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A B S T R A C T   

To date, new advances in technology have already shown the effectiveness of non-invasive brain stimulation and, 
in particular, of transcranial direct current stimulation (tDCS), in enhancing language recovery in post-stroke 
aphasia. More recently, it has been suggested that the stimulation over the spinal cord improves the produc
tion of words associated to sensorimotor schemata, such as action verbs. Here, for the first time, we present 
evidence that transpinal direct current stimulation (tsDCS) combined with a language training is efficacious for 
the recovery from speech apraxia, a motor speech disorder which might co-occur with aphasia. In a randomized- 
double blind experiment, ten aphasics underwent five days of tsDCS with concomitant treatment for their 
articulatory deficits in two different conditions: anodal and sham. In all patients, language measures were 
collected before (T0), at the end (T5) and one week after the end of treatment (F/U). Results showed that only 
after anodal tsDCS patients exhibited a better accuracy in repeating the treated items. Moreover, these effects 
persisted at F/U and generalized to other oral language tasks (i.e. picture description, noun and verb naming, 
word repetition and reading). A further analysis, which compared the tsDCS results with those collected in a 
matched group of patients who underwent the same language treatment but combined with tDCS, revealed no 
differences between the two groups. 

Given the persistency and severity of articulatory deficits in aphasia and the ease of use of tsDCS, we believe 
that spinal stimulation might result a new innovative approach for language rehabilitation.   

1. Introduction 

Speech is one of the most complex and fully exercised motor skills in 
humans. All normally developing individuals learn it from birth on and 
exercise speech motor behaviour day by day, over their whole lifetime 
[1–3]. According to Levelt’s theory [1], in any language, the frequent 
use of the same articulatory gestures participating in the construction of 
words transforms the correspondent motor pattern into a stable, over
learned movement program represented onto the motor-cortical hard-
disk which stores the human’s phonetic lexicon [1,4]. 

Focal brain damage to the dominant (typically left) hemisphere can 
cause an alteration in this orchestration of movements, knows as 
“apraxia of speech” (AOS) [5–9]. AOS is an acquired motor speech 
disorder characterized by an impaired ability to coordinate the 
sequential, articulatory movements necessary to produce speech sounds 
[10–12]. Darley first described AOS as “a disorder of motor speech 
programming manifested primarily by errors in articulation” [13]. It 

varies from a complete inability to articulate any given syllable and/or 
word to distortions of consonants and vowels that may be perceived as 
sound substitutions in the absence of reduced strength or tone of muscles 
and articulators controlling phonation [14,15]. Over the last decades, a 
variety of treatment approaches has been developed to remediate the 
AOS disorder with no one approach proved to be effective for all patients 
[16–18]. For patients with moderate to severe AOS, therapy is mostly 
focused on relearning oral postures of individual speech sounds through 
nonwords (i.e. syllables) and words repetition. Indeed, repetition is a 
multistage process dependent upon the left-dominant dorsal pathway 
which maps sound-based codes to articulatory codes which involves 
pre-articulatory planning in Broca’s area and subsequent planning of 
articulatory gestures prior to motor execution in the premotor and 
motor cortices [19,20]. Thus, nonword and word repetition results 
specially adapted to the needs of patients with AOS disorders [21–26]. 
Accordingly, studies in patients with AOS have suggested that together 
with a damage to the Broca’s area [7,27,28], impairment to other brain 
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structures, such as the left anterior insula [6,28] and the premotor and 
motor regions [29–34] leads to AOS. A recent voxel-based lesion map
ping study by Basilakos and colleagues [33] revealed that the pattern of 
brain damage associated with AOS is most strongly associated with 
damage to the left cortical motor regions, with additional involvement 
of the left somatosensory areas [35,36]. Thus, taken together, all of these 
results point to a crucial role of the sensorimotor network in speech 
articulation [37]. 

In more recent years, new advances in technology have shown that 
transcranial direct current stimulation (tDCS), a noninvasive brain 
stimulation technique, results efficacious in the recovery of different 
cognitive abilities [38–40] among which language in aphasic in
dividuals [41,42]. During tDCS weak polarizing direct currents are 
delivered to the cortex via two electrodes placed on the scalp. The nature 
of the effects depends on the polarity of the current. Generally, the 
anode increases cortical excitability when applied over the region of 
interest with the cathode above the contralateral orbit or above the 
shoulder (as the reference electrode), whereas the cathode decreases it, 
limiting the resting membrane potential. These effects may last for mi
nutes to hours depending on the polarity, duration and intensity of 
stimulation and they are generally compared with a placebo condition 
(the so-called “sham” condition) in which the stimulator is turned-off 
after 30 s [43]. With regard to AOS disorder, previous tDCS studies 
have shown that bihemispheric tDCS, with simultaneous excitatory 
stimulation over the left inferior frontal gyrus and inhibition over the 
right homologous, combined with a repetition language training im
proves the patients’ performance not only in terms of better accuracy in 
articulating the treated stimuli but also for untreated items on different 
language tasks (picture description, noun and verb naming, word 
repetition, word reading) [8,9]. Moreover, according with the hypoth
esis of a sensorimotor involvement [4,30–34,37], in the Marangolo et al. 
study [9], anodal stimulation exerted stronger functional connectivity 
changes into the left premotor and motor areas and in the left cere
bellum compared to sham [9]. 

Given that speech articulation requires the involvement of motor 
planning [1,33,34], in the present study, we wondered whether other 
auxiliary systems functionally connected to the brain, which process 
sensorimotor information, might facilitate the recovery of AOS. Indeed, 
it has already been shown that spinal cord stimulation induces neuro
physiological modifications at the cortical level through the activation 
of tonic afferent pathways to the cortex [44–46]. In particular, tran
spinal direct current stimulation (tsDCS) applied over the thoracic 
vertebrae (T9-T11 level, 2 mA, 20 min) induced supraspinal effects by 
modulating intracortical excitability in the motor cortex. Anodal tsDCS 
decreased motor-evoked potentials (MEPs), while cathodal tsDCS eli
cited opposite effects [44,47,48]. Accordingly, recent modeling studies 
have proved that, despite some inter-individual differences, the electric 
field induced by thoracic tsDCS is longitudinally directed along the 
vertebral column, especially when the return electrode is placed over the 
right arm [49,50]. Yet, the electric field induced by thoracic tsDCS is 
maximum at thoracic level and it increases somatosensory activity from 
the spinal cord to the brain [49,50]. More recently, by using resting state 
functional imaging (rs-fMRI), Schweizer and co-workers [51] investi
gated whether tsDCS-induced reported changes in neurophysiological 
measures [44,45,47,48] might also be reflected in spontaneous brain 
activity. In their study, resting state functional connectivity was 
measured in twenty healthy subjects by using blood oxygenation 
level-dependent, functional magnetic resonance imaging before and 
after anodal, cathodal, and sham tsDCS (20 min, 2.5 mA) with the active 
electrode centered over the thoracic vertebrae (T9-T11). As compared 
with sham, anodal tsDCS resulted in connectivity changes into the so
matosensory cortex (S1) and the ipsilateral posterior insula for both left 
and right hemispheres. Additional changes were present in the thalamus 
and in the anterior cingulate cortex. Thus, these results provide further 
evidence for supraspinal effects induced by tsDCS suggesting that spinal 
stimulation might be considered as a new noninvasive intervention for 

targeting cortical networks [51]. 
To the purpose of our study, given that speech articulation requires 

the activation of motor plans [1–3] and that tsDCS induces changes into 
cortical areas [44,45,47,51] involved in speech articulation [6,28,33], 
we might hypothesize that spinal stimulation, by influencing activity 
into the sensorimotor networks, would result efficacious for AOS 
recovery. 

In line with this hypothesis, very recently, in a group of fourteen 
chronic aphasics, Marangolo et al. [46] have shown that anodal tsDCS 
delivered over the thoracic vertebrae combined with a picture naming 
task led to a greater increase of words related to sensorimotor schemata, 
such as action verbs (i.e. to run), compared to nouns not typically related 
to specific action (i.e., the cloud). More importantly, in a more recent 
rs-fMRI study [52], the authors found that the amount of verb 
improvement found after anodal tsDCS significantly correlated with 
supraspinal functional changes into a cerebello-cortical network which 
specifically influenced regions, such as the left premotor cortex and the 
left cerebellum known to be involved in motor processing [53,54]. 

Thus, given all of the above evidence, in the present study we wanted 
to investigate if tsDCS combined with a repetition training would 
facilitate AOS in post-stroke aphasic individuals. 

2. Materials and methods 

2.1. Participants 

Ten patients with chronic aphasia (6 females and 4 males) who had 
suffered a single left hemisphere stroke were included in the study. All 
participants were native Italian speakers with right premorbid manual 
dominance (based on the "Edinburgh Handedness Questionnaire" [55]), 
they were all affected by a single left hemispheric stroke occurred at 
least 6 months prior to experimentation. Subjects over 75 years of age 
with seizures, previous brain injuries, possible spinal cord comorbidity 
and any type of implanted electronic device (e.g. pacemaker) were 
excluded. None of the participants has received structured language 
therapy for at least 6 months before the time of inclusion in the study in 
order to prevent confounding therapy effects. 

2.2. Ethics statement 

The data analysed in the current study were conformed with the 
Helsinki Declaration. Our named Institutional Review Board (IRCCS 
Fondazione Santa Lucia, Rome-Italy) specifically approved this study 
with the understanding and written consent of each subject. 

2.3. Clinical data 

In all patients, magnetic resonance imaging showed an ischemic 
lesion involving the left hemisphere. All patients presented non-fluent 
speech with severe AOS. Subjects were not able to produce any words 
in spontaneous speech. Their language production was limited to a few 
syllables with severe articulatory groping and distortions of phonemes 
in naming, repetition and reading tasks of twenty simple syllables (e.g. 
PA, MA, FU) and words [e.g. pipa [pipe]), casa [home] of a standardised 
test for the evaluation of articulation [56]. To thoroughly investigate the 
aphasics’ language performance, each participant was also administered 
a standardized language test (Esame del Linguaggio II [57]). Articula
tory errors and distortions of phonemes were present in naming, repe
tition and reading aloud. Noun and verb written naming and word 
writing under dictation were also severely impaired. Auditory compre
hension abilities were adequate for simple words and commands in the 
language test (Esame del Linguaggio II [57]), while patients experienced 
significant difficulties in more complex auditory comprehension tasks 
(Token test cut-off 29/36 [58];). To evaluate nonverbal oral motor skills, 
the Buccofacial Apraxia Test was also administered [59]. None of the 
patients showed buccofacial apraxia (see Table 1). 
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2.4. Materials 

Two lists of 90 stimuli each were prepared. Each list included 28 CV 
syllables (eg. MA, NA, RI), 15 CCV syllables (eg. STA, TRA, PLE), 25 
CVCV and CVCCV bysillabic words (eg. pipa (pipe), luna (moon), nonno 
(grandfather), panna (cream)), 12 CVCVCV trisyllabic words (eg. tavolo 
(table), limone (lemon)) and 10 sentences made of the syllables and 
words presented in the list (eg. il nonno fuma la pipa (the grandfather 
smokes the pipe)). According to the International Phonetic Alphabet 
[60], syllables included different places (eg. plosive, nasal, fricative) and 
manners of articulation (eg. bilabial, dental, velar). 

2.5. Procedure 

2.5.1. Transcutaneous spinal direct current stimulation 
tsDCS was applied using a battery driven Eldith (NeuroConn GmbH, 

Germany) Programmable Direct Current Stimulator with a pair of 
surface-soaked sponge electrodes (5 × 7 cm). Real stimulation consisted 
of 20 min of 2 mA direct current with the anode placed over the 10th 
thoracic vertebra (spanned from the ninth to the 11th thoracic verte
brae) while the reference electrode was positioned over the right 
shoulder on the deltoid muscle. For sham stimulation, the same elec
trodes position was used. The current was ramped up to 2 mA and slowly 
decreased over 30 s to ensure the typical initial tingling sensation [61]. 
Since in previous works it was shown that only anodal tsDCS exerted a 
significant improvement on verb recovery [46,52], only two experi
mental conditions were used: anodal tsDCS and sham. All patients un
derwent the two conditions in a randomized double-blind procedure. 
Both the experimenter and the patient were blinded with respect to the 
stimulation condition and the stimulator was turned on/off by another 
person. At the end of each condition, none of the participants was able to 
notice differences in the intensity of sensation between the two condi
tions, not being aware of what condition they were performing [62]. In 
both conditions, patients underwent concurrent speech therapy for their 
articulatory disorders. The language treatment was performed in five 
daily sessions (Monday to Friday). There was 14-day intersession in
terval between the real and the sham condition. The assignment of each 
list of stimuli (N = 90) to each stimulation condition (anodal vs. sham) 
was randomized across conditions and the order of stimuli presentation 
was randomized between treatment sessions. 

2.5.2. Language treatment 
For each condition, patients were administered all the standardized 

language tests at the beginning (baseline; T0), at the end (T5) and 1 
week after the end of treatment (follow-up; F/U). Once the electrodes 
were placed, subjects performed the language treatment for their 
articulatory disorders. Different from our previous published studies 
[46,52], whose aim was to enhance verb production, here, we wanted to 
restore the patient’s ability to translate speech plans into its 

correspondent motor programs in order to improve speech articulation. 
Thus, we chose a very simple repetition task which requires to translate 
the incoming sensory information (i.e. the auditory target) into its 
outgoing motor production [14–18]. 

The therapy method was similar for all patients (for the same method 
see also [8,63]). For each condition, the entire list of stimuli was pre
sented in each daily session. The therapist and the patient were seated 
face to face so that the patient could watch the articulatory movement of 
the therapist as she spoke. The therapist presented one stimulus at a time 
and the treatment involved four consecutive steps, which were designed 
to progressively induce the patient to reproduce correctly the stimulus. 
Step 1: The clinician auditorily presented the whole stimulus and asked 
the patient to repeat it. If the patient correctly repeated the stimulus, the 
clinician would present another stimulus, if she/he made errors the 
clinician would move on the next step. Step 2: The clinician auditorily 
presented the stimulus with a pause between each syllable, prolonged 
the vowel sound, exaggerated the articulatory gestures and asked the 
patient to do the same. Step 3: As in Step 2, the clinician auditorily 
presented the stimulus again with a pause between each syllable, pro
longed the vowel sound, exaggerated the articulatory gestures and asked 
the patient to do the same. Step 4: The clinician auditorily presented one 
syllable at a time, prolonged the vowel sound, exaggerated the articu
latory gestures and asked the patient to do the same. Step 5: As in step 4, 
the clinician auditorily presented one syllable at a time again, prolonged 
the vowel sound, exaggerated the articulatory gestures and asked the 
patient to do the same. Each participant’s response was transcribed and 
recorded on audiotape. In order to assure the double-blind procedure, all 
responses, without any identification label, were analysed by an inde
pendent external examiner, who was totally unaware of the aim of the 
treatment and/or of the experimental condition (anodal vs. sham) to 
which the patient has been subjected. Responses were scored as correct 
only if all sounds in the syllables, words or sentences were correctly 
articulated. 

2.6. Data analysis 

The patients’ performance was evaluated by taking into account the 
mean percentage of response accuracy for syllables, words and senten
ces. Data were analysed using SPSS 17.0 software. Three repeated 
measures ANOVAs were performed separately for syllables, words and 
sentences. For each analysis, two "within" factors were considered: TIME 
(baseline (T0) vs. end of treatment (T5) vs. follow up (FU) and CON
DITION (anodal vs. sham). The post-hoc Bonferroni test was conducted 
on the significant effects observed in the ANOVA. The values of p = <

0.05 were considered statistically significant. 
Inter-rater and intra-rater reliability were established using a two- 

way mixed, consistency single-measures by the intraclass correlation 
coefficient (ICC). For the intra-rater reliability, ICC was > 0.90 for syl
lables, words and sentences treatments, indicating excellent reliability. 

Table 1 
For each language task, the percentage of correct responses are reported (Esame del Linguaggio II, cut-off 100 %, Ciurli et al., 1996).  

P Sex Age Ed. 
Level 

Time post onset PD NN VN WR NWR W 
Read 

NW 
Read 

WNN WVN WD NWD TT 

1 F 65 8 7y 2mo 0 5 5 2,5 0 2,5 10 15 5 2,5 0 12 
2 F 75 8 2y 0 5 5 5 5 5 0 0 0 5 0 14 
3 F 73 18 12y 0 0 0 5 5 0 0 0 0 0 0 10 
4 F 64 13 6y 6mo 0 2,5 0 2,5 0 5 15 0 0 5 5 12 
5 F 68 18 1y 2mo 0 0 2,5 0 0 5 5 0 0 0 0 18 
6 M 56 13 2y 6mo 0 0 0 0 0 0 0 0 0 0 0 14 
7 F 70 5 4y 0 7,5 10 10 7,5 0 0 0 0 5 0 15 
8 M 51 13 8mo 0 0 0 5 5 5 5 5 0 5 5 12 
9 M 58 8 8mo 0 0 0 0 0 10 15 0 0 5 0 14 
10 M 61 13 1 y 7mo 0 0 0 0 0 0 0 0 0 0 0 14 

Legend: Ed.Lev. = Educational Level; G = Gender; PD = Picture Description; NN = Noun Naming; VN = Verb Naming; WR = Word Repetition; NWR = Non word 
Repetition; W Read = Word Reading; NW Read = Non word Reading; WNN = Written Noun Naming; WVN = Written Verb Naming; WD = Word under Dictation; NWD 
= Non Word under Dictation; TT = Token Test (cut-off score 29/36). 
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Inter-rater reliability (IRR) was established by the primary rater and 
another examiner who rated patients by independently listening to 
speech recordings. ICC was computed for ratings on syllables, words and 
sentences treatments. The ICC was > 0.80 for the three treatments, 
indicating good reliability between the two raters. 

Before and after each treatment condition, the patients’ responses to 
the different re-administration of the standardized language tests 
(Esame del Linguaggio II [57]) were also analysed using χ2-test. 

3. Results 

3.1. Accuracy data 

3.1.1. Syllables 
The analysis showed a significant effect of TIME [Baseline (T0) vs. 

End of treatment (T5) vs. Follow-up (F/U), F (2,18) = 11,31, P = .001] 
and CONDITION (anodal vs. Sham, F (1,9) = 25,14, P = .001). The 
interaction TIME x CONDITION was also significant (F (2,18) = 6,86, P 
= .01). The Bonferroni’s post-hoc test revealed that, while no significant 
differences emerged in the mean percentage of correct syllables between 
the two conditions at T0 (anodal 33 % vs. sham 33 %, P = 1), the mean 
percentage of accuracy was significantly greater in the anodal than in 
the sham condition at T5 (anodal 56 % vs. sham 37 %, P = .01) and 
persisted at F/U (anodal 51 % vs. sham 30 % P = .00). No significant 
differences emerged in the mean percentage accuracy between T0 and 
T5 for the sham condition (4%, P = 1) (see Fig. 1). 

3.1.2. Words 
The analysis showed a significant effect of TIME [Baseline (T0) vs. 

End of treatment (T5) vs. Follow-up (F/U), F (2,18) = 13,17, P = .000) 
and CONDITION (anodal vs. sham; F (1,9) = 23,69, P = .001). The 
interaction TIME x CONDITION was also significant (F (2,18) = 8,79, P 
= .002). The Bonferroni’s post-hoc test revealed that, while no signifi
cant differences emerged in the mean percentage of correct syllables 
between the two conditions at T0 (anodal: 35 % vs. sham 38 %, P = 1), 
the mean percentage of accuracy was significantly greater in the anodal 
than in the sham condition, at T5 (anodal 65 % vs. sham 41 %, P = .002) 
and persisted at F/U (anodal 54 % vs. sham 30 %, P = .003). No sig
nificant differences emerged in the mean percentage accuracy between 
T0 and T5 for the sham condition (3%, P = 1) (see Fig. 2). 

3.1.3. Sentences 
The analysis showed a significant effect of TIME [Baseline (T0) vs. 

End of treatment (T5) vs. Follow-up (F/U), F (2,18) = 14,33, P = .000) 
and CONDITION (anodal vs. sham, F (1,9) = 26,57, P = .001). The 
interaction TIME x CONDITION was also significant F (2,18) = 5,19, P =
.02). The Bonferroni’s post-hoc test revealed that, while no significant 
differences emerged in the mean percentage of correct syllables between 
the two conditions at T0 (anodal: 10 % vs. sham 10 %, P = 1), the mean 
percentage of accuracy was significantly greater in the anodal than in 
the sham condition, at T5 (anodal 50 % vs. sham at 20 %, P = .01) and 
persisted at F/U (anodal 40 % vs. sham 20 %, P = .03). No significant 
differences emerged in the mean percentage accuracy between T0 and 
T5 for the sham condition (10 %, P = 1) (see Fig. 3). 

Finally, results on the “transfer of treatments effects” in the language 
examination indicated that, in most of the patients, there was a signif
icant difference in the percentage of correct responses before and after 
the treatment in different oral language tasks, which was more pro
nounced after the anodal than after the sham condition (see Table 2). 

3.2. Comments 

In summary, the above results clearly suggest that tsDCS is effective 
for improving articulatory deficits and, more importantly, it exerts its 

Fig. 1. Mean percentage of response accuracy for syllables at baseline (T0), at 
the end of treatment (T5) and at follow-up (F/U) for the anodal and sham 
condition, respectively. 

Fig. 2. Mean percentage of response accuracy for words at baseline (T0), at the 
end of treatment (T5) and at follow-up (F/U) for the anodal and sham condi
tion, respectively. 

Fig. 3. Mean percentage of response accuracy for sentences at baseline (T0), at 
the end of treatment (T5) and at follow-up (F/U) for the anodal and sham 
condition, respectively. 
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influence not only on treated items but also on untreated ones of the 
language examination test. Interestingly, these data very much resemble 
those of our previous published results performed on two different 
groups of patients which underwent the same language treatment but 
combined with bihemispheric tDCS [8,9]. Since these patients were all 
nonfluent aphasics with severe AOS disorders [8,9] and shared the same 
clinical characteristic of our tsDCS group, in the next experiment, we 
wanted to investigate if the two techniques would result equally effi
cacious for improving apraxia of speech. Thus, we compared the tsDCS 
results with the results collected in two subgroups of patients from our 
previous published studies (N = 5 from each study) [8,9] who were 
called back again in order to perform a new study. 

4. tDCS vs. tsDCS comparison 

4.1. Participants 

The experiment included ten participants whose clinical character
istics were the same as the tsDCS group. Patients were part of two 
subgroups (N = 5 for each subgroup) from our previously published 
tDCS studies [8,9] but they were called back again in order to perform a 
new experiment. Details of the ten patients have been reported previ
ously [for details see 8,9]. All patients had nonfluent speech. Subjects 
were not able to produce any words in spontaneous speech. Their lan
guage production was limited to a few syllables due to their apraxia of 
speech disorder. 

4.2. Procedure 

4.2.1. Bihemispheric transcranial direct current stimulation 
Transcranial direct current stimulation was applied using a battery 

driven Eldith (NeuroConn GmbH, Germany) Programmable Direct 
Current Stimulator with a pair of surface-soaked sponge electrodes (5 ×
7 cm). Real stimulation consisted of 20 min of 2 mA direct current with 
the anode placed over the ipsilesional and the cathode over the con
tralesional IFG (F5 and F7 of the extended International 10–20 system 
for EEG electrode placement). For sham stimulation, the same electrode 
positions were used. In both conditions, patients underwent concurrent 

speech therapy for their apraxia of speech disorder. 

4.3. Procedure 

The materials, the experimental procedure and the language treat
ment were the same as in the tsDCS experiment. 

5. Results 

5.1. Data analysis 

Data were analysed with SPSS 17.0 software. The outcome for each 
group was the mean percentage of correct responses. A three-way mixed 
analysis of variance (ANOVA) with one between-subjects factor [GROUP 
(spinal vs. bihemispheric)] and two within-subjects factors [CONDI
TIONS (anodal vs. sham) and TIME (baseline (T0) vs. last day (T5) vs. 
follow up (FU)] was performed. The post-hoc Bonferroni test was con
ducted on the significant effects observed in the ANOVA. The values of p 
= < 0.05 were considered statistically significant. 

5.1.1. Syllables 
The three-way mixed ANOVA showed a significant effect of CON

DITION (anodal vs. sham, F (1,18) = 52,70, P = .000) and TIME 
[Baseline (T0) vs. End of treatment (T5) vs. Follow-up (F/U), F (2,36) =
52,95, P = .000]. The interaction CONDITION x TIME was also signi
ficant (F (2,36) = 10,72, P = .000), but the interaction GROUP*TIME* 
CONDITION was not significant (F (2,36) = 0.12, P = 0.89). In partic
ular, for both groups, the Bonferroni’s post-hoc test revealed that, while 
no significant differences emerged in the mean percentage of correct 
syllables between the two conditions at T0 (anodal spinal: 33 % vs. sham 
spinal 33 %, P = 1; anodal cortical: 37 % vs. sham cortical: 31 % P = 1), 
the mean percentage of accuracy was significantly greater in the anodal 
than in the sham condition at T5 (anodal spinal 56 % vs. sham spinal 37 
%, P = .006; anodal cortical 72 % vs. sham cortical 46 %, P = .002) and 
persisted at F/U (anodal spinal 51 % vs. sham spinal 30 %, P = .005; 
anodal cortical 67 % vs. sham cortical 44 % P = .006). 

Table 2 
Mean Percentage of Correct Responses in the Different Language Tasks (Esame del Linguaggio II, Ciurli et al., 1996) at Baseline (T0) and at the End of Treatment (T5) 
for the anodal and sham condition, respectively (Cut-off Score100 %).  

P C PICTDESC 
T0 T5 

VERB N 
T0 T5 

NOUN N 
T0 T5 

W Repet 
T0 T5 

NW Repet 
T0 T5 

WRIT N 
T0 T5 

WRIT V 
T0 T5 

W READ 
T0 T5 

NWRead 
T0 T5 

W DICT 
T0 T5 

NWDICT 
T0 T5 

Real First 

1 R 0 20^ 5 50^ 5 50^ 2,5 65^ 0 42,5^ 15 20 5 5 2,5 56,5^ 10 15 2,5 10 0 0 
S 20 20 50 25 50 30 65 42,5 42,5 37,5 20 25 5 7,5 56,5 42,5 15 22,5 10 15 0 0 

3 
R 0 0 0 10^ 0 25^ 5 52,5^ 5 42,5^ 0 2,5 0 0 0 0 0 0 0 0 0 0 
S 0 0 10 5 25 0 52,5 42,5 42,5 32,5 2,5 2,5 0 0 0 0 0 0 0 2,5 0 0 

5 
R 0 0 2,5 25^ 0 32^ 0 52^ 0 22,5^ 0 5 0 0 5 10 5 5 0 10 0 0 
S 0 0 25 20 32,5 40 52,5 52,5 22,5 25 5 5 0 5 50 47,5 5 0 10 20 0 0 

7 
R 0 0 10 20 7,5 17,5* 10 57,5^ 7,5 22,5** 0 0 0 0 0 10^ 0 5 5 10 0 5 
S 0 0 20 0 17 17 57,5 42,5 22,5 30 0 0 0 0 10 15 5 0 10 15 5 0 

9 R 0 0 0 0 0 2,5 0 15^ 0 35^ 0 5 0 0 10 15 15 20 5 5 0 5 
S 0 0 0 0 2,5 7,5 15 10 35 30 5 5 0 0 15 12,5 20 17,5 5 5 0 0 

Sham First 

2 
S 0 0 5 10 5 10 5 12,5 5 10 0 2,5 0 2,5 5 15* 0 10^ 5 10 0 10 
R 0 20^ 30 50** 10 37^ 12,5 47** 10 22,5 2,5 5 2,5 5 15 45^ 10 27** 10 10 10 20 

4 
S 0 0 0 0 2,5 0 0 55^ 2,5 10 0 0 0 0 5 10 15 20 5 10 5 10 
R 0 0 10 35^ 0 15^ 55 77,5^ 10 62,5^ 0 0 0 0 10 82^ 20 25 20 25 10 17,5 

6 S 0 0 0 0 0 0 0 20^ 0 5 0 0 0 0 0 5 0 5 0 0 0 0 
R 0 0 0 0 0 0 20 92,5^ 10 67,5^ 0 0 0 0 10 10 5 7,5 0 0 0 0 

8 S 0 0 0 0 0 0 5 10 5 10 5 2,5 0 0 5 10 5 5 5 10 5 10 
R 0 0 0 0 0 32,5^ 22,5 50^ 32,5 45 2,5 0 0 0 10 10 5 5 10 17,5 10 10 

10 
S 0 0 0 0 0 0 0 0 0 5 0 0 0 0 0 2,5 0 0 0 0 0 0 
R 0 0 0 0 0 0 0 5 5 20** 0 0 0 0 2,5 0 0 5 0 0 0 0 

Legend: P = Participants; C = Conditions; PICTDESC = Picture Description; Verb N = Verb Naming; Noun N = Noun Naming; W Repet = Word Repetition; NW Repet =
Nonword Repetition; Writ N = Written Noun Naming; Writ V = Written Verb Naming; W/NW Read = Word/Nonword Reading; W/NW Dict = Word/Nonword under 
Dictation; S = Sham; R = Real stimulation; *= p < 0.05; **=p <0.01; ^=p <0.001. 
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5.1.2. Words 
The three-way mixed ANOVA showed a significant effect of CON

DITION (anodal vs. sham, F (1,18) = 36,39, P = .000) and TIME 
[Baseline (T0) vs. End of treatment (T5) vs. Follow-up (F/U), F (2,36) =
49,88, P = .000]. The interaction CONDITION x TIME was also signi
ficant (F (2,36) = 14,86, P = .000) but the interaction GROUP*TIME* 
CONDITION was not significant (F (2,36) = 1.73, P = 0.19). In partic
ular, for both groups, the Bonferroni’s post-hoc test revealed that, while 
no significant differences emerged in the mean percentage of correct 
syllables between the two conditions at T0 (anodal spinal: 35 % vs. sham 
spinal 38 %, P = 1; anodal cortical: 36 % vs. sham cortical: 29 % P = 1), 
the mean percentage of accuracy was significantly greater in the anodal 
than in the sham condition at T5 (anodal spinal 65 % vs. sham spinal 41 
%, P = .002; anodal cortical 66 % vs. sham cortical 42 %, P = .000) and 
persisted at F/U (anodal spinal 54 % vs. sham spinal 30 %, P = .003; 
anodal cortical 60 % vs. sham cortical 43 % P = .001). 

5.1.3. Sentences 
The three-way mixed ANOVA showed a significant effect of CON

DITION (anodal vs. Sham, F (1,18) = 41,06, P = .000) and TIME 
[Baseline (T0) vs. End of treatment (T5) vs. Follow-up (F/U), F (2,36) =
45,40, P = .000]. The interaction CONDITION x TIME was also signi
ficant (F (2,36) = 15,43, P = .000), but the interaction GROUP*TIME* 
CONDITION was not significant (F (2,36) = 0,02 P = 0.98). In particular, 
for both groups, the Bonferroni’s post-hoc test revealed that, while no 
significant differences emerged in the mean percentage of correct syl
lables between the two conditions at T0 (anodal spinal: 10 % vs. sham 
spinal 10 %, P = 1; anodal cortical: 3% vs. sham cortical: 1% P = 1), the 
mean percentage of accuracy was significantly greater in the anodal 
than in the sham condition at T5 (anodal spinal 50 % vs. sham spinal 20 
%, P = .008; anodal cortical 44 % vs. sham cortical 15 %, P = .000) and 
persisted at F/U (anodal spinal 40 % vs. sham spinal 20 %, P = .03; 
anodal cortical 35 % vs. sham cortical 11 % P = 0.000) (see Fig. 4). 

6. Discussion 

The aim of this study was to investigate whether tsDCS would 
improve speech articulation in a group of ten chronic aphasic patients 
with concurrent AOS. At the end of treatment, results showed that only 
after anodal tsDCS articulatory errors significantly decreased for the 
treated stimuli (syllables, words and sentences). Moreover, this 
improvement also persisted at one week after the treatment (F/U) and 
generalized to the language test. Indeed, most of the patients showed 
significant changes in different oral language tasks (noun and verb 
naming, word and non-word repetition, word and non-word reading) 
administered before and after the treatment. No significant changes 
were found before and after the treatment in writing (see Table 2). This 
specificity argues against an effect simply due to enhanced cognitive 
arousal which should have influenced both oral and written tasks. 

Thus, after anodal tsDCS, most patients showed a progressive 
reduction of phonological distortions in different oral tasks, the reduc
tion being due to improvement in AOS. Interestingly, as also noted in our 
previous tDCS works [8,9], only anodal stimulation produced significant 
changes. Indeed, the language treatment alone did not produce signifi
cant improvement in the sham condition. This result could be ascribed 
primarily to the severity and chronicity of the articulatory deficit pre
sent in all patients, which is in itself particularly resistant to change [14, 
17,18,64]. Indeed, since the treatment of AOS requires to plan intensive 
language training with repetitiveness of the exercises, it could be hy
pothesized that in the sham condition five days of language training 
were insufficient to improve performance. However, interestingly, the 
same amount of treatment associated with anodal tsDCS over the same 
time period exerted beneficial effects. Thus, similarly to previous results 
[8,9], combining stimulation with language training boosted language 
recovery overcoming the difficulties caused by the severity of the deficit. 
These findings are, thus, very promising as five days of tsDCS produced 
beneficial effects that were not achieved in the absence of stimulation. 

To date, a growing body of evidence has already suggested that the 
neurostimulation provided by tDCS might enhance the effects of tradi
tional language treatments for people with aphasia [41,42]. With regard 

Fig. 4. Mean percentage of response accuracy for syllables, words and sentences at baseline (T0), at the end of treatment (T5) and at follow-up (F/U) for the anodal 
and sham condition in the tDCS and tsDCS group, respectively. 
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to AOS, previous tDCS studies have already been proven effective in 
improving speech articulation in post-stroke chronic aphasia [8,9]. In 
particular, bihemispheric tDCS with simultaneous excitatory stimula
tion to the left Broca’s area and inhibitory current over the right ho
mologous improved articulatory performance in a group of aphasic 
individuals [8,9]. Interestingly, these effects significantly correlated 
with functional connectivity changes which were most pronounced in 
the left perilesional cortex [9]. In particular, since the behavioural 
treatment was focused on the motor aspects of speech production, sig
nificant changes were found in regions related to planning, mainte
nance, and execution of speech, such as the left premotor cortex, the left 
supplementary motor area and the cerebellum [9]. Thus, the results of 
this study revealed the activation of different sensorimotor structures 
involved in speech articulation confirming that articulatory processing 
is related to motor activity [1–3,13]. 

As stated in the Introduction, to date, a growing body of evidence has 
suggested that spinal stimulation exerts supraspinal changes by specif
ically influencing cortical regions, such as the sensorimotor cortices [44, 
45,47]. Modelling studies have further supported this issue confirming 
that the current delivered over the spinal thoracic vertebrae, by 
increasing somatosensory activity from the spinal cord to the brain, 
induces neurophysiological changes over the cortex [49,50]. Accord
ingly, in a very recent rs-fMRI study, Schweizer and co-workers [51] 
have shown that anodal tsDCS resulted in connectivity changes into the 
somatosensory cortices. Similarly, Marangolo and collaborators [52] 
have reported a significant correlation between the amount of verb 
improvement found after anodal tsDCS and supraspinal functional 
changes into the motor network. 

Thus, given that speech articulation involves the activation of motor 
plans [28–34] and that tsDCS induces changes into the motor cortex [44, 
45,52], we might expect that in our study tsDCS would have influenced 
activity into the sensorimotor networks resulting efficacious for AOS 
recovery, which was the case. 

Therefore, it could be hypothesized that either directly delivering the 
current over the frontal cortex through bihemispheric tDCS [8,9] or 
influencing the sensorimotor network in a bottom-up manner through 
spinal cord stimulation [44,45,52] would result equally effective for the 
recovery of AOS. Indeed, a direct comparison of the results obtained in 
the tsDCS group with those collected in the bihemisperic tDCS group, 
revealed no differences between the two techniques. Thus, spinal stim
ulation resulted efficacious as cortical stimulation. 

Even if the exact underlying tsDCS mechanisms over the cortico
spinal system, in our study, remain largely speculative, in line with 
previous suggestions [65,66], the hypothesis might be advanced that 
anodal tsDCS has decreased the excitability of cortical inhibitory in
terneurons in the motor cortex, thus improving the efficacy of their 
correspondent areas. Indeed, while anodal tDCS is generally facilitatory 
to the cortex [67–69], it has been suggested that anodal tsDCS exerts 
inhibition due to a hyperpolarization of the axons running along the 
spinal columns [48,70]. An effect of tsDCS on neurotransmitters cannot 
also be ruled out. For instance, neurotransmitters such as GABA and 
glutamate undergo substantial changes after cortical tDCS over the 
motor cortex [71,72]. Although this effect might be task specific, one 
further hypothesis might be that, in our study, the inhibitory current 
delivered through anodal tsDCS has decreased both GABA and gluta
mate levels into the sensorimotor cortices leading to an improvement of 
their function [71–73]. According to previous hypothesis [74], we 
cannot also rule out the possibility that anodal tsDCS has induced an 
interhemispheric delay in motor connectivity, thus, enhancing the 
functionality of the left sensorimotor cortices through inhibition of its 
right homologs [74]. Indeed, the model of interhemispheric interaction 
(similar to models of motor recovery after stroke) suggests that, after a 
left hemisphere damage to the language areas, the homotopic right 
hemisphere regions could result abnormally activated and, thus, might 
exert an inhibitory effect over the residual left language area [75,76]. In 
this way, improvement could be possible either by stimulating the 

left-damaged hemisphere [77–79] or inhibiting the right contralesional 
areas [80–82]. Thus, the hypothesis could also be advanced that tsDCS 
has inhibited the motor regions of the right hemisphere increasing ac
tivity of the left correspondent areas which in turn facilitated speech 
articulation. 

In summary, since the two techniques, in our study, yield the same 
results, we might suggest that, due to the ease with which tsDCS can be 
applied over the spinal cord, tsDCS might represent a valid new tool for 
the recovery of language in aphasia, at least for those aspects related to 
motor processing, such as action verbs and speech articulation. Indeed, 
current theories postulate that the language function, among which 
articulatory planning, is subserved by a large network of regions widely 
distributed across the brain [83–85]. It has also been recently suggested 
that a wide circuitry of distributed left motor cortical areas can be 
modulated by tsDCS [52]. Thus, differently from previous tDCS para
digms [42], we might hypothesized that tsDCS could result easier to use 
than tDCS for those language units which carry motor information, 
because an appropriate positioning of the anode over the spinal cord 
would remove the need to establish in advance which part of the 
sensorimotor system should be specifically targeted with DCS. Given 
that aphasic people, very frequently, report difficulties in verb produc
tion and/or articulatory deficits which dramatically impact the ability to 
produce informative speech and its intelligibility, if our results will be 
further confirmed in the future, we believe that tsDCS might be 
considered as a suitable method for the recovery of these deficits. 

7. Conclusion 

We are aware that our study has some limitations, the major ones are 
represented by the small samples of participants included and the lack of 
longitudinal follow-ups. Indeed, despite previous works that have been 
already published, due to the above reported limitations, there is still 
conflicting evidence for the efficacy of tDCS in post-stroke aphasia. 
However, considered all of these limitations, we believe that our study 
provides preliminary suggestions that spinal stimulation might be 
considered a new approach for language recovery 
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