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Abstract

Objectives: Generalization (or near-transfer) effects of an intervention to tasks not explicitly
trained are the most desirable intervention outcomes. However, they are rarely reported and even
more rarely explained. One hypothesis for generalization effects is that the tasks improved share
the same brain function/computation with the intervention task. We tested this hypothesis in

the present study of transcranial direct current stimulation (tDCS) over the left inferior frontal
gyrus (IFG) that is claimed to be involved in selective semantic retrieval of information from the
temporal lobes.

Materials and Methods: In the present study, we examined whether tDCS over the left IFG a
group of patients with primary progressive aphasia (PPA), paired with a lexical/semantic retrieval
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intervention (oral and written naming), may specifically improve semantic fluency, a non-trained
near-transfer task that relies on selective semantic retrieval, in patients with primary progressive
aphasia (PPA).

Results: Semantic fluency improved significantly more in the active tDCS vs. sham tDCS
condition immediately after and two weeks post-treatment. This improvement was marginally
significant two months post-treatment. We also found that the active tDCS effect was specific to
tasks that require this IFG computation (selective semantic retrieval) but not to other tasks that
may require different computations of the frontal lobes.

Conclusions: We provided interventional evidence that the left IFG is critical for selective
semantic retrieval, and tDCS over the left IFG may have a near-transfer effect on tasks that depend
on the same computation, even if they are not specifically trained.

Keywords

primary progressive aphasia; transcranial direct current stimulation (tDCS); inferior frontal gyrus
(IFG); semantic retrieval; verbal fluency

1. Introduction

The distinction between function and task has been at the heart of cognitive neuroscience
from the early days of functional neuroimaging. Most brain areas, although they may
specialize in certain functions (computations), are usually involved in several tasks (for a
review, see Price [1]). This is an even more pertinent consideration in the era of network
neuroscience, since it is now understood that although a whole network may be involved in
a task, each area involved performs a specific function/computation. For example, Hickok
and Poeppel [2] have described the network of speech production with all the areas needed
to produce speech (e.g., posterior superior temporal gyrus [STG], inferior frontal gyrus
opercularis [IFG op], supramarginal gyrus [SMG] etc.) while describing the exact function/
computation performed in each area (e.g., the particular computation of the posterior STG
is to compute an acoustic analysis of sounds, the left IFG opercularis is to plan the
articulation of speech sounds, the SMG holds in temporary phonological storage of the
sequence of sounds, etc.). This important understanding has two predictions that are relevant
for aphasia concerning where the language network(s), and possibly other networks, are
disrupted: (1) performance in all tasks that require the computation/function of a lesioned
area will be impaired, and (2) rehabilitation must either target to improve the function of
the lesioned area, or the performance of the whole network (or alternative but relevant
networks), where other areas may compensate for the loss of function in the lesioned area.
Good examples of neural rehabilitation are the reperfusion studies in post-stroke aphasia that
showed how a reperfused area improved performance in all previously-impaired tasks that
involved the computation of that area and were previously impaired [3,4]. This process may
explain generalization, or ‘near-transfer’ effects, as they are usually referred to in aphasia
rehabilitation, i.e., improvement in tasks that are not explicitly trained but are relevant to the
treatment task because they rely on the same computation.

Neuromodulation. Author manuscript; available in PMC 2024 June 01.
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Generalization effects of an intervention in tasks that were not explicitly trained during the
intervention are one of the most desirable intervention outcomes. However, they are rarely
reported and even more rarely explained. One hypothesis for the existence of generalization
effects is that the tasks that improved along with the intervention task share the same brain
function/computation. A critical way to test this hypothesis is neuromodulation studies
(either transcranial direct current stimulation of transcranial magnetic stimulation) that
involve the stimulation of specific brain areas and their computations thereafter. In the
context of neuro-rehabilitation in aphasia, this hypothesis allows for the exciting possibility
that if we were able to modulate the neural function of a particular area, then we would
potentially modulate all the tasks in which it is involved. In the present study we provide
evidence of favoring this hypothesis in a transcranial direct current stimulation (tDCS) study
in a neurodegenerative condition involving language, namely in primary progressive aphasia
(PPA). We show how tDCS targeting the left inferior frontal gyrus (IFG), paired with

a lexical retrieval treatment (written/oral naming), enhanced performance in other lexical
retrieval tasks (e.g., semantic fluency) not explicitly trained but that do depend on the
computation of the stimulated area, as several previous studies have shown [5-10] and we
will discuss later.

Primary progressive aphasia, a term coined by Mesulam in his seminal paper in 1982 [11],
is a neurodegenerative syndrome encompassing different pathologies, affecting individuals
early in life (as early as late 40s), in which language abilities gradually deteriorate [12—

15], while other cognitive functions remain relatively intact, at least in the early years

of the condition. There are only symptomatic treatment options but no disease-modifying
treatments for PPA. According to the recent consensus, there are 3 main PPA variants with
different language manifestations [14], and the task of semantic fluency has been shown to
be impaired in all 3 PPA variants [16-18], although performance was numerically worse

in the semantic variant (svPPA). Semantic fluency is a neuropsychological task in which

the participant is asked to generate words that belong to specific semantic categories, such
as fruits or animals [19]. The task of semantic fluency relies on the function of selective
semantic retrieval. Lesion studies in post-stroke aphasia have already shown that semantic
fluency performance depends on semantic representations stored in temporal regions, as well
as on executive functions of retrieval operating in frontal regions [20,21]. Semantic fluency
is also impaired in healthy aging [22], as well as in neurodegenerative conditions, such as,
Parkinson’s Disease and Alzheimer’s disease [23-25]. For PPA, in particular, two previous
studies [18,26] and a recent one from our group [17], correlated verbal fluency performance
to brain atrophy and hypometabolism in the temporal lobe in logopenic variant (IvPPA) and
sVPPA [17,18,26] and in the frontal lobe in non-fluent/agrammatic variant (nfvPPA) [17,26].

Functional MRI (fMRI) studies have shown that selective semantic retrieval is regulated by
the left IFG triangularis (Brodmanns’ area [BA] 45/47) that retrieves semantic information
stored in the temporal brain regions in healthy controls [6,27-30]. Further fMRI and DTI
studies have shown that the left IFG triangularis is directly and monosynaptically connected
to the temporal lobes via the extreme capsule fasciculus, and these pathways are critical

for lexical/semantic access [31-33]. Other studies have provided similar evidence for the
adjacent and larger (and therefore usually difficult to distinguish from the extreme capsule)
uncinate fasciculus, especially for proper names [34-36]. Overall, all these studies suggests

Neuromodulation. Author manuscript; available in PMC 2024 June 01.
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that these pathway(s) are critical for selection of meaning or lexical items from the temporal
lobes.

Causal evidence, however, for the role of a particular area for a particular computation
comes only from evaluating the computation before and after a temporary lesions or
evaluating the computation before and after intervention to improve the function of an

area. Temporary lesions can be caused by in vivo electrical stimulation mostly during
epilepsy surgery [see [37] for a review on language functions] or with implanted subdural
grids, or by inhibitory transcranial magnetic stimulation (TMS). Inhibitory (low frequency
or single pulse) TMS has been traditionally used to make claims on the involvement of
specific anatomical areas in certain functions and tasks in heathy controls, based on impaired
function associated with inhibition of an area.

Improvement in a function can be brought about by restoring blood flow to a focal area of
hypoperfusion (see for examples [3,38]) or with excitatory (high frequency) TMS or anodal
tDCS. High frequency TMS and anodal tDCS have been used to enhance intervention
outcomes in post-stroke aphasia as well as PPA [39-48]. Evidence for clinical efficacy is
mostly shown for tDCS. It has been shown that tDCS may benefit language performance
in post-stroke aphasia [49-55] and more recently tDCS is emerging as a potentially helpful
adjunct to intervention in PPA (see recent reviews [56-59]). In the tDCS literature, many
studies show transfer to untrained items/words. We and three other independent groups
have shown that tDCS over the left IFG augments behavioral treatment outcomes in oral
and written naming [39-46]. However, as mentioned above, generalization of treatment to
other tasks may the most desirable outcome of an intervention but the most rarely reported,
particularly in neurodegenerative disorders where performance deteriorates over time.

Given the small number of tDCS studies in PPA that report generalization effects to
untrained tasks (only 3) [46,60,61], we refer to each one separately. Cotelli and colleagues
[46] have shown that anodal tDCS over the left dorsolateral prefrontal cortex improved
naming accuracy in 16 patients with nfvPPA PPA and significant improvement was also
found in self-assessments of speech production in functional communication scales [46]. In
another recent study, Gervits and colleagues described six people with PPA who narrated
wordless children’s books while undergoing 10 sessions of active tDCS over the left frontal
cortex (centered at F7) [60]. Category (semantic) fluency was found to improve significantly
compared to sham tDCS at follow-up intervals. Roncero and colleagues [61] also found
transfer effects to untrained picture-naming items and Digit Span (forward and backward)
[62] after active tDCS over the left inferior parietal cortex in 10 patients with PPA [61].
Therefore, there is encouraging preliminary evidence of transfer to other tasks. Of note,
another two studies directly targeted semantic fluency as the training task and found that a
single-session active tDCS over the left IFG improved semantic fluency in healthy controls
showing its causal involvement in selective semantic retrieval [63,64].

However, the basis of such a generalization is not clear. Here we tested the hypothesis

that generalization or ‘near-transfer’ effects documented in the rehabilitation literature are
due to the same neural computation performed by the brain area. We tested this hypothesis
by measuring the additional tDCS effect in tasks that depend on the computations of the

Neuromodulation. Author manuscript; available in PMC 2024 June 01.
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stimulated area in individuals with PPA. We hypothesized that if the function of the left

IFG (and in particular of the pars triangularis that seemed to be mostly modulated in our
tDCS study, see [65,66]) is selective semantic retrieval of information stored in the temporal
lobes [6,28,67], then tDCS over the left IFG would also improve performance in other,
non-trained tasks that involve the function of active selective semantic retrieval, such as
semantic fluency.

Critically, we compared the tDCS effects in verbal fluency that involves the left IFG with
other frontal tasks that do not involve the left IFG, i.e., tasks that usually implicate the
adjacent, left middle frontal areas. Such tasks depend on the basic computation(s) of the

left middle frontal gyrus (MFG) (e.g., monitoring). The only such tasks that were available
for the present cohort, and included the Digit Span, Trail Making Test [68], and letter
fluency [19]. Additionally, we tested improvement in a general mood task Patient Health
Questionnaire-9 (PHQ-9) [69] to exclude the possibility that stimulation effects were due to
a general improvement in mood (a ‘feeling good” effect). We tested our hypothesis in a large
cohort of patients with PPA who had participated in a previous tDCS trial.

Materials and Methods

Participants

Thirty-six patients with PPA participated in this study (17 female): 14 with IvPPA, 13
with nfvPPA and 9 with svPPA. All were right-handed, native English speakers, between
50 and 80 years old, and diagnosed based on clinical assessment, neuropsychological and
language testing, and MRI, according to consensus criteria [14]. Informed consent was
obtained from participants or their spouses. All data were acquired in compliance with the
Johns Hopkins Hospital Institutional Review Board (NA_00071337) and this study was
registered on clinicaltrials.gov (NCT02606422). Figure 1 shows the participants recruited
and their randomization to active tDCS or sham tDCS condition. Each PPA variant group
was matched on sex, age, education, years post onset of symptoms, overall Frontotemporal
Lobar Degeneration (FTLD)-modified Clinical Dementia Rating scale (FTD-CDR) [70]
score and language severity measures (Tables 1A, 1B).

2.2. Overall design

We used a within-subjects, double-blind, crossover design with two experimental conditions:
speech-language intervention plus conventional anodal tDCS over the left IFG, and
speech-language intervention plus sham tDCS. Each condition lasted approximately 12
consecutive weekday sessions; the two phases were separated by a 2-month wash-out period.
Evaluations—consisting of a set of trained and untrained items of the same task, as well

as extensive neuropsychological and neurolinguistic assessments—occurred immediately
before, immediately after, two weeks after, and two months after each treatment phase.
Participants, speech-language therapists, and examiners were blind to the experimental
condition. Randomization to assign to first arm of treatment (active tDCS or sham tDCS)
was performed after initial evaluation before beginning of treatment within each variant
because the flow of cases per variant could not be predicted. We used an independent
randomization procedure based on an algorithm that assigns each condition in 50% of times.

Neuromodulation. Author manuscript; available in PMC 2024 June 01.
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2.3. tDCS methods

Each daily intervention session lasted one hour. For both active tDCS and sham conditions,
two 5 cm x 5 cm, non-metallic, conductive, rubber electrodes covered with saline-soaked
sponges were placed over the right cheek (cathodal electrode) and the left IFG centered at
F7 of the EEG 10-20 electrode position (anodal electrode) [71]. The electrodes were hooked
up to a Soterix 1x1 Clinical Trials device, which elicited a tingling sensation on the scalp as
it ramped up within 30 seconds, to deliver current at an intensity of 2 mA (estimated current
density 0.08 mA/cm?; estimated total charge 0.096 C/cm?). In the active tDCS condition,
current was delivered for 20 minutes for a daily maximum of 2.4 Coulombs; in the sham
condition, current ramped up to 2 mA over a 30 sec interval and immediately ramped down
to elicit the same tingling sensation on the scalp that is experienced in the non-sham (20-
min) condition, a procedure that has been shown to blind participants to treatment condition
[72]. Stimulation started at the beginning of each intervention session and lasted for 20

min whereas speech-language intervention continued for a full session, i.e., 25 additional
minutes, for a total of 45-50 min of a regular speech-language intervention session. Twice
during each session, participants rated their level of pain with the Wong-Baker FACES Pain
Rating Scale (www.WongBakerFACES.org).

2.4. Language intervention

The language intervention protocol was based on studies that have successfully treated
written language production. We adapted the basic design of a spell-study-spell procedure
[73] to a lexical retrieval, oral and written naming paradigm [74] to simultaneously

target orthography, phonology and semantics. Although the intervention focused on written
naming and spelling, this particular paradigm gave us the flexibility to accommodate the
deficit in each variant (e.g., semantics in svPPA, phonological paraphasias in IvPPA or
apraxia of speech [AOS] errors in nfvPPA). The exact steps are described in previous
publications of the overall trial results [42].

2.5. Language/cognitive tasks evaluated in the present study: Verbal fluency (letter and
semantic), Digit Span, Trail A and B, PHQ-9.

Participants were evaluated with a series of standardized language and cognitive
assessments. For the semantic fluency task, participants were instructed to name as many
fruits, or animals, or vegetables as possible, administered separately in the order listed here,
in one minute per category [19,75]. Scores used in the present analysis were calculated by
adding the number of words generated in all three categories. Performance was assessed
before, immediately after, two weeks after, and two months after each phase.

Behavioral tasks that involve less selective semantic retrieval and depend less on left IFG,
including Digit Span forward and backward, letter fluency, Trail A&B, and Patient Health
Questionnaire -9 (PHQ-9). In the Digit Span forward task, participants were instructed to
repeat an increasing number of digits in the exact order presented by the examiner. In the
Digit Span backward task, participants were instructed repeat an increasing number of digits
in the order opposite of that presented by the examiner. In the FAS or letter fluency task,
participants were instructed name as many words as possible that start with the letters ‘F’,
‘A’, or ‘S’, administered separately in the order listed here, in one minute per letter. In

Neuromodulation. Author manuscript; available in PMC 2024 June 01.
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the Trail A task, participants were instructed to trace the numbers from 1-25 depicted in
different parts of a page as quickly and as accurately as possible. We had also administered
the Trail B task, in which participants were instructed to alternate between numbers and
letters depicted in different parts of a page, as quickly and as accurately as possible, but
many participants found the task too difficult/could not complete the task and the data are
not included.

2.7. Statistical analyses

2.7.1. Evaluation of tDCS effects—We evaluated the effect of tDCS immediately
after, at two weeks, and at two months post the intervention using the first-phase data only,
in order to rid the estimation of any possible impact of carryover effects (see details in
Section 2.7.3). In fact, we focus on the first-phase data throughout the statistical analysis
for a similar reason, to eliminate possible treatment-phase interaction due to possibly
insufficient wash-out period.

The additional active tDCS effect compared to sham was evaluated as the average treatment
effect (ATE), &t vss) = E[Y|T = 1] - E[Y|T = 0], where Y is the change in semantic
fluency scores from baseline and T is the treatment assignment indicator (valued as 1 for
active tDCS, 0 for sham). We assumed that (Y;j, Tj), i =1, ..., n, is an independent and
identically distributed (11D) sample, and that the actual observed Y; is one of the two
potential outcomes, Y;' =1 and Y;' =9, depending on the treatment assignment, i.e., Y;
=T;Y;T=1+ (1-T;) Y;" =0 These potential outcomes are defined as the changes that
would have been observed if the i-th subject had been assigned to active tDCS or sham,
was observed. Treatment randomization guarantees that the preassigned treatment variable,
T;, is independent from the subsequent potential outcomes, Y;' =1 and Y;T =9, and that the
assignment probability is constant and positive. The following baseline covariates were used
to improve the efficiency of statistical tests: baseline semantic fluency [76,77], PPA variant,
number of treatment sessions, sex, age, years post onset of symptoms, and total FTD-CDR
severity and language severity measures.

The estimation of ATE was conducted using the Targeted Minimum Loss-Based Estimation
(TMLE) method [78]. We chose the method mainly for its advantage of flexibility in
selecting the covariates automatically (based on cross validations), which reduced subjective
modeling choices of the researchers. Meanwhile, TMLE achieves the desired properties

as other commonly practiced methods. For example, TMLE guarantees the estimation
consistency and asymptotic normality in randomized trials as analysis of covariances
(ANCOVA) estimators, as well as the doubly robust local efficiency as augmented inverse
propensity score weighting (AIPW) estimators. The TMLE R package [79] has been made
available, which can be directly applied for the aforementioned ATE estimation problem.
The estimator configuration details and the simulation evidence supporting the choice of
method are provided in the supplementary materials (Appendix A). Estimations of the ATE
are reported as the effect sizes [80] adjusted by the first-phase before-after sham group
standard deviation (SD= 3.00). The standard errors, Z-test statistics, p-values, and 95%
confidence intervals are reported.

Neuromodulation. Author manuscript; available in PMC 2024 June 01.
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To handle missing observations in semantic fluency due to dropouts at two weeks post (two
dropouts) and two months post (six dropouts), we assumed Missing at Random (MAR),
that is, given the knowledge of the observed semantic fluency values and the series of
observed baseline covariates, whether a subject happened to drop out was assumed to have
no impact on the unobserved semantic fluency values. TMLE can be applied to handle
such missingness in the outcome [78], and can be directly implemented with the TMLE R
package [79].

2.7.2. Tasks depending in non-semantic retrieval computations—Behavioral
tasks that do not involve selective semantic retrieval including Digit Span forward and
backward, letter fluency, Trail A, and (PHQ-9), are also analyzed as comparisons to

confirm that the generalization depends on this specific left IFG computation. The estimates,
standard errors, test statistics, p-values, and 95% confidence intervals are reported for the
additional tDCS effects on Before-After changes. Details of estimator configuration are
listed in Appendix A.

2.7.3. Evidence and sensitivity analysis of potentially unbalanced carryover
effects—Data evidence shows that there exists a marginally significant treatment by
phase interaction (see Appendix C Table 2, where the first-phase “2month” time point is
identical to the “Before” time point of the second phase per study design, and hence the
“Before-2month” subsection analyzes the possibly unbalanced carryover effects of the two
treatment groups; estimated effect size of treatment by phase interaction 1.08, SE = 0.64,
95% CI [-0.17, 2.33], p = 0.091). This marginally significant result shows possible positive
treatment by phase interaction, as the 95% Cl is largely overlapping with the positive line.
Therefore, throughout the main analysis, we focus on first-phase data to rid possible impact
from unbalanced carryover effects, as we had seen in the main trial[42].

Moreover, in Appendix D a sensitivity analysis of the second phase data is conducted
ignoring carryover effects. The estimations under this unsupported assumption are biased,
which confirms the impact of carryover effects on the second-phase data and justifies the
method choice of first-phase-only data analysis[81,82].

3. Results

3.1

3.2.

tDCS tolerability

Some participants reported tingling, itching, or discomfort from the stimulation, but

no episodes of intolerability or adverse effects occurred. The maximum reported Wong-
Baker FACES pain rating scale for each daily session was averaged across sessions and
participants, with a tDCS mean pain rating of 2.21 (standard deviation 2.48, range 0-10) and
a sham mean rating of 2.14 (standard deviation 2.13, range 0-10).

tDCS effects on spelling accuracy

Previously, in the same patient cohort, we found that active tDCS over the left IFG resulted
in larger and longer-retained gains in letter accuracy for spelling trained items (words treated
in intervention) and untrained items (words not treated in intervention as a measure of

Neuromodulation. Author manuscript; available in PMC 2024 June 01.
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generalization to other items in the same task) as compared to sham [42,83]. This additional
improvement with active tDCS was retained marginally significant up to 2 months. We refer
to the previous study only as background information here. In the present paper, we extend
these findings to semantic fluency as a measure of treatment generalization.

tDCS effects on semantic fluency

We present the additional tDCS effects (active over sham) immediately after, two weeks and
two months post-intervention from the first phase of intervention only, to avoid possible
carryover effects (see Figure 2 for observed group average levels). Semantic fluency

scores ranged from 0-46 words. Scores were generated by the sum of fruits, animals, and
vegetables generated in one minute each. All statistical analyses were performed the changes
from the baseline in the summed scores of the three semantic categories.

3.3.1. Evaluation of semantic fluency immediately after, two weeks post, and
two months post the intervention—Restricting to the first-phase data, from before to
after the intervention, the effect of active tDCS vs. sham was significant, and the effect size
was estimated as 1.35 (95% CI [0.30, 2.41], SE = 0.54, Z = 2.52, p=0.012*) adjusted for
all the following covariates (baseline semantic fluency, PPA variant, number of treatment
sessions, sex, age, years post onset of symptoms, and total FTD-CDR severity and language
severity measures) as listed in Section 2.7.1. Thus, active tDCS showed an additional effect
that is 1.35 times the standard deviation of the sham group’s change (SD=3) in the semantic
fluency score.

Significant additional tDCS effect on semantic fluency was also confirmed two weeks post
the intervention (effect size estimation 1.56, 95% CI: [0.40, 2.73], SE: 0.59, Z = 2.64, p=
0.008*) but only marginally at two months post- intervention (effect size estimation 1.08,
95% CI: [-0.17, 2.33], SE: 0.64, Z = 1.69, p=0.091) (see Appendix C for more detailed
reports).

3.3.2. Effects in tasks that do not depend on IFG computations—Importantly,
the effects were specific to selective semantic retrieval, i.e., there were no additional effects
of tDCS on After-Before changes other cognitive tasks asks that do not depend on the left
IFG, e.g., Digit Span forward (95% CI [-0.23, 0.38], Estimate = 0.08, SE = 0.15, Z = 0.49,
p=0.625), Digit Span backward (95% CI [-0.74, 0.36], Estimate = -0.19, SE=0.28, Z =
-0.68 p=10.495), FAS (95% CI [-0.47, 0.34], Estimate = -0.07, SE=0.21,Z2=-0.32, p
=0.748), Trail A (95% CI [-0.78, 1.39], Estimate = 0.30, SE = 0.49, t(10.07) = -0.62, p=
0.551); nor was there any additional tDCS effect of any index of general improvement, e.g.,
in a mood task (PHQ-9) (95% CI [-43.6, 41.0], Estimate = -1.29, SE = 3.45, t(1.02) = 0.37,
p=0.772).

4. Discussion

In the present study we evaluated the effects of anodal tDCS to left IFG on an untrained
(during treatment) task, semantic fluency, to provide interventional evidence on the role of
the left IFG in selective semantic retrieval. Previously, we [42] and others [40,46,61] have
found positive effects of active tDCS of the left IFG in PPA, especially in lexical retrieval

Neuromodulation. Author manuscript; available in PMC 2024 June 01.
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tasks, such as oral and written naming (see reviews [57-59]). Here, we tested the hypothesis
that if the left IFG (triangularis, BA 45) subserves the function of selective semantic
retrieval, and especially of selection of some aspect or subset of available information
among competing alternatives [6,8,84,85], such as semantic category, then tDCS over this
area will improve performance on a task of semantic selection, such as semantic verbal
fluency, even if not explicitly trained. We found that performance in semantic fluency
improved significantly more in the active tDCS condition than in sham. The significant
additional improvement was maintained two weeks post-treatment and was marginally
significant two months post-treatment. Importantly, the effects were specific to selective
semantic retrieval, i.e., there were no effects of tDCS on other cognitive tasks asks that

do not depend on semantic retrieval functions of the left IFG, i.e., involve other frontal
functions such as monitoring and working memory (e.g., Digit Span forward and backward
and Trail A); nor was there any tDCS effect of any index of general improvement in a mood
task (e.g., PHQ-9). The present findings based on the largest, to date, cohort of tDCS in PPA
demonstrate that generalization effects of tDCS to untrained tasks depend on the particular
computation of the stimulated area. The present study also allows specific predictions

about not only which tasks will improve but also which patients will benefit from tDCS
over the left IFG. Below, we discuss the present results in the realm of generalization (or
‘near-transfer’ effects) in aphasia rehabilitation in general.

The present findings align well with those of other tDCS studies in healthy aging and
post-stroke aphasia that have found that tDCS facilitates transfer of intervention effects to
untrained but related tasks (near-transfer effects). For example, Marangolo and colleagues
[86] report that oral naming improved after AOS training and tDCS over the left IFG in post-
stroke aphasia, and Meinzer and colleagues [87], report that in mild cognitive impairment
(MCI), oral naming improved after stimulation over the left motor cortex (M1). With regard
to tDCS studies in PPA, in particular, our study aligns with previous tDCS transfer effects
on verbal fluency in smaller studies that targeted the left IFG and trained a variety of

other language tasks, ranging from generic tasks such as story-telling [60] to oral naming
[61,88]. The present study thus confirms in a large group of patients with adequate power
that stimulation over the left IFG improves selective semantic retrieval even if not explicitly
trained.

Previous imaging studies have extensively documented the role of the left IFG in selective
semantic retrieval of verbal information stored in long-term memory in the temporal

lobe [6,8,27,89]. In a systematic review of fMRI studies related to semantic fluency,
Costafreda and colleagues [90], by distinguishing between phonological and semantic
fluency, supported the association between semantic fluency and brain activation (BOLD
signal) in the anterior and ventral portions of the left IFG [90]. Thompson-Schill and
colleagues argued that the left IFG triangularis is important for the selection of some aspect
or subset of available information among competing alternatives, e.g., semantic category
[6,67]. Other studies argued for differential roles of subdivisions within the left IFG: the
pars opercularis (BA 44) for phonologically-cued retrieval, and the pars triangularis (BA
45) for strategic semantically-cued retrieval [9,84,91]. Furthermore, several studies have
shown that the extreme capsule, a bundle connecting the left IFG with left temporal areas,
is important for semantic processing and comprehension [92-94]. Although this bundle
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is sometimes difficult to detect and many times considered as part of the uncinate, in

vivo tracing studies in humans and the macaque have shown that the uncinate connects
prefrontal regions to anterior temporal and involves emotional regulation [95]. The structural
white matter connections between semantic control (the left IFG) and semantic processing
areas (the anterior, inferior, and middle temporal and fusiform gyri) may allow the left

IFG to act as the neural substrate of selective retrieval of categorical information stored

in temporal areas. Furthermore, in a recent study, we have also identified the white-matter
integrity of the bundle connecting the left frontal areas to temporal areas was a significant
predictor of tDCS in written naming intervention [96]. Overall, the present findings provide
interventional support for a neural theory of the roles of the left IFG.

An important consideration is that some of the participants in our study had atrophy in the
stimulated area. Patients with nfvPPA usually present with atrophy of the left IFG [14].

In our underpowered exploratory analysis of variants (see Appendix B) we found that this
patient group benefited most from tDCS treatment. Given that we [65] and others [97,98]
have not found a correlation between functional connectivity and atrophy, we would like to
entertain the following 3 accounts for the present results: (1) tDCS may be more beneficial
on atrophied (but still viable) tissue by means of modulating baseline function; (2) tDCS
may have greater therapeutic effect when other network areas remain intact. People with
nfvPPA, for example, have non-atrophied temporal regions [14]. Lesion studies suggested
that the left temporal cortex stores information about semantic categories, whereas frontal
areas are important in retrieving this information [21,99]. We also found that left inferior
temporal gyrus (ITG) is associated with storage of lexical characteristics of both nouns

and verbs in PPA [100,101]. With regard to verbal fluency in PPA, a previous study [18],

as well as a recent one from our group [17] where we controlled for dementia severity,
found that atrophy in the anterior and inferior left temporal regions as well as in right
frontal regions was associated with impairment of semantic fluency. Yet, the question of
which areas or networks predict the treatment effects (behavioral and neuromodulatory)

are for a subsequent imaging study to determine; (3) other brain areas may mediate the
response of tDCS over the left IFG, since we stimulated with large electrodes (2x2 inches).
Although possible, we have not found evidence for this hypothesis in any of our previous
imaging studies that focused on the areas that were modulated with our large patches. On the
contrary, when we searched in the language and the default mode networks [66], or in the
whole brain [65], we found that the only the left IFG, and in particular the IFG triangularis,
was modulated by tDCS in our trial, and this modulation was significantly correlated with
behavioral outcomes in lexical retrieval. Finally, we cannot exclude the possibility that other
remote areas such as the right IFG may mediate the effects of tDCS over the left IFG

given their homotopic structural and functional connectivity. This is, however, the topic for a
subsequent imaging study.

Importantly, in the present study, when we tested the effects of tDCS on tasks associated
with computations of other frontal areas (and the left MFG in particular) we have found no
evidence of any modulation of these tasks by tDCS. We found no evidence of modulation
of (1) Digit Span forward or backward, which rely partially on monitoring and working
memory respectively, along with verbal production, (2) Trail-making Part A, which relies
on monitoring, or (3) letter fluency (FAS), which relies on frontal areas for searching
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and monitoring [9,21,90,102]. None of these tasks showed any beneficial effect of tDCS.
Therefore, we could conclude that the effects we see are specific to the stimulated area,
the left IFG, and are not mediated by executive control areas or their functions. The
effects on selective semantic retrieval presented here also cannot be attributed to a general
“feeling good” improvement that could have resulted after stimulation of the left MFG, as
other neuromodulation studies have shown [103]. A note on other language tasks such as
sentence comprehension: sentence comprehension tasks may also involve the left IFG along
with other dorsal and ventral areas, depending on semantic or syntactic task requirements
[92,104]. Such tasks have sub-scores that may relate to semantic retrieval to different
degrees. Given the compositionality and complexity of such tasks, we did not deem it
appropriate to use them as contrasts here. However, they do deserve further thorough
investigation, and thus are reported elsewhere [105].

The present results align also with previous studies on the neural basis of tDCS effects, both
from our group and others. Meinzer and colleagues in healthy aging [87,106], MCI [107],
and our group in PPA [65,66], found that although we stimulated a large area including the
left IFG, and paired with lexical retrieval tasks, tDCS modulated specifically the left IFG.
We had hypothesized then that this was because the behavioral treatment task (oral/written
naming/spelling targeting lexical/semantic retrieval) was paired with the function of the
stimulated area (selective semantic retrieval). The present study provides additional evidence
for this hypothesis by showing generalization to another task (semantic fluency task) that
targets the same function, the selective semantic retrieval. Thus the present results confirm a
principle of neuromodulation, the “functional pairing’ introduced by Bikson and colleagues
that states that: tDCS is effective only when the area of stimulation is paired with the task it
performs [108]. The present results would add a precision adjustment in this principle: tDCS
is effective only when the area of stimulation is paired with a task that depends on the same
computations that the area performs.

The present findings allow us to look at generalization (near-transfer) effects in aphasia
rehabilitation studies without neuromodulation, in a different way, informed by neural
theory. In this context, generalization to other tasks, not trained during intervention would
only be expected if these tasks share the same neural computation(s) with the trained task(s).
Having this principle in mind, investigations of generalization may become more efficient
because of a hypothesis-driven point of departure. Also, from a methodological point of
view, there should be fewer tasks to compare to and fewer multiple comparisons to correct
for.

A possible question that can be raised is why tDCS over the left IFG did not affect letter
fluency since there are studies on people with aphasia and healthy participants showing

that left IFG tDCS often boosted both semantic and letter fluency task performance [109].
Indeed, tDCS over the left IFG may boost both semantic and letter fluency performance

but this may happen for different reasons. Indeed, both letter and semantic fluency involve
selective lexical retrieval. However, the criterion for selection is different. Semantic selective
retrieval seems to be a specific function of the left IFG triangularis as seminal studies by
Thompson-Schill and colleagues [6] have eloquently shown. Letter fluency, in contrast to
semantic fluency, is considered a more prefrontal task [110] than semantic fluency. We
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have even confirmed the involvement of the dorsolateral prefrontal cortex in letter but not

in semantic fluency in a highly overlapping PPA cohort [17]. Searching with a strategy

for which you have to keep in mind the sequence of letters in the alphabet and monitor
them, involves both monitoring of letter sequences (and therefore the dorsolateral prefrontal
cortex, DLPFC) and lexical representations (and therefore the temporal gyrus). In contrast,
searching with a strategy for which you have to select amongst semantic alternatives

seems to involve a semantic selection criterion (and therefore the left IFG triangularis) and
lexical representations (and therefore the temporal gyrus). Furthermore, the extreme capsule
connects the left IFG triangularis with the anterior temporal lobe which is considered the
neural substrate of semantic representations [84].

Then, the question becomes why tDCS over the left IFG may have boosted both letter

and semantic fluency and not only semantic fluency in other studies. We would like to

offer two explanations: (1) The IFG and the DLPFC are connected with each other both
functionally and structurally and since the current in tDCS is more diffuse, the DLPFC
may get activated. Given the principle of ‘functional targeting” where only active cells and
networks are modulated by tDCS [108], it could be the case that our behavioral task primed
only semantic selective retrieval and not any lexical retrieval. (2) It may also be the case that
generalization in both letter and semantic fluency occurs in montages with a cathode in the
Right DLPFC. Since all the areas in the same electrical loop may get activated, activation
of the DLPFC is more probable in montages that include prefrontal areas. In our montage
(anode over the left IFG and extracephalic cathode over the right cheek) we tried to make
stimulation more focal by avoiding the creation of such loops with other brain areas of the
left or the right hemisphere.

The limitations of the present study lie mostly in the lack of power for investigation of
stimulation effects in each variant separately. Although this is the largest study to-date,

at least to our knowledge, looking systematically at generalization effects of tDCS, these
effects would need to be replicated in a larger multi-site study in the future. A future study
should also associate these findings in the brains of these patients, and, in particular, with
functional connectivity or gamma aminobutyric acid (GABA) changes that we and others
have previously found to be modulated by tDCS [65,66,106,111,112].

5. Conclusions

The present tDCS study provides interventional evidence that the left IFG is a critical

area for selective semantic retrieval even in neurodegenerative conditions such as PPA. The
combination of tDCS over the left IFG with a lexical/semantic retrieval intervention will
affect additional selective semantic retrieval tasks but not other frontal tasks that depend on
different frontal computations such as monitoring, which depends on different frontal and
prefrontal areas. Further work determining correlated functional connectivity changes and,
most importantly, biomarkers of these generalization effects, is warranted and needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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66 People assessed
for eligibility

30 Excluded

8 Chose not to participate

neurologist expert in PPA

14 Had a primary deficit of apraxia of speech

7 Had difficulty with travel or time commitment
1 Began treatment sessions but chose to stop
1 Did not have measureable language deficits
6 Completed treatment with other therapies
1 Completed treatment but was later excluded
based on non-PPA reclassification by a

/

36 Randomized
(Within-subjects)

18 Received tDCS
+ language therapy

18 Received sham
+ language therapy

y

18 Assessed after

18 Assessed after

16 Assessed at 2 weeks
(2 Dropped out)

18 Assessed at 2 weeks

12 Assessed at 2 months
(2 Dropped out, 2 Missing data)

18 Assessed at 2 months

Figure 1.

Participants recruited and randomization to active tDCS or sham tDCS.
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Change of Semantic Fluency Scores

In=18
3 n=16
In=12
-l 3
" Treatment Assignment
- {DCS
sham
04 fr— —
n=18
Before After 2Weeks 2Months
time
Figure2.

Observed group average levels of changes in semantic fluency (shown on the ordinate,
y-axis) for both the active tDCS and sham conditions. Time points: baseline (Before),
immediately after intervention (After), two weeks post intervention (2Weeks) and two
months post intervention (2Months) shown in the abscissa (x-axis); the statistical sample
(number of patients) is indicated in boxes for both sham and active tDCS. Please refer

to results in Section 3.3.1 for estimation and inference adjusting for confounders and
missingness at random, where additional tDCS effect was confirmed to be significant
immediately after and two weeks post intervention, and marginally significant two months
post intervention.
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Table 1A.

Means and standard deviations of demographic variables and baseline semantic fluency scores grouped by
first-phase condition (n=36).

activetDCSfirst ShamtDCSfirst F(1,34) p-value

Sex 9F,9M 8F 10 M * 1.000

Variant 7L,6N,5S 7L,7N,4S * 0.500

Age (years) 66.17 (7.49) 69.72 (5.42) 2.66 0.113

Years post symptom onset 5.17 (3.40) 4.72 (2.55) 0.20 0.660
Language severity (FTD-CDR) 1.92 (0.90) 1.83(0.71) 0.10 0.759
Total severity (FTD-CDR) 6.89 (4.53) 7.53 (4.66) 0.17 0.679
Sessions in phase 1 12.72 (2.11) 11.06 (1.63) 7.05 0.012
Baseline semantic fluency 14.50 (11.17) 11.81 (7.49) 0.72 0.400

*
Fisher’s exact test used. FTD-CDR, Frontotemporal Dementia Clinical Dementia Rating Scale sum of boxes. F, female; M, male. L, logopenic; N,
nonfluent; S semantic.
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Table 1B.

Means and standard deviations of demographic variables and baseline semantic fluency scores grouped by
PPA variant (n=36).

IVPPA nfvPPA svPPA F(2,33) p-value
Sex TRTM 5F8M 5F4M * 0.800
First-phase condition 7s, 7t 7s,6t 43,5t * 1.000
Age (years) 66.29 (8.11)  69.77 (6.00) 67.89 (4.96) 0.91 0.412
Years post symptom onset 4.82(3.33) 4.65 (2.66) 5.56 (3.08) 0.25 0.780
Language severity (FTD-CDR) 1.57 (0.83) 2.04 (0.72) 2.11 (0.78) 1.76 0.188
Total FTD-CDR 6.18 (3.76) 7.85 (4.19) 7.89 (6.17) 0.57 0.571
Sessions in phase 1 11.93(2.02) 11.85(1.91) 11.89(247) 0.01 0.990

Baseline semantic fluency 17.50 (10.97) 12.08(8.38)  7.94 (5.15) 3.30 0.049

*
Fisher’s exact test used. FTD-CDR, Frontotemporal Dementia Clinical Rating Scale sum of boxes [70]. F, female; M, male. s, sham tDCS; t,
active tDCS.
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