrode configuration was based on the prediction 
of the highest anodal electric field strength in the left DLPFC. The 
individually adapted stimulation montage resulted in significantly 
improved delayed memory in the patients who received a higher 
mean electric field strength (.07 V/m) versus patients with a lower 
mean electric field strength (.05 V/m). This difference of approx. 
28.5% in net electric field strength was linked to an effect size of 
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.78 and thus supports the increase in the tES efficacy based on in-
dividual current flow modeling, taking the effective intensity into 
account. Similarly, Suzuki et al. (2022) selected the electrode mon-
tage for tACS of the motor cortex based on individual modeling 
and used a group-level analysis of the electric field strength in the 
precentral knob. They identified the montage Cz–CP1 to produce 
the most intense (factor 2) and least variable (factor 4) electric 
field intensity in the target area. Consequently, they used this 
stimulation montage to modulate conditioned and unconditioned 
motor evoked potentials (MEPs) by tACS with 10 Hz and 20 Hz and 
found different tACS frequencies to change cortical inhibition, as 
identified in the MEP recordings.

Klaus and Schutter  (2021) investigated the electric field 
strength and spread of large conventional and small alternative 
two-electrode montages for targeting the right posterior cere-
bellum with tDCS. In this study, interindividual and montage dif-
ferences in the achieved maximum field strength, focality, and 
direction of current flow were evaluated in 20 individual head 
models. The findings suggest that compared to several conven-
tional montages, the electric field strength in extra-cerebellar 
regions is significantly reduced by placing smaller electrodes in 
closer vicinity of the targeted area.

The importance of individual current flow modeling is also sup-
ported by studies investigating optimization methods for multi-
channel tDCS in adults and also in children and adolescents (Khan 
et al., 2021; Salvador et al., 2021; Splittgerber et al., 2021).

A comparison of different stimulation montages incorporating 
bipolar setups with large rectangular patch electrodes and small cir-
cular electrodes, as well as 4 × 1 montages (four cathodes surround 
one central anode) revealed interindividual variability and the pre-
dicted electric field strengths to be correlated with the focality of 
the electric field strengths (Mikkonen et al., 2020). This labels indi-
vidual modeling as influential for proposing more specific stimula-
tion montages leading to more focal cortical electric field strength 
profiles.

A multichannel montage was optimized for electric field direc-
tion parallel to assumed dipoles in Brodmann area 42, mirrored at 
the midline and tACS stimulation was provided with 180 degree 
phase shift to the left and right auditory cortex (Meier et al., 2019). 
With this fixed stimulation setup, the authors modulated interhemi-
spheric auditory processing. The efficacy of multichannel tACS for 
improving working memory in older adults was demonstrated by 
stimulating the prefrontal and temporal regions with different stim-
ulation intensities. Stimulation intensities were based on current 
flow modeling that determined comparable electric field strengths 
for the prefrontal regions at .6  mA and the temporal regions at 
1.0 mA (Reinhart & Nguyen, 2019).

The importance of the selection of stimulation intensities was 
also shown in a further multichannel tACS study (Tan et al., 2020), 
suggesting that targeting nonhomologous regions should use 
current flow modeling to determine stimulation intensities that 
provide comparable electric field strengths for the targeted stim-
ulation sites.

Multiple tACS channels with different sinusoidal frequencies 
are superimposed to result in a temporal interference, whereas the 
amplitude of the electric field beats with the frequency difference 
between the tACS channels and is meant to generate more focally 
effective electric fields (cf. (Grossman et al., 2017) for details). A 
recent study performed simulations of temporal interference tES 
(TI-tES) with the aim to derive individually optimized electrode 
montages for three persons such that a targeted region receives 
maximum stimulation (Lee et al., 2020). The authors revealed dif-
ferent electrode montages and stimulation intensity distributions 
on the two TI-tES channels for the three different individual head 
models. On the contralateral side, an electrode at position PO7 
was commonly involved in the stimulation channel with the higher 
stimulation current, which was completed with an electrode at F7, 
FC3, or FC5. On the ipsilateral side, the stimulation channel with 
the lower stimulation channel incorporated T8–F8 or P8–FC6. This 
diversity in the montages underlines the importance of individual 
current flow modeling.

Clinical evaluation was combined with current flow modeling 
in a representative model to investigate the effects of different 
montages in clinical conditions such as fibromyalgia (Mendonca 
et al.,  2011). For each electrode montage, clinical effects were 
correlated with predictions of induced cortical current density 
using a single MRI-derived finite element method head model. 
Their findings suggest that the electrode montage is critical for 
the clinical effects of tDCS as electric current needs to be deliv-
ered to areas associated with the pain matrix. In stroke patients, 
Dmochowski et al. (2013) found a 64% increase in electric current 
in a cortical target and a 38% improvement in a behavioral task 
using individualized electrode montages based on individualized 
MRI-based modeling.

4  |  ANATOMIC AL REPRESENTATION 
A S A DETERMINANT FOR STIMUL ATION 
EFFIC ACY

Anatomical parameters, for example, the thickness of the CSF 
layer and the distance from the electrode to the cortex, have 
been directly linked to the electric field strength in the cortex 
with a negative correlation (Hunold et al., 2021). On the contrary, 
physiological effects, for example, MEPs and cerebral blood flow 
(CBF), were positively correlated with the tES-induced electric 
field strength in the cortex (Mosayebi-Samani et al., 2021). Their 
study established a direct link between tissue thickness via a 
negative correlation of induced electric field strength and the 
tES-induced physiological effects on MEP and CBF. Similarly, the 
electric field strength calculated in the DLPFC of individual head 
models for an F3–Fp2 stimulation with 1 mA corresponded to the 
classification of positive and neutral effects on working memory 
in these individuals (Kim et al.,  2014). Caulfield et al.  (2020) 
found a positive correlation between the motor threshold of 
tES and the estimated stimulation intensity to reach an electric 
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field intensity of 1 V/m in the cortex underneath the anode. In 
the eye, as a distinct target subsystem, studies comparing cur-
rent flow modeling results and phosphene perception indicated 
good agreement of current density intensity in the retina and 
perceived phosphenes for transcranial stimulation at electrode 
positions T7–T8 (Indahlastari et al., 2018) and transorbital stimu-
lation (Sabel et al.,  2021), indicating simulated current flow as 
a marker for physiological stimulation effects. The study by 
Indahlastari and colleagues indicated a significant correlation 
between simulated current density and functional connectivity 
in a cohort of healthy elderly participating in a working memory 
task (Indahlastari et al., 2021).

Another approach to represent anatomical features is based 
on group properties using the head circumference (Antonenko 
et al., 2021) or age (Ciechanski et al., 2018; Gbadeyan et al., 2019; 
Hunold et al., 2021; Muffel et al., 2019) as a marker for implication 
on net stimulation intensity in the brain.

Current flow models, reflecting anatomical characteristics, are 
especially relevant for safety and effectiveness considerations 
when fractions of the skull as the main conductivity barrier are 
missing or filled with non-bone material (Datta et al.,  2010; Sun 
et al., 2021). Also, the brain as the site of action can demonstrate 
pathological features like atrophy (Albizu et al., 2020; Antonenko 
et al., 2022) and lesions (Datta et al., 2011; Kalloch et al., 2020; 
Piastra et al., 2021), which affect the electric field propagation and 
thus the effective stimulation intensity. These studies, showing the 
importance of specific defect/lesion modeling, indicate that tES 
findings cannot be arbitrarily generalized. Supporting this state-
ment, a tACS study on multitasking performance in older healthy 
adults failed to transfer stimulation effects from young healthy 
adults when applying the same stimulation configuration (Zanto 
et al., 2021). Specifically, individual current flow modeling for the 
older adults revealed considerable interindividual differences in 
the tACS-induced cortical electric field spread, which correlated 
with the multitasking performance in such a way that the highest 
induced electric field strength was linked to the greatest improve-
ments in multitasking performance. Furthermore, pronounced dif-
ferences in the individual intensity level might be caused by brain 
atrophy. Even though aging is a prominent way leading to brain 
atrophy, the current intensity at the cortical level did not correlate 
well with age in older adults but with the individual level of atro-
phy (Indahlastari et al., 2020).

In addition to anatomical features, also the conductivity values 
of the tissues in the head affect the propagation of the stimulation 
current and thus the cortical electric field intensity and spread. 
Investigations on the influence of uncertainty in the tissue's con-
ductivity values revealed considerable effects on the electric field 
in the gray matter (Saturnino, Thielscher, et al.,  2019; Schmidt 
et al.,  2015). These studies identified the conductivity values of 
the scalp and the skull to be most influential on the electric field 
intensity and spread and thus of the highest interest for individual 
modeling.

5  |  LIMITATIONS AND FUTURE 
DIREC TIONS

Individual current flow modeling takes anatomical differences into 
account and therefore supports the understanding of the variabil-
ity in response to tES. At present, the optimal stimulation param-
eters remain largely unknown, making it difficult to ensure optimal 
treatment response on an individual basis. A considerable research 
effort is still needed to obtain more clinically relevant stimulation 
outcomes (Bikson et al., 2018).

The electrode configuration largely determines the distribution 
of the intensity and the orientation of the induced electric field. The 
intensity and orientation of the induced electric field in the brain 
determine whether or not it results in an effective neural stimula-
tion in a specific area. In this line, frontal (Manenti et al., 2017) and 
parietal (Crossman et al.,  2019) stimulation montages have been 
shown to address different functional nodes in the memory re-
consolidation network and working memory (Johnson et al., 2022; 
Jones et al., 2020). To achieve the anticipated stimulation effect, the 
induced field needs to reach effective intensities and align in the 
target region. At the same time, the induced field intensity should 
not reach effective intensities and/or not align in nontarget regions. 
Therefore, current flow modeling should be employed to analyze 
both target and nontarget regions to identify hotspots occurring, for 
example, potentially in deeper brain regions as shown by Gomez-
Tames et al. (2020).

Besides the stimulation intensity, also the orientation of the in-
duced electric field determines the effectivity on the neuronal level. 
The electric field component along the axon produced the maximal 
polarization of the neuron (Rahman et al., 2013). For cortical stim-
ulation, mainly addressing polarization of pyramidal cells oriented 
predominantly perpendicular to the local gray matter surface, op-
timizing the electric field component oriented normally to the local 
cortical surface might be sufficient (Laakso et al., 2016). The direc-
tion of the induced electric field relative to the neuronal orientation 
in the target region should be treated with just as much attention as 
the field intensity in current flow modeling.

Importantly, current flow modeling alone cannot predict what 
modulatory effects will occur, see Figure  1. Current flow models 
only consider the anatomical structure, not the physiological state 
of the brain, that is, they do not provide predictions of the physiolog-
ical impact of the target (Lee et al., 2021). For example, the effects 
of changes associated with physiological aging are not yet known 
and thus represent a latent cofactor for the age correlations men-
tioned above. The effects of tES in the healthy human brain do not 
translate to patient groups in a straightforward way, simply because 
the brain of these patients is likely to react differently to stimulation 
(Bestmann & Walsh, 2017).

Broadening the modeling and simulation scope by, for example, 
incorporating regions of cortical atlases (Soleimani et al., 2021) neu-
ronal mass models or networks of such models (Kunze et al., 2016) 
can shed light on to electrophysiological effects on individual and 
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group levels (Kunze et al., 2016; Soleimani et al., 2021). Compartment 
models can represent morphological and electrophysiological prop-
erties of neurons that can explain excitability changes induced by 
electric field components different from the electric field compo-
nent depolarizing primarily pyramidal cells oriented normally to the 
local cortical surface (Chung et al., 2022). Ultimately, the depolariza-
tion of neuronal model compartments can be incorporated into the 
goal function of tES optimization schemes.

Furthermore, the distribution of simulated electric field inten-
sities for tDCS in a generic head model correlated with the spatial 
distribution polarity-dependent changes in cerebral blood flow de-
tected in functional MRI recorded during tDCS (Jamil et al., 2020). 
However, the induced electric field calculated by current flow mod-
eling does not predict the modulation of network interactions, as for 
example, shown by the current flow-guided functional MRI analysis 
of tACS effects (Cabral-Calderin et al., 2016). Predictions of physi-
ological effects, therefore, require model extensions with dynamic 
neuronal representations (Fertonani & Miniussi,  2017; Miniussi 
et al., 2013), see Figure 1. Specifically for tACS, effects do not de-
pend on the direct application of a specific frequency per se but on 
modulation of the preexisting endogenous oscillations that are cou-
pled with the specific brain state. Accordingly, it might be helpful 
to personalize future tACS stimulation paradigms, by individually 
defining EEG patterns regarding frequency and localization of inter-
est prior to stimulation and then tailoring the stimulation parame-
ters (frequency and location of stimulation) accordingly (Elyamany 
et al., 2021; Kasten et al., 2019) similar to other stimulation modalities 
(Naskovska et al., 2020; Schwab et al., 2006). Electrophysiological 
recordings (EEG and MEG) could be valuable to observe the changes 
in the brain's electrical activity and to individualize the stimulation 
protocol (Elyamany et al., 2021; Thut et al., 2017).

6  |  CONCLUSIONS

Current flow modeling allows for predictions of electric field strength 
and orientation induced by tES. Accurate head models derived from 
individual structural images are essential for computing accurate elec-
tric fields (Saturnino, Madsen, & Thielscher,  2019). There is increas-
ing evidence of the importance of subject-specific modeling (Bikson 
et al., 2012). In case of lacking individual anatomical data, current flow 
modeling based on generic or adapted head models can be used for 
computing more effective doses of tES. Individualized tES applica-
tion has the potential to improve tES efficiency and help overcome 
reproducibility issues. Current flow modeling can facilitate causal in-
ferences on physiological and behavioral effects of tES (Bergmann & 
Hartwigsen, 2020; Hartwigsen et al., 2015). Consequently, current flow 
modeling should be employed on a more regular basis in tES studies.
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