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Abstract
Background During transcranial direct current stimulation (tDCS), the amount and distribution of current that reaches the brain
depends on individual anatomy. Many progressive neurodegenerative diseases are associated with cortical atrophy, but the
importance of individual brain atrophy during tDCS in patients with progressive atrophy, including primary progressive aphasia
(PPA), remains unclear.
Objective In the present study, we addressed the questionwhether brain anatomy in patients with distinct cortical atrophy patterns
would impact brain current intensity and distribution during tDCS over the left IFG.
Method We developed state-of-the-art, gyri-precise models of three subjects, each representing a variant of primary progressive
aphasia: non-fluent variant PPA (nfvPPA), semantic variant PPA (svPPA), and logopenic variant PPA (lvPPA). We considered two
exemplary montages over the left inferior frontal gyrus (IFG): a conventional pad montage (anode over F7, cathode over the right
cheek) and a 4 × 1 high-definition tDCS montage. We further considered whether local anatomical features, specifically distance of
the cortex to skull, can directly predict local electric field intensity.
Results We found that the differences in brain current flow across the three PPA variants fall within the distribution of anatom-
ically typical adults. While clustering of electric fields was often around individual gyri or sulci, the minimal distance from the
gyri/sulci to skull was not correlated with electric field intensity.
Conclusion Limited to the conditions and assumptions considered here, this argues against a specific need to adjust the tDCS
montage for these patients any more thanmight be considered useful in anatomically typical adults. Therefore, local atrophy does
not, in isolation, reliably predict local electric field. Rather, our results are consistent with holistic head anatomy influencing brain
current flow, with tDCS producing diffuse and individualized brain current flow patterns and HD-tDCS producing targeted brain
current flow across individuals.
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Introduction

The current flow pattern through the head during transcranial
direct current stimulation (tDCS) is determined by both the elec-
trodemontage (dose [1]) and anatomy [2, 3]. Therefore, the same
tDCS dose delivered to different individuals results in distinct
current flow patterns, as shown by computational current flow
models [4–9] and experiments [10–13]. Individual differences
may be amplified in cases of atypical anatomy, including skull
defects [14, 15], brain injury such as stroke [16–19], aging [20,
21], or brain atrophy characteristic of several neurodegenerative
disorders [22]. The ability of tDCS to enhance language
neurorehabilitation in post-stroke aphasia as well as primary pro-
gressive aphasia (PPA) (see [23, 24] for results of large clinical
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trials in post-stroke and PPA, respectively) is broadly
investigated.

PPA is a syndrome comprising three main variants, each
with its own pattern of atrophy [25, 26]. Briefly, non-fluent
variant PPA (nfvPPA) shows atrophy over the left frontal lobe,
semantic variant PPA (svPPA) shows atrophy over the tempo-
ral lobes bilaterally, mostly in the left (LH) rather than in the
right hemisphere (RH), and logopenic variant PPA (lvPPA)
shows atrophy over left posterior parietal and temporal lobes.
A recent study by Cotelli and colleagues [27] showed that
local brain atrophy in specific brain areas related to the therapy
task (oral naming) correlated with tDCS effects on oral nam-
ing in nfvPPA. Our group demonstrated the same association
between local brain atrophy and tDCS effects in trained and
untrained items for tDCS coupled with written naming and
spelling therapy [28]. In addition, we showed differential
tDCS effects in each variant. However, the question that still
remains is whether the variant-distinct atrophy patterns affect
electrical current distribution. The present study addresses this
question. If it is the case, then variant-distinct current distribu-
tion may moderate variant-distinct tDCS effects. If it is not the
case, then variant-distinct current distribution may not moder-
ate variant-distinct tDCS effects.

There is only one study on svPPA, previously known as
semantic dementia, that has taken hypothesized atrophy of the
stimulated areas into account for electrode placement, but
used synthetic models (rendered on a standard head), not in-
dividual patients’ models of the stimulated areas (left or right
temporal lobes) [22]. If variant-distinct current distribution
affects tDCS effects, they should be taken into consideration
when applying tDCS in patients with different atrophy
patterns.

In the present study, we directly addressed the question
of whether the different patterns of atrophy in the three
variants of PPA result in different current flow distribu-
tion. Answering this question has important theoretical
and clinical implications because if atrophy patterns affect
current flow, they should be taken into consideration by
the clinician and the clinical researcher to optimize tDCS
targets. We selected three exemplary subjects with sub-
stantially distinct atrophy patterns, each corresponding to
one of the three main variants of PPA, to test for relation-
ships between local atrophy and resulting electrical cur-
rent flow in the brain. Analysis was focused on a single
exemplary montage targeting the left inferior frontal gyrus
(IFG) with an active anode of 5 × 5 cm electrodes and an
extracephalic cathode (F7-right cheek) used in our clinical
trial of tDCS in PPA [24]. In addition, we simulated a
focal 4 × 1 HD-tDCS montage. We applied previously ex-
perimentally verified model assumptions [10–13] in state-
of-the-art segmentation of the brain with atrophy. We fur-
ther compared quantifiable local features of anatomy
(minimum brain to skull distance, further segregated into

minimum sulci- or gyri-skull distance) with local electric
field magnitude and direction [29].

Methods

Informed consent was obtained from all individual partici-
pants included in the study. The pipeline of the modeling
process includes segmenting the MRI into different tissue
compartments, assigning conductivity to each compartment,
placing virtual electrodes on the models, turning the volumet-
ric anatomy into a 3D mesh and numerically solving the
Laplace equation for the voltage distribution on this finite
element model (FEM) [5]. Images from three subjects, each
representing a variant of primary progressive aphasia (PPA),
i.e., non-fluent variant PPA (P1_nfvPPA), semantic variant
PPA (P2_svPPA), and logopenic variant PPA (P3_lvPPA),
were collected. For clinical and demographic characteristics,
see Table 1. T1- and T2-weighted sequence MRIs were col-
lected at 1-mm resolution at the Kennedy Krieger Institute at
Johns Hopkins University with a 3T Philips Achieva MRI
scanner with a 32-channel head coil. T1-weighted scans were
acquired sagittally for 5.5 min (159 slices, isotropic 1-mm
voxel size, flip angle of 8°, SENSE acceleration factor of 2;
TR/TE = 8/3.7 ms). T2-weighted scans were acquired in axial
orientation and lasted about 3 min (70 slices, voxel size
0.828 × 0.828 × 2.2 mm, flip angle of 90°, TR/TE = 4200/
12 ms).

The three subjects’ images, which have different patterns of
atrophy, were segmented into six tissue compartments adapting
the automated algorithm ROAST [30]. Segmentation initiated
with SPM8 (the New Segment routine, see [31, 32] for details)
and automatic touch-up on the segmentation results were per-
formed by morphological operations [32]. Residual errors were
patched by manual segmentation techniques using ScanIP
(Simpleware Version N-2018.03; Synopsys Inc., Mountain
View, USA). Manual segmentation was completed by two in-
dependent expert technicians per image and a third expert tech-
nician addressed mismatches.

The segmented layers (with respective electrical conductiv-
ities, σ) were the skin (σ = 0.465 S/m), skull (σ = 0.01 S/m),
gray matter (σ = 0.276 S/m), white matter (σ = 0.126 S/m),
cerebrospinal fluid (σ = 1.65 S/m), and air (σ = 1e-15 S/m).
We did not consider changes in properties of intact but
atrophied tissue. A realistic rendered model of sponge and
electrodes were embedded to the target and a mesh was gen-
erated. The mesh was imported into COMSOL and assigned
conductivities based on the different domains in the mesh.
Boundary conditions were assigned to regulate current densi-
ty. The Laplace equation ∇ ∙ (σ ∇ V) = 0 (V, potential; σ, con-
ductivity) was solved and the boundary conditions used were
(1) inward current flow = Jn (normal current density) applied
to the distal surface of the “anode” electrode(s), (2) ground
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applied to the distal surface of the effective “cathode” elec-
trode, and (3) all other external surfaces treated as insulated.
The induced cortical electric field was calculated as a result of
a tDCS montage intended to influence the left inferior frontal
gyrus (IFG) area (for rectangular-pad stimulation: 5 × 5 cm2

sponges, anode: F7, cathode: zygoma) (Fig. 1). In order to
implement the concentric-ring configuration [29], we simulat-
ed 5 HD electrodes (5 mm radius) in a ring with four “return”
(cathode) disc electrodes around (4 cm electrode center-to-
center ring radius) around an “active” (anode) center electrode
over left IFG area (coinciding with the center of the active pad
used for rectangular-pad stimulation).

Radial electric field was calculated as the component of the
electric field on the brain surface in the direction normal to the
surface [29]. The minimum brain to skull distance specifically
for gyri and sulci measurements was based on the distance of
the test surface (skull) to the reference surface (whole gray
matter, gyri-only, sulci-only) by measuring the minimum dis-
tance from each element on reference surfaces to the nearest
element on the test surface. The rationale for separately

considering gyri-only and sulci-only surfaces (in addition to
all of gray matter) was as follows. In visualizing the interac-
tion between skull-brain distance and electric fields, when
considering all of gray matter, essentially all gyri crowns ap-
pear as one extreme (e.g., blue) and gyri as another extreme
(e.g., red), while independent visualization of gyri-only or
sulci-only features allows consideration of nuanced changes
among the most superficial or among more deep brain layers,
respectively. Statistics (mean deviation and mean positive and
negative deviations) are calculated as weighted averages of
values obtained at individual vertices of the reference surface,
with the weight of each vertex proportional to the area of the
Voronoi cell containing that vertex [33].

Results

For the conventional 5 × 5 cm2 pad tDCS and the 4 × 1 ring
HD-tDCS configurations, we calculated the induced cortical
electric field (EF) across three subjects with PPA. The cortical

Table 1 Clinical and demographic characteristics of participants.
Standard high school education is 12 years. Years post disease onset
was self-reported. Language and total severity come from the Fronto-
temporal Dementia Clinical Dementia Rating Scale [34]. Letter fluency
is sum of words generated starting with F, A, and S in 1 min per letter;
semantic fluency is sum of fruits, animals, and vegetables in 1 min per
category [69]. Digit and spatial spans are the numbers of digits correctly
repeated—in the case of half points, one of two trials of each length of
digits was correctly repeated [70]. Sentence anagrams are an in-house

task developed at Johns Hopkins University. The sentence repetition task
is part of the National Alzheimer’s Coordinating Center packet (NACC
UDS-FTLD Neuropsychol. Battery Instr. Form C1-F. 3.0, Washington:
University of Washington; 2015). The Boston Naming Test represents
ability to name objects with a range of frequencies [71]; its counterpart,
the Hopkins Assessment for Naming Actions, represents ability to name
actions [72]. S.O.A.P. refers to the subject-relative, object-relative, active,
passive comprehension test [73]

ID P1_nfvPPA P2_svPPA P3_lvPPA

PPA variant Non-fluent Semantic Logopenic

Education (years) 18 18 18

Sex F M F

Years post disease onset 2 7.5 3

Age (years) 69 59 71

Language severity (FTD-CDR) 2 2 2

Total severity (FTD-CDR) 10 5.5 5

Letter fluency (total words) 4 27 12

Semantic fluency (total words) 6 9 18

Digit span forward (total digits) 3 7 3

Digit span backward (total digits) 2 6.5 2.5

Spatial span forward (total digits) 3.5 6 3

Spatial span backward (total digits) 3.5 6 4

Sentence anagrams (correct of 10) 4 10 5

Sentence repetition (correct of 37) 31 35 24

Boston naming test (correct of 30) 18 1 16

Hopkins assessment for naming actions (correct of 35) 14 6 15

S.O.A.P. syntactic comprehension (correct of 40) 8 39 9

Rey auditory verbal learning, sum of trials 1–5 (75 possible) 65 30 8

Trail-making test A (time in sec) 57 36 39

Trail-making test B (time in sec) 219 52 169
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electric field (EF) plots for each montage and subject were
considered against local anatomical metrics of bone-gray mat-
ter distance, bone-sulci distance, or bone-gyri distance (see the
“Methods” section).

Conventional tDCS pad current flow

Conventional pad stimulation resulted in current cluster-
ing with diffuse modulation over wide parts of the cor-
tex (Fig. 2). Consistent with previous predictions, the
overall current flow was complex, reflecting the convo-
luted gyri-sulci morphology and individual neuroanato-
my [5, 18, 34].

As expected from prior studies [6, 10], tDCS across sub-
jects resulted in different electric field distributions. Generally,
maximal brain current flow, as reflected in clustering of peak
electric field, was predicted in brain regions broadly spanning
between the two electrodes, but the location of specific electric
field peaks was idiosyncratic. For 2 mA stimulation, peak
(brain wide) electric field across subjects was 0.55 V/m
(P1_nfvPPA), 0.55 V/m (P2_svPPA), and 0.70 V/m
(P3_lvPPA). These peaks reflect a very small region of cortex;
to facilitate comparison, electric field magnitude and radial
plots are two similar scales (Fig. 2). As expected, radial elec-
tric fields distribution generally tracked electric magnitude in
diffusivity and clustering (i.e., significant radial electric fields

require significant electric field magnitude [35–38]).
Consistent with prior models of individuals with normal anat-
omy [39], radial field direction alternated across the cortical
surface, often across individual gyri with inward current on
side of a gyri and outward current on the opposite side.

High-definition tDCS

For each subject, the 4 × 1 ring HD-tDCS montage resulted in
a cortical activation area circumscribed by the ring, thereby
leading to significant focality increases (Fig. 2, electric field
(4 × 1)). There was no significant current flow modulation in
the prefrontal, contralateral, or occipital areas. Differences in
peak magnitudes across subjects were predicted; however, the
location of the peak electric field was consistently at the 4 × 1
ring.

Bone-gray matter (including bone-sulci
and bone-gyri) distance

The aim of measuring bone-gray matter distance was to cor-
relate local electric field distribution or radial electric fields
with local morphological features of the cortex. However, no
correlation was evidenced across any measures that explained
patterns within subjects or the difference across subjects for
either conventional or HD-tDCS. For example, considering

Fig. 1 High-resolution tDCS modeling in primary progressive aphasia
(PPA). T1- and T2-weighted sequence MRIs were collected at a resolu-
tion of 1 mm. Three subjects, each representing one variant of PPA, i.e.,
semantic variant PPA, non-fluent variant PPA, and logopenic variant PPA
that have different patterns of atrophy, were segmented into six tissue

compartments (i.e., skin, skull, gray matter, white matter, cerebrospinal
fluid, and air) using automated algorithm and manual segmentation tech-
niques. Special attention was paid to correct segmentation of brain atro-
phy. Current flow through each head was simulated using FEM to predict
cortical electric field
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overall brain surface to skull distance (Fig. 2; bone-gray mat-
ter distance), gyri across the brain, especially at lateralized
regions, are at the shortest distance range considered (blue;
distance < 3 mm); by inspection, the electric field correspon-
dence to this shortest (blue) range varies. This is especially
evident in occipital regions where there is minimal electric
field regardless of bone-gray matter distance. But even in
brain regions under and between stimulation electrodes, the
pattern of electric field magnitude or radial electric field peaks
is not reliably correlated with minimal bone-gray matter
distance.

As expected, the largest range considered for brain surface
to skull distance (red; > 22 mm) is seen in the sulci, notably in
the lateral sulcus and the longitudinal fissure. This is rein-
forced when only the distance of the brain sulci to the skull

is considered (Fig. 2; bone-sulci distance). Again, no correla-
tion between local anatomy and electric field magnitude or
radial electric fields is evident. By inspection, one might note
that electric field magnitude may peak in gyri around the lat-
eral sulcus, but not consistently. Finally, focusing only on the
gyri crowns (Fig. 2; bone-gyri distance) also fails to reveal any
evident correlation with electric field magnitude or radial elec-
tric fields.

Comparing across the three types of PPA modeled, there
are no evident patterns correlating anatomical measures and
electric fields. The clustering of electric fields varies across
subjects. While electric field clusters are more likely to be
present in the brain areas between electrodes, the location of
the peak electric fields is not consistent across each subject
(and in no subject under the electrodes). Notably, inter-subject

Fig. 2 Current flow during tDCS and cortical anatomy in the exemplary
cases of three subjects with primary progressive aphasia (P1_NFVPPA,
P2_SVPPA, and P3_LVPPA). (first column) Electrode montage on three
subjects. (second column) Electric field magnitude on cortical surface in
lateral (top) and superior (bottom) view. False color map: red ≥ 0.5 V/m,
blue 0 V/m. (third column) Electric field normal to the cortical surface.
False color map: red maximally inward; blue, maximally outward. (fourth

column) Minimum distance from cortical gray matter surface to nearest
bone. False color map: red ≥ 28 mm, blue 0–3 mm. (fifth column)
Minimum distance from sulci to nearest bone. False color map: red,
max; green, min. (sixth column) Minimum distance from gyri to nearest
bone. False color map: red, ≥ 7 mm; green, 0–2 mm. (seventh column)
Electric field for 4 × 1 montage
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variance of electric field peak magnitude and distribution are
in line with studies in neurologically intact subjects for either
conventional or HD-tDCS [6, 10].

Discussion

In this study, we addressed the question whether variant-
distinct atrophy patterns affect electrical current distribution
in PPA. We developed the first high-resolution models of cur-
rent flow models of tDCS in three individuals with distinct
cortical atrophy patterns of PPA. While the specific pattern
(diffuse clustering) and magnitude of cortical electric fields
across individuals varied, this variation was within the range
of neurotypical individuals [6, 8]. Thus, applying tDCS (either
conventional or HD-tDCS) to individuals with moderate cor-
tical atrophy (moderate language and cognitive severity [34])
does not necessarily result inmarkedly altered current delivery
to the brain compared to healthy individuals, providing, of
course, that stimulation is not applied over non-existing tissue.
Individualized montage to deliver the appropriate dose may
not be specifically mandated in this population—any more or
less than in neurotypical subjects [13, 40]. This conclusion is
based on the exemplary montages and patients considered
here, and may not apply for subjects with more severe or
bilateral atrophy. In stroke and other brain injuries, dramatic
changes in anatomy can characteristically influence current
flow [14, 18], and so customized tDCS dose may be more
appropriate [17].

Local brain current intensity and direction were considered
relevant for tDCS outcomes [41–45] and so is used as a goal
for tDCS optimization [46–49]. It is accepted that (1) gross
changes in anatomy (e.g., head size) can influence current
delivery to the brain [6, 8]; (2) electric field clustering is ste-
reotypically observed at gyri crowns [5] or sulci [4]; (3) cur-
rent directionality can invert across a gyrus [39]; and (4) the
high-conductivity CSF strongly influences these current flow
patterns [50]. But the correlation of local brain morphology
with electric fields remains unclear [9]. The results of the
present study suggest that electric fields are not predicted sim-
ply by local measures of morphology such as measures of
distance from the skull to the brain (CSF thickness).
Adjacent brain regions with comparable morphology often
showed very different electric field intensities for both con-
ventional and HD-tDCS.

Rather, our results are consistent with the notion that the
current flow in any given brain region is determined by holis-
tic morphology—meaning the morphology and global atro-
phy of the entire head must be taken into account to explain
current flow patterns in each brain region. This is exactly the
function of current flow models which are increasingly auto-
mated and accessible [3, 51–53]. However, existing automatic
segmentation routines may not adequately address mild or

moderate atrophy in PPA. While the accuracy of models in
regard to gross current flow has been repeatedly validated
[10–12], the location and intensity of local maximum are sen-
sitive to modeling details. Therefore, especially in considering
the significance of electric field clusters in atypical brains,
unknowns about modeling precision that apply even in
neurotypical brains should be recognized [54–57].
Generally, open questions remain about the mechanisms of
tDCS: (1) how to interpret current flow models for protocol
optimization [2, 58–60] and (2) whether the degree of
“neuromodulation” simply increases with electric field inten-
sity [61, 62] or with the number of sessions and their spacing
over a set of days.

Our results support prior modeling and experiments show-
ing that using a conventional (pad) tDCS montage produces
diffuse brain current, with the location of peak electric field
varying across subjects; conventional tDCS may leverage cir-
cuit therapeutics or be combined with functional targeting. To
the extent that clinical outcomes depend on focal stimulation,
4 × 1 HD-tDCS is useful [63]; [5, 13].

We would like to add a final note on clinical outcomes in
neurodegenerative conditions and how they may or may not
be impacted by the current flow. In our randomized sham-
controlled clinical trial, the non-fluent variant of PPA showed
the most benefit from tDCS over the left IFG, i.e., tDCS re-
sulted in the highest additional boost of performance in writ-
ten naming and spelling for both trained and untrained words
in comparison to the other variants (the logopenic and the
semantic variant of PPA with parieto-temporal and temporal
atrophy, respectively) [24]. However, the present study of cur-
rent modeling did not show any significant differences in
electrical current distribution between variants with different
atrophy patterns. One possible conclusion is, thus, that atro-
phy over the stimulated area does not matter for current flow
and other factors may bemore important for behavioral effects
due to tDCS. In a subsequent study, we looked at other lan-
guage and behavioral predictors of tDCS effects and found
that initial task performance was among the strongest predic-
tors of tDCS effects [64]. We have also shown that one of the
possible neural mechanisms for tDCS effects is a change in
functional connectivity between the targeted area (left IFG)
and its structural and functional connections with the areas
involved in the task practiced during tDCS [65]. Therefore,
functional connectivity of the stimulated area may determine
tDCS effects more than atrophy. In support of this hypothesis,
a recent study using graph theory has shown that frontal atro-
phy did not correlate with functional connectivity in nfvPPA
[66].

Alternatively, we need to entertain two other logical hy-
potheses: (1) the current may have stimulated other areas,
probably in the vicinity of the targeted area, that are important
for lexical retrieval, or (2) the left IFG had changed topogra-
phy but was nevertheless adequately reached by the diffuse
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current, probably because of the diffuse current distribution.
Although we cannot completely exclude the first hypothesis,
there is strong scientific evidence that the left IFG and in
particular the left IFG triangularis is a neural substrate for
lexical retrieval [67, 68]. Of course, we cannot exclude the
hypothesis that the improvement in lexical retrieval was due
to the improvement in other functions of the frontal opercu-
lum, such as monitoring. As for the second hypothesis, the
above-mentioned study [66] showed that nfvPPA is associated
with network-specific topological alterations with loss of hubs
in the left frontoparietal-temporal area. Therefore, the func-
tions of the left IFGmay have “migrated” to neighboring areas
of the left frontal operculum that were reached by the electrical
current of the large electrode patches used. If this hypothesis is
correct, then further studies would need to estimate whether
functional connectivity correlates with current flow patterns.
If brain functional connectivity topography changes in neuro-
degeneration, then electrical current diffusivity may not work
against, and may actually promote, the therapeutic effects of
tDCS, but this is an empirical question for further research.
Another hypothesis generated by the present study is that HD-
tDCS montages, targeting the left IFG triangularis in particu-
lar, will induce even larger behavioral effects in lexical retriev-
al. Future research is needed to compare the two types of
montages for the same function (e.g., lexical retrieval) to an-
swer this question.
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