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Abstract

Background: Aphasia is a common, debilitating consequence of stroke, and speech therapy is 

often inadequate to achieve a satisfactory outcome. Neuromodulation techniques have emerged as 

a potential augmentative treatment for improving aphasia outcomes. Most studies have targeted the 

cerebrum, but there are theoretical and practical reasons that stimulation over the cerebral 

hemispheres might not be ideal. On the other hand, the right cerebellum is functionally and 

anatomically linked to major language areas in the left hemisphere, making it a promising 

alternative target site for stimulation.

Objective: To provide preliminary effect sizes for the ability of a short course of anodal 

transcranial direct current stimulation (tDCS) targeted over the right cerebellum to enhance 

language processing in individuals with chronic poststroke aphasia.

Method: Ten individuals received five sessions of open-label anodal tDCS targeting the right 

cerebellum. The effects of the tDCS were compared to the effects of sham tDCS on 14 controls 

from a previous clinical trial. In total, 24 individuals with chronic poststroke aphasia participated 

in the study. Behavioral testing was conducted before treatment, immediately following treatment, 

and at the 3-month follow-up.

Results: Cerebellar tDCS did not significantly enhance language processing measured either 

immediately following treatment or at the 3-month follow-up. The effect sizes of tDCS over sham 

treatment were generally nil or small, except for the mean length of utterance on the picture 

description task, for which medium-to-large effects were observed.

Conclusion: These results may provide guidance for investigators who are planning larger trials 

of tDCS for individuals with chronic poststroke aphasia.
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Approximately 20% of stroke survivors experience chronic poststroke aphasia or difficulties 

communicating on a daily basis. It is estimated that there are >1 million aphasic stroke 

survivors in the United States, with 80,000 new cases added every year (Ellis et al, 2010). 

The standard treatment for aphasia is speech-language therapy, which involves practicing 

communication activities with a speech-language therapist one-on-one or in small groups. 

Although intensive speech-language therapy can enhance these individuals’ language 

processing (Bhogal et al, 2003; Brady et al, 2016; Breitenstein et al, 2017), many individuals 

do not have access to the services necessary to reliably improve their outcomes, and not all 

individuals show gains after therapy (Gottesman and Hillis, 2010). Moreover, regardless of 

the intensity of the therapy, individuals with aphasia rarely achieve satisfactory outcomes 

from speech-language therapy alone and are often left with a persistent communication 

disability.

Transcranial Direct Stimulation

In recent years, neuromodulation techniques, such as transcranial direct current stimulation 

(tDCS), have been used to potentially enhance the recovery of, and improve outcomes in, 

individuals with chronic poststroke aphasia (Bucur and Papagno, 2019; Elsner et al, 2019; 

Hao et al, 2013; Turkeltaub, 2015). TDCS is a safe, noninvasive method of inducing 

prolonged changes in cellular excitability by passing a constant low level of direct electrical 

current through targeted brain tissue in order to modulate neuronal activity (Zaghi et al, 

2010). Within the motor system, the effect has often been observed to be polarity dependent, 

where anodal (positive) stimulation increases cortical excitability and cathodal (negative) 

stimulation decreases cortical excitability (Nitsche and Paulus, 2000). However, this is an 

oversimplification, as the relationship between polarity and excitability has not been 

observed consistently in studies using tDCS to modulate individuals’ cognitive skills 

(Jacobson et al, 2012).

Trials of tDCS on individuals with aphasia have focused primarily on improving lexical 

retrieval, which is measured using picture naming (eg, Baker et al, 2010; Monti et al, 2008). 

To date, studies investigating the use of tDCS to augment speech-language therapy and 

enhance outcomes have produced some evidence that tDCS can improve the ability of an 

individual with chronic poststroke aphasia to correctly name nouns (Elsner et al, 2019).

The neural mechanisms and optimal stimulation parameters of tDCS for chronic poststroke 

aphasia treatment are poorly understood (Hamilton et al, 2011), and it is not clear which 

brain regions should be excited or inhibited in order to achieve enhanced clinical outcomes. 

Naturally, choices of stimulation site and polarity have been motivated by theories of aphasia 

recovery. For example, a majority of studies have conducted anodal stimulation over the left 

hemisphere (Baker et al, 2010; Fridriksson et al, 2018b; Spielmann et al, 2018) based on the 

observation that optimal language recovery involves the functional re-recruitment of the 

remaining left-hemisphere tissue (Fridriksson, 2010; Fridriksson et al, 2010; Heiss et al, 
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1999; Meinzer et al, 2008; Saur et al, 2006). Other studies have conducted cathodal 

stimulation over the right hemisphere (Kang et al, 2011; Da Silva et al, 2018; You et al, 

2011) based on the theory that right-hemisphere recruitment is maladaptive or ineffective via 

a mechanism such as interhemispheric disinhibition (Richter et al, 2008).

Targeting the Cerebral Hemispheres

There are, however, disadvantages to targeting either cerebral hemisphere, and both of the 

abovementioned approaches have yielded mixed results. A major disadvantage to 

stimulating the left cerebral hemisphere is that individuals with chronic stroke aphasia often 

have large regions of encephalomalacia that are filled with CSF at the site of their stroke, 

which is expected to provide a low-resistance conduit for electrical current. This low 

resistance allows the electrical current to shunt through nonviable tissue, thereby reducing 

exposure of the targeted perilesional tissue to stimulation (Datta et al, 2011). One approach 

to overcoming this challenge has been to individualize electrode placement on the basis of a 

pretreatment fMRI scan so that the stimulation targets the residual functional tissue (Baker 

et al, 2010; Fridriksson et al, 2018b). However, the effects of the lesion on the electrical field 

are unpredictable without using complicated electrical field modeling methods 

(Dmochowski et al, 2013), the accuracy of which remains largely unverified. This issue thus 

makes the selection of optimal electrode locations in the left hemisphere difficult.

A major disadvantage to applying cathodal stimulation to inhibit right-hemisphere regions is 

that it may be counterproductive in some cases because compensatory recruitment of the 

right hemisphere has been found in regions that are homotopic to the stroke (Leff et al, 2002; 

Musso et al, 1999; Ohyama et al, 1996; Saur et al, 2006; Skipper-Kallal et al, 2017a, 2017b; 

Xing et al, 2016), despite evidence that the right hemisphere may be less computationally 

efficient for language compared with the left hemisphere (Heiss et al, 1999, 2003).

Targeting the Cerebellar Hemispheres

Recently, the right posterolateral cerebellum has been proposed as an alternative site for 

tDCS in individuals with chronic poststroke aphasia (Sebastian et al, 2016; Turkeltaub et al, 

2016). The right cerebellum is typically spared in individuals with chronic poststroke 

aphasia, which most frequently results from damage to the left cerebral hemisphere. The 

right posterolateral cerebellar hemisphere exhibits functional connectivity with temporal and 

frontoparietal association areas in the contralateral cerebral cortex, including the left frontal 

language areas (Buckner et al, 2011).

While the cerebellum has traditionally been associated with motor function, it is now 

thought to have a role in multiple aspects of speech and language (Mariën et al, 2014). 

Indeed, functional neuroimaging has shown that right posterolateral cerebellar activation is 

often present during a wide range of language tasks (Stoodley and Schmahmann, 2009). 

Moreover, our group’s previous work (D’Mello et al, 2017; Turkeltaub et al, 2016) showed 

that anodal tDCS over the right cerebellum improves verbal fluency and impacts resting-

state connectivity in the cerebral language networks of healthy adults, suggesting that the 

cerebellum is a viable candidate for neuromodulation in individuals with aphasia.
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Although there are several potential mechanisms that might underlie the effect of cerebellar 

tDCS to improve language processing, our previous work (D’Mello et al, 2017; Turkeltaub 

et al, 2016) suggested that tDCS enhances connectivity between the cerebellum and 

language-associated cortical regions in order to facilitate internal linguistics models for 

language processing at multiple levels, including sentence processing and phonemic fluency.

Based on these findings from our previous work, we hypothesized that tDCS targeted over 

the right posterolateral cerebellum would improve language performance (relative to sham 

stimulation) in individuals with chronic poststroke aphasia. To explore preliminary effect 

sizes of cerebellar tDCS for individuals with aphasia, we conducted an open-label pilot 

study of anodal cerebellar tDCS targeting the right cerebellum and compared changes in 

language test performance of individuals with aphasia versus changes of a sham control 

group from a previous tDCS clinical trial that used an identical intervention 

(ClinicalTrials.gov Identifier: NCT01709383).

METHOD

Participants

Twenty-four individuals who had experienced a left-hemisphere stroke (22 ischemic, 2 

hemorrhagic) participated in the study. Ten individuals received active stimulation, and 14 

individuals received sham stimulation. Participants in the active stimulation group were 

recruited from a convenience sample consisting of sequentially referred patients, mainly 

from the aphasia clinic at MedStar National Rehabilitation Hospital in Washington, DC. 

Inclusion criteria matched those from the aforementioned clinical trial. Individuals scoring 

>97 on the Western Aphasia Battery—Revised (WAB–R; Kertesz and Raven, 2007) at 

baseline and without apparent difficulty on any baseline testing were not enrolled in the 

study.

For the historical sham control group, we included the entire sham group from the previous 

tDCS clinical trial. The sham group was enrolled as a sequentially referred series of aphasic 

patients, mainly referred from the aphasia clinic at MedStar National Rehabilitation 

Hospital.

All 24 participants were at least 6 months post stroke (chronicity = 43.4 ± 39.9 months 

[range 6.8–177.6 months]); age = 60.2 ± 10.5 years [range 42–81 years]; 16 male, 8 female; 

21 right-handed, 3 left-handed; education = 16.6 ± 2.7 years [range 12–21 years]). Aside 

from the stroke events, the study participants had no history of psychiatric or other 

neurologic conditions.

The study protocol was approved by the institutional review board of Georgetown University 

and was performed according to the ethical guidelines of the Declaration of Helsinki and its 

later amendments. All individuals provided informed written consent before enrolling in the 

study. As an exploratory pilot study to assess effect sizes that could be used to motivate a 

larger trial, the sample was not powered to detect significant effects.
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Behavioral Testing

We administered the same behavioral tests to the active stimulation group that had been 

administered in the previous clinical trial to the sham group. In both instances, the tests were 

administered once before treatment, once at 24 hours post treatment, and once at the 3-

month follow-up. Four additional tasks that are thought to engage the cerebellum (Mariën et 

al, 2014) were administered to the active stimulation group only. We administered these 

additional tests at two baseline time points before treatment in an attempt to distinguish 

practice effects from genuine treatment effects. Because this was an exploratory study, we 

did not pre-specify a single primary outcome measure.

Tests Given to Both Groups—We administered five behavioral tests, for which we had 

data available from the historical sham control group, to the active stimulation group. We 

used the Aphasia quotient from the WAB–R to assess the active stimulation group’s 

response to treatment, the Picnic Scene picture description task to assess speech production 

at the sentence level, a 60-item version of the Philadelphia Naming Test (PNT; Roach et al, 

1996) to assess lexical retrieval, and both a category fluency task and a letter fluency task to 

assess fluency. In the two fluency tasks, participants were administered three categories (ie, 

animals, things you buy at the supermarket, and things you wear) or three letters (F, A, and 

S) and were asked to produce as many exemplars as possible in 60 seconds. Responses were 

scored online; we also video-recorded the responses so that scoring could be confirmed 

offline.

Tests Given to Only the Active Stimulation Group—Four tasks that had not been 

administered to the historical sham control group were administered to the active treatment 

group. These tasks included cloze sentence completion, verb generation, verb naming, and 

motor speech production. The cloze sentence completion task consists of 50 declarative 

statements that are presented visually and auditorily by a computer, with the final word 

unspoken and represented by a blank (eg, “The American flag is red, white, and _____.”). 

Participants are given 6 seconds to say aloud a word that fills in the blank. We included the 

cloze sentence completion task because cerebellar tDCS has previously been observed to 

modulate the cerebellar circuitry for the semantic prediction component of the task, which is 

thought to rely on the forward modeling supported by the cerebellum (D’Mello et al, 2017). 

We video-recorded the responses so that scores could be figured and RTs could be 

determined offline.

The verb generation task consists of 50 written names of objects that are presented on a 

computer. Participants are given 6 seconds to say aloud an “action word” that matches each 

presented object (eg, boat → row). No verb generation stimuli overlapped with any of the 

items that had been trained during treatment. Responses were video-recorded and were 

scored offline for acceptability and measured for response times.

The verb naming task consists of 30 images that are presented on a computer. Each image 

consists of a person performing an action. Participants are given 20 seconds to say aloud the 

verb that best describes the action depicted. We included the verb generation and verb 

naming tasks because recent work on cerebellar tDCS in individuals with chronic poststroke 
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aphasia found improvements in verb generation but not verb naming during stimulation 

(Marangolo et al, 2018).

Two measures of oral diadochokinesis were used to assess motor speech. The first measure 

was sequential motion rate, in which participants are asked to repeat single CV (consonant–

vowel) syllables (eg, puh, tuh, and kuh) as quickly and steadily as possible for 5 seconds. 

The second measure was alternating motion rate, in which participants are asked to repeat an 

ordered sequence of CV syllables (eg, puh + tuh + kuh) as quickly and steadily as possible 

for 5 seconds. We included the motor speech exam because motor speech programming is 

one aspect of communication to which the cerebellum is thought to contribute (Mariën et al, 

2014).

Treatment Procedure

Study Design—The 24 study participants received 5 consecutive days of treatment that 

involved multimodal speech therapy targeting anomia paired with anodal tDCS targeting the 

right posterolateral cerebellum. We tested the active stimulation participants on four 

occasions: twice before treatment, once immediately post treatment, and at the 3-month 

follow-up. The historical sham control group had been tested on the last three occasions 

during the previous control trial.

Speech Therapy: The multimodal speech therapy targeted anomia by engaging the 

participants’ productive language systems during 5 consecutive days of tDCS 

administration. We based the number of sessions on a prior study by Lindenberg et al (2010) 

that had demonstrated that 5 consecutive days of tDCS could improve arm motor function 

after a stroke. Based on the hypothesis that tDCS would modulate language networks in the 

brain, the speech therapy was designed primarily to engage the language network broadly 

during stimulation rather than to consolidate learning on specific training items.

We used an explicit written protocol to standardize procedures across participants. Ten 

words depicted on picture cards were trained per session (50 items total over the 5-day 

treatment period). Based on each individual’s baseline PNT score, he or she received items 

from a hard word list (PNT accuracy ≥ 20 out of 60) or an easy word list (PNT accuracy < 

20 out of 60). Thirty items were shared between the two lists. Five of the historical sham 

control participants had received the easy list; all of the other participants received the hard 

list.

Each session began with picture naming, supported by phonemic and semantic cuing. The 

participants generated semantic features of each item, produced sentences containing each 

item, and wrote each item using pencil and paper. Each session lasted a total of 60 minutes, 

including setup and takedown; the treatment itself lasted ~45 minutes. In order to allow as 

direct a comparison of outcomes as possible, intervention for the active stimulation group 

was kept identical to what had been delivered to the historical sham control group. The 

treatment materials are available as supplemental digital content 1 and supplemental digital 

content 2.
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Cerebellar tDCS: In the active condition, the tDCS was applied using a custom-designed 

CT stimulator (Soterix Medical) consisting of a current source powered by 9-volt batteries 

and 5×5-cm electrode sponges with saline solution to make contact with the scalp. The 

anode was placed over the right posterolateral cerebellum (estimated to be over lobule VII), 

measured 1 cm down and 4 cm to the right of the inion. The cathode was placed on the 

upper right bicep. The current was ramped up to 2 mA over 30 seconds, applied during the 

first 20 minutes of speech therapy, and then ramped down over 30 seconds.

In the sham condition, the tDCS setup was applied using a Soterix HD-tDCS- CT unit 

consisting of a current source powered by 9-volt batteries and AgCl-coated electrodes and 

conductive gel. Two anodes were placed at the left inferior frontal gyrus (F7 and F5) and 

two cathodes were placed at the right-hemisphere homolog (F6 and F8). The current was 

ramped up to 1.5 mA over 30 seconds, followed immediately by a 30-second ramp-down. 

No current was delivered until 19 minutes later, when the current was again ramped up to 

1.5 mA over 30 seconds, followed by a 30-second ramp-down. The ramp up and down is 

supposed to simulate the change in sensation that individuals sometimes report feeling 

during active tDCS as the current is ramped up at the start of treatment and ramped down at 

the end.

Statistical Analysis

Modeling of Treatment Effects—For the tests that were administered to both the active 

stimulation group and the historical sham control group, a one-way ANCOVA was used to 

model the treatment effects immediately after treatment and at the 3-month follow-up. 

Specifically, for each outcome measure, two models were estimated. The first model 

measured the change from pretreatment to immediate post treatment, and the second model 

measured the change from pretreatment to the 3-month follow-up. In each model, the 

immediate post treatment (or 3-month follow-up) score was measured as a function of study 

arm (active, sham), controlling for baseline score and lesion volume. A significant effect of 

the factor of arm was interpreted as an effect of stimulation.

For the tests that were administered to only the active stimulation group, a one-way 

ANCOVA was again used to model the treatment effects immediately post treatment and at 

the 3-month follow-up. Again, for each outcome measure, two models were estimated. The 

first model measured the change from pretreatment to immediate posttreatment, and the 

second model measured the change from pretreatment to the 3-month follow-up. In each 

model, test score performance was measured as a function of time. The pretreatment scores 

were entered as the average of the two baseline measurements. A significant effect of time 

was interpreted as an effect of stimulation and speech therapy. Lesion volume was included 

as a covariate in this model.

Measuring Individual Responders—Because of heterogeneity in participant 

characteristics, we anticipated that some individuals in the active stimulation group might 

show a gain post treatment even if the group as a whole did not. To measure these individual 

responders, for each test with data from the historical sham control group, we quantified 
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gains for each individual in the active stimulation group by calculating a z score for 

treatment gain scores relative to the historical sham control group’s treatment gains.

RESULTS

Stimulation and Sham Groups

As shown in Table 1, the active stimulation group and the historical sham control group did 

not differ significantly in age, time since stroke, lesion volume, years of education, or WAB–

R Aphasia quotient as measured at the start of the study. Both groups’ strokes encompassed 

the middle cerebral artery distribution, with some strokes extending into the anterior and 

posterior cerebral artery territories (Figure 1). Over the course of the study, there were no 

serious adverse events such as seizure, hospitalization, or death. All of the participants 

completed all of the treatment and testing sessions. Individual participant data for the 

demographics and all test scores are available in supplemental digital content 3.

Behavioral Results

Tests Given to Both Groups—There was no significant effect of tDCS on scores or 

subscores from the WAB–R Aphasia quotient, the picture description task, the PNT 

(accuracy), or the category or letter fluency tasks, either immediately post treatment or at the 

3-month follow-up relative to the baseline scores. Statistics for these measures are shown in 

Table 2.

Notably, this study was exploratory and was not powered to find significant effects of 

treatment across the groups. The primary goal was to examine effect sizes, irrespective of 

statistical significance. The most promising effect was observed for mean length of utterance 

on the picture description task, for which there was a large effect of tDCS immediately post 

treatment (ηP
2  = 0.18, approximately equivalent to Cohen’s d = 0.94) and a medium effect of 

tDCS at the 3-month follow-up (ηP
2  = 0.11, approximately equivalent to Cohen’s d = 0.70). 

The number of unique verbs on the picture description task showed a similar pattern (ηP
2  = 

0.19 immediately post treatment and 0.06 at the 3-month follow-up, approximately 

equivalent to Cohen’s d of 0.97 and 0.50, respectively). For some of the other measures, 

medium to large effects were observed at one time point (eg, immediately post treatment for 

category fluency and at the 3-month follow-up for Aphasia quotient and letter fluency), but 

no effects were observed at the other time point.

Tests Given to Only the Active Stimulation Group—There was no significant effect 

of speech therapy paired with tDCS on six measures from the tests with tests that were given 

to only the active stimulation group, including cloze sentence completion accuracy and 

response time, verb generation accuracy and response time, verb naming accuracy, and 

motor speech exam performance (mean alternating motion rate and sequential motion rate, 

measured as repetitions per second). These scores and their associated statistics are shown in 

Table 3.
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Nevertheless, there was a medium-sized effect of tDCS immediately post treatment on verb 

generation response time (ηP
2  = 0.13, approximately equivalent to Cohen’s d = 0.77) and a 

large effect of tDCS at the 3-month follow-up (ηP
2  = 0.26, approximately equivalent to 

Cohen’s d = 1.18). For some of the other measures, medium to large effects were observed 

at one time point (eg, at the 3-month follow-up for verb naming and motor speech exam), 

but no effects were observed at the other time point.

Individual Responders—Although a few individuals in the active stimulation group 

showed high z scores (>2) on individual tests, there were none who clearly responded more 

than the historical sham control group across multiple tests, and no tests on which there were 

multiple clear responders in the active stimulation group (Figure 2). On mean length of 

utterance, which showed the most reliable effect across the group analyses, 9 of the 10 

individuals in the active stimulation group had positive z scores compared with the historical 

sham control group (ie, an improvement greater than the sham group mean) immediately 

post treatment, and 8 had positive z scores at the 3-month follow-up. Only one individual 

had a z score >2 immediately post treatment, and none did at the 3-month follow-up. Results 

were more variable for the number of different verbs on the picture description task, with 6 

of the 10 individuals in the active stimulation group having positive z scores immediately 

post treatment and 4 at the 3-month follow-up. In this case, the effect sizes at the group level 

were largely driven by a single individual with a z score of 2.9 both immediately post 

treatment and at the 3-month follow-up.

DISCUSSION

In this open-label pilot study, we tested whether anodal tDCS targeted over the right 

posterolateral cerebellum could enhance language processing in individuals with chronic 

stroke aphasia. In our sample, individuals in the active stimulation group did not achieve 

statistically significant posttreatment behavioral gains in test scores compared with those of 

a historical sham control group. In addition, compared to scores measured at two baseline 

sessions, the active stimulation group did not demonstrate significant gains on measures that 

are thought to engage the cerebellum.

The lack of statistically significant treatment effects is not surprising given that the study 

was exploratory and was not powered to establish the efficacy of cerebellar tDCS. For this 

reason, we also examined the effect sizes of the comparison between active cerebellar tDCS 

and sham tDCS. If we detected promising effect sizes, then we would be well-positioned to 

design a larger study that was adequately powered to measure effects of tDCS across the 

active treatment group. Of the several measures examined, only mean length of utterance on 

the picture description task showed a promising effect of cerebellar tDCS. Mean length of 

utterance is one of the main measures of fluency of narrative speech production, which is 

commonly reduced in individuals with chronic poststroke aphasia. Improving speech fluency 

would be clinically important for many individuals with chronic post-stroke aphasia and 

would differentiate cerebellar tDCS, which may improve speech fluency, from approaches 

that so far have been shown to improve noun naming only.
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We also examined the effect sizes of the comparison between pretreatment and 

posttreatment scores (immediately post treatment and at the 3-month follow-up) for 

measures that were administered to only the active cerebellar tDCS group and not the 

historical sham control group. Of the several measures examined, only the response time on 

the verb generation task showed a promising effect of cerebellar tDCS. These findings 

should be interpreted cautiously given the number of measures that were examined and the 

open-label design; however, the findings might warrant follow-up in future investigations of 

the use of cerebellar tDCS for treating individuals with chronic poststroke aphasia.

Our study sample included heterogeneous lesion locations, behavioral severities, and stroke 

chronicities. Although a few of the individuals in the active group did show gains above the 

control group on individual measures, the improvement was small and was not consistent 

enough across multiple related measures to clearly demonstrate that the effects were not 

random. Thus, we did not find clear evidence that there were individual participants in the 

active group who were particularly responsive to cerebellar tDCS. Given the small sample 

size of this pilot study, it remains possible that cerebellar tDCS is effective for individuals 

with lesions in specific parts of the neural circuitry, with certain types or degrees of 

behavioral deficit, at certain times during the recovery process, or for individuals with 

specific genetic characteristics (Fridriksson et al, 2018a).

The lack of robust treatment effects observed in our study is at odds with a case study by 

Sebastian et al (2016) that found that anodal cerebellar tDCS enhanced spelling in an 

individual with chronic poststroke aphasia. However, there are important differences 

between the two studies. We enrolled participants with chronic aphasia after a left-

hemisphere stroke rather than bilateral lesions, and we did not assess spelling ability after 

treatment. In addition, Sebastian and colleagues (2016) employed a greater treatment 

intensity, lasting 15 training sessions rather than the 5 days in our study.

Our results are in line with previous findings that the use of cerebellar tDCS enhanced verb 

generation but not verb naming in individuals with chronic poststroke aphasia (Marangolo et 

al, 2018). Although the current study was not powered to detect differences between tasks, it 

does appear that verb generation improved more numerically than verb naming, and there 

was a medium-to-large effect on response time during verb generation. However, because of 

a lack of control group for these measures and the open-label design, it is difficult to know 

whether this effect was just a general effect of practice or a placebo effect.

Study Limitations

Although it is possible that cerebellar tDCS is not effective in improving language 

processing in individuals with chronic poststroke aphasia by modulating language networks, 

we cannot draw such a conclusion from a single study. Our trial was a pilot study, and it had 

several important limitations. First, our study employed an open-label design, meaning that 

individuals were not randomized to the treatment group and thus knew that they were 

receiving stimulation. However, while crossover designs are regarded as offering better 

internal validity, there are some limitations to crossover tDCS studies as well, including 

evidence that individuals can differentiate between real and sham stimulation (Kessler et al, 

2012; O’Connell et al, 2012) and that the effects of tDCS may last for multiple months after 

DeMarco et al. Page 10

Cogn Behav Neurol. Author manuscript; available in PMC 2022 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stimulation, which can preclude an appropriate washout period (Vestito et al, 2014). 

Nevertheless, an open-label design is not optimal, and comparisons between the active and 

historical sham control groups should be interpreted with additional caution.

Second, our modest sample size naturally limited our statistical power to detect an effect of 

treatment across the two groups. However, except perhaps for mean length of utterance, the 

effect sizes do not suggest that a lack of effect was primarily related to low statistical power. 

In addition, treatment lasted only 1 week and involved general multimodal therapy targeted 

at improving anomia. This treatment was based on the hypothesis that tDCS would modulate 

language processing through alterations in brain networks rather than on the hypothesis that 

tDCS would enhance learning of specific items during therapy. A more intense treatment 

regimen with a greater dosage, or a regimen targeted at individualized speech-language 

deficits, might have had a different outcome. Another possibility is that the stimulation 

produced specific behavioral effects, such as changes to certain types of errors produced, 

that we did not measure in this study.

An additional limitation is that based on our study measures, we cannot say whether the 

tDCS enhanced learning of the items that were trained during therapy. Thus, it is also 

possible that tDCS enhanced performance on the trained items relative to the sham group, 

separate from alterations in language processing. In this light, it is possible that 1 week of 

treatment showed effects on trained items, but that treatment dosage or duration needs to be 

considerably greater in order to modulate language networks in a way that affects language 

processing more generally.

Finally, we used anodal stimulation, but as noted in the introduction, the neural mechanisms 

of tDCS-induced changes in language processing are not known. Some authors have claimed 

that cathodal, rather than anodal, stimulation of the cerebellum is preferable, under the 

hypothesis that cathodal stimulation inhibits Purkinje cells in cerebrocerebellar circuits to 

ultimately disinhibit the left frontal lobe resources that are responsible for behavioral 

enhancement (Marangolo et al, 2018; Pope and Miall, 2014). Thus, it is possible that 

cathodal stimulation would have produced a different outcome due to the mechanism of 

action of cerebellar stimulation.

CONCLUSION

This pilot study provided no clear evidence that anodal tDCS targeting the right cerebellum 

given daily for 5 days with multimodal speech therapy produces behavioral improvements in 

individuals with chronic stroke aphasia. Given observed effect sizes, additional work may be 

warranted to determine whether cerebellar tDCS has a future as an adjuvant to speech 

therapy in individuals with aphasia. Because the active stimulation group did show 

promising changes in mean length of utterance, future studies using cerebellar tDCS with 

individuals with chronic poststroke aphasia should consider whether cerebellar tDCS might 

specifically improve measures of fluency in spontaneous speech.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Overlay showing lesion overlap for all study participants (A), only individuals in the active 

treatment group (B), and only individuals in the historical sham control group (C).
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FIGURE 2. 
For each test with data from a historical sham control group, gains for each individual in the 

active stimulation group were calculated as a z score of their treatment gain scores relative to 

the historical sham control group’s treatment gains. For each test measure, individual 

participant z scores are shown for immediately post treatment (F1, gray circles) and at the 3-

month follow-up (black squares, F2). AV Comp = auditory verbal comprehension. AQ = 

Aphasia quotient. F1 = immediately post treatment. F2 = 3-month follow-up. MLU = mean 

length of utterance. N&WF = naming and word finding. PNT = Philadelphia Naming Test. 

SpontSp = spontaneous speech. Un = unique. WAB–R = Western Aphasia Battery–Revised.
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TABLE 1.

Demographics of the Active Stimulation and Historical Sham Control Groups

Group Active Sham Comparison P

n 10 14 - -

Male/Female 7/3 9/5 - -

Age (years) 60.36 (13.17) 60.13 (8.63) t(14.43) = 0.05 0.96

Time since stroke (months) 42.72 (55.06) 43.96 (26.90) t(12.09) = –0.07 0.95

Lesion volume (mm3) 53,308 (59,047) 50,191 (60,386) t(19.81) = 0.13 0.90

Education (years) 17.00 (2.31) 16.29 (2.92) t(21.70) = 0.67 0.51

Aphasia quotient 79.2 (15.44) 65.1 (26.77) t(22) = 1.49 0.15

Data are presented as M ± SD unless otherwise noted.
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TABLE 2.

Statistics for the Tests Given to Both Groups

Measure
Pre-score 

(Sham; Active) 
M (SD)

Post-score 
(Sham; Active) 

M (SD)

Time 
Point

Adjusted 
Mean 

Difference
95% CI F (df) P ηP

2

Western Aphasia Battery—Revised

Aphasia Quotient 65.1 (26.7); 
79.2 (15.4)

65.6 (27.3); 
80.2 (16.8) F1 0.43 −2.2 – 3.1 0.12 

(1,20) 0.74 0.006

66.6 (26.8); 
82.3 (15.6) F2 1.9 −0.76 – 4.5 2.19 

(1,20) 0.15 0.099

Spontaneous Speech 12.3 (6.4); 16.0 
(3.6)

12.3 (6.3); 16.2 
(3.6) F1 0.5 −0.54 – 1.3 0.78 

(1,20) 0.39 0.038

12.7 (6.1), 16.5 
(3.4) F2 0.4 −0.67 – 1.5 0.62 

(1,20) 0.44 0.03

Auditory Verbal 
Comprehension

8.1 (1.8); 8.5 
(1.6)

7.8 (1.9); 8.3 
(2.0) F1 0.025 −0.51 – 0.56 0.01 

(1,20) 0.92 0.00047

8.1 (1.9); 8.7 
(1.5) F2 0.22 −0.18 – 0.61 1.29 

(1,20) 0.27 0.061

Repetition 6.1 (3.0); 7.5 
(1.4)

6.2 (3.1); 7.9 
(1.6) F1 0.24 −0.34 – 0.81 0.73 

(1,20) 0.40 0.035

6.2 (3.0); 7.9 
(1.7) F2 0.28 −0.45 – 1.00 0.64 

(1,20) 0.43 0.031

Naming and Word 
Finding

6.1 (3.0); 7.6 
(1.7)

6.6 (3.0); 7.8 
(2.1) F1 −0.2 −0.81 – 0.42 0.44 

(1,20) 0.51 0.022

6.3 (3.0); 8.1 
(1.9) F2 0.37 −0.29 – 1.00 1.35 

(1,20) 0.26 0.063

Picture Description Task

Mean length of 
utterance

4.43 (2.75); 
5.58 (2.76)

4.04 (2.65); 
6.05 (2.75) F1 1.2 −0.03 – 2.4 4.15 

(1,19) 0.056 0.18

4.27 (2.41); 
5.82 (2.70) F2 0.61 −0.22 – 1.4 2.37 

(1,19) 0.14 0.11

Speech rate (wpm) 46.4 (40.1); 
67.9 (40.5)

52.0 (52.6); 
68.1 (36.5) F1 −0.94 −24 – 22 0.01 

(1,19) 0.93 0.00

41.9 (50.1), 
70.1 (42.9) F2 9.6 −11 – 20 0.98 

(1,19) 0.33 0.05

# of unique real words 51.5 (45.8); 
80.6 (60.0)

56.5 (63.5); 
88.0 (70.6) F1 5.1 −17 – 27 0.24 

(1,19) 0.63 0.01

59.9 (58.0); 
94.3 (71.2) F2 1.9 −12 – 16 0.08 

(1,19) 0.78 0.00

# of unique nouns 17.5 (14.3); 
29.5 (17.6)

22.2 (19.4), 
31.1 (19.6) F1 −1.2 −8.9 – 6.6 0.1 (1,19) 0.76 0.01

21.0 (16.5); 
31.7 (17.9) F2 −0.009 −6.3 – 6.3 0 (1,19) 1.00 0.00

# of unique verbs 10.2 (7.9); 10.2 
(8.4)

9.8 (11.1); 12.9 
(12.2) F1 4.6 0.06 – 9.1 4.5 (1,19) 0.05 0.19

13.5 (11.9); 
14.9 (13.4) F2 2.3 −1.9 – 6.5 1.29 

(1,19) 0.27 0.06

# of total words 103 (116); 186 
(163)

134 (213); 222 
(237) F1 22 −70 – 120 0.26 

(1,19) 0.62 0.01

131 (172); 226 
(209) F2 9.0 −51 – 69 0.1 (1,19) 0.76 0.01
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Measure
Pre-score 

(Sham; Active) 
M (SD)

Post-score 
(Sham; Active) 

M (SD)

Time 
Point

Adjusted 
Mean 

Difference
95% CI F (df) P ηP

2

Philadelphia Naming Test

Philadelphia Naming 
Test (% accuracy)

53.6% (39.2); 
78.5% (19.2)

57.1% (39.1); 
80.0% (20.3) F1 −0.019 −0.08 – 0.04 0.39 

(1,20) 0.54 0.02

56.9% (38.5); 
82.7% (16.4) F2 0.021 −0.034 – 

0.076
2.19 

(1,20) 0.62 0.03

Fluency Tasks

Category fluency 
(words)

21.17 (20.57); 
33.40 (15.54)

24.08 (23.07); 
35.5 (17.19) F1 −2.1 5.6 – 1.3 1.7 (1,19) 0.21 0.086

23.42 (22.46); 
35.4 (14.58) F2 −0.37 −3.6 – 2.8 0.06 

(1,19) 0.81 0.003

Letter fluency (words) 9.42 (11.67); 
16.00 (13.65)

10.42 (12.29); 
18.90 (16.25) F1 1.8 −3.2 – 6.9 0.58 

(1,19) 0.46 0.031

9.67 (13.32), 
17.90 (12.57) F2 2.2 −2.1 – 6.5 1.16 

(1,19) 0.30 0.16

Data are presented as M ± SD unless otherwise noted. Results are shown for measurements immediately following treatment (F1) and at the 3-
month follow-up (F2).
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TABLE 3.

Test Scores and Statistics Associated With 6 Measures From the Tests Given to Only the Active Stimulation 

Group

Task Measure 
(units)

Baseline Scores
Time 
point

Posttreatment 
Score M (SD)

Adjusted 
Mean 

Difference
95% CI F (df) P ηP

2
M 1 
(SD)

M 2 
(SD)

Cloze 
sentence 

completion

Accuracy 
(%)

64.6% 
(21.6)

64.8% 
(21.0)

F1 70.2% (20.0) 5.6 −24 – 
12

0.44 
(1,17) 0.52 0.025

F2 67.6 (22.76) −3 −22 – 
16

0.12 
(1,17) 0.74 0.007

RT 
(seconds)

1.45 
(0.87)

1.26 
(1.04)

F1 1.17 (0.94) 0.18 −0.56 – 
0.93

0.27 
(1,17) 0.61 0.016

F2 1.26 (1.07) 0.06 −0.70 – 
0.88

0.06 
(1,17) 0.81 0.004

Verb 
generation

Accuracy 
(%)

46.0% 
(40.29)

49.6% 
(42.28)

F1 53.2% (42.38) 5.4 −41 – 
30

0.10 
(1,17) 0.75 0.006

F2 55.8% (40.72) −8 −43 – 
27

0.24 
(1,17) 0.63 0.014

RT 
(seconds)

2.14 
(1.02)

1.78 
(0.92)

F1 1.36 (0.56) 0.56 −0.24 – 
1.4

2.23 
(1,15) 0.16 0.13

F2 1.72 (0.87) 0.23 −0.73 – 
1.2

0.26 
(1,15) 0.62 0.26

Verb naming Accuracy 
(%)

14.3% 
(7.59)

15.4% 
(7.57)

F1 14.8% (7.27) 0.05 −5.2 – 
5.3 0 (1,17) 0.98 0.001

F2 17.0% (7.77) −2.1 −7.8 – 
3.5

0.65 
(1,17) 0.43 0.037

Motor 
speech exam

Mean 
AMR SMR 

(rps)

2.78 
(1.13)

3.25 
(0.98)

F1 3.17 (1.09) −0.15 −1 – 
0.74

0.13 
(1,17) 0.72 0.008

F2 3.29 (0.99) −0.28 −1 – 
0.47

0.62 
(1,17) 0.44 0.035

Data are presented as M ± SD unless otherwise noted. Results are shown for measurements immediately following treatment (F1) and at the 3-
month follow-up (F2).

AMR = alternating motion rate. rps = repetitions per second. RT = response time. SMR = sequential motion rate.
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