
Aphasia recovery by language training using a
brain–computer interface: a proof-of-concept
study
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Aphasia, the impairment to understand or produce language, is a frequent disorder after stroke with devastating effects. Conventional
speech and language therapy include each formal intervention for improving language and communication abilities. In the chronic stage
after stroke, it is effective compared with no treatment, but its effect size is small. We present a new language training approach for the
rehabilitation of patients with aphasia based on a brain–computer interface system. The approach exploits its capacity to provide feedback
time-locked to a brain state. Thus, it implements the idea that reinforcing an appropriate language processing strategy may induce bene-
ficial brain plasticity. In our approach, patients perform a simple auditory target word detection task whilst their EEG was recorded. The
constant decoding of these signals by machine learning models generates an individual and immediate brain-state-dependent feedback. It
indicates to patients how well they accomplish the task during a training session, even if they are unable to speak. Results obtained from a
proof-of-concept study with 10 stroke patients with mild to severe chronic aphasia (age range: 38–76 years) are remarkable. First, we
found that the high-intensity training (30 h, 4 days per week) was feasible, despite a high-word presentation speed and unfavour-
able stroke-induced EEG signal characteristics. Second, the training induced a sustained recovery of aphasia, which generalized to
multiple language aspects beyond the trained task. Specifically, all tested language assessments (Aachen Aphasia Test, Snodgrass
& Vanderwart, Communicative Activity Log) showed significant medium to large improvements between pre- and post-training,
with a standardized mean difference of 0.63 obtained for the Aachen Aphasia Test, and five patients categorized as non-aphasic at
post-training assessment. Third, our data show that these language improvements were accompanied neither by significant
changes in attention skills nor non-linguistic skills. Investigating possible modes of action of this brain–computer interface-based
language training, neuroimaging data (EEG and resting-state functional MRI) indicates a training-induced faster word processing,
a strengthened language network and a rebalancing between the language- and default mode networks.
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Graphical Abstract

Introduction
About one-third of stroke patients suffer from aphasia,1 a
language impairment associated with a reduction or even
loss of independence, social isolation2 and failure in return-
ing to work.3

Spontaneous recovery of aphasia is observed within �6
months post-stroke, but only minimal improvements there-
after.4 In this chronic phase, conventional speech and lan-
guage therapy (cSLT) achieves further recovery. In the
most recent Cochrane meta-analyses, Brady et al.5 include
27 randomized studies that compare cSLT—including every
formal intervention for improving language and communi-
cation abilities—versus no therapy in stroke patients with
aphasia. The results showed clear evidence in favour of
cSLT. However, the effects were short term only, with

moderate effect sizes for functional communication, writing,
reading comprehension, low ones for expressive skills and no
effect for auditory comprehension and naming.5 Whilst ther-
apeutic effects are similar by directly comparing diverse types
of conventional therapies,5,6 stronger benefits for high-
intensive cSLT are documented compared with low-intensive
(,5 h/week) cSLT.7 Therefore, although there is no definitive
agreement on the optimum amount, frequency or duration of
treatment, intensive treatment is recommended7–9 and should
be provided as intensely as possible whilst tolerated by the pa-
tient.10 Regarding more novel methodological approaches,
there is currently no evidence of the effectiveness of the
combination of cSLT and direct current stimulation
(tDCS)—except for M1 tDCS11—versus sham tDCS.12

Despite all cSLT variants, �20% of stroke patients remain
with persistent, communicative impairments.13
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The combination of modest therapy success, severely re-
duced quality of life, a high-incidence rate (180 000 per
year in the USA)14 calls for improved interventions.

In this study, we developed a novel therapeutic approach
for aphasia rehabilitation using an EEG-based brain–
computer interface (BCI). It utilizes machine learning to de-
code individual brain states in a single trial based on
task-informative features, e.g. evoked potentials. Whilst
BCIs traditionally decode intentions to substitute motor
function, recent research focuses on motor recovery. Here,
the idea is to provide immediate sensory feedback upon de-
tecting an ‘appropriate’ brain state to reinforce re-learning
strategies of the damaged brain using, e.g. functional elec-
trical stimulation15 or robotic/orthotic devices.16 Such
closed-loop BCI training protocols aim to reinforce the in-
teraction between efferent and afferent brain networks.
The feedback is causal and time-locked to the movement
intent/attempt and not mediated by an external therapist.
The results are promising: a meta-analysis for
BCI-supported upper limb rehabilitation found a medium
to large effect size17 and a recent randomized controlled
trial has provided compelling evidence that the
brain-state-dependent feedback is a key for the rehabilita-
tion effect.15

Able to modulate networks, BCI feedback might even im-
pact the language network. During cSLT, aphasic patients
generally profit from feedback provided by the therapist or
a computer programme. This feedback comprises confirma-
tions of the adequacy of a patient’s response or providing
corrective information regarding inadequate responses.18

Feedback helps the patient to improve and these improve-
ments are associated with a functional reorganization of
the language-related brain resource.19,20 A BCI approach
does not require overt language production. It can provide
feedback based on language-related brain activity. If this
feedback also elicits therapeutic effects, it may open the
door also for the treatment of other cognitive deficits that in-
volve large variable networks.

Despite the current enthusiasm for BCIs, no BCI-based
language therapy was reported. First, it was vastly unclear
if auditory BCIs21–23 are feasible at all for patients with
aphasia due to the rapid presentation of stimuli24 and their
stroke-altered event-related potential (ERP) signals.25,26

Second, decoding intended speech from electrophysiological
recordings—the analogy to BCI-based motor rehabilitation
—is deemed a hard problem, although this topic has received
growing attention.27 Third, the success of BCI (mainly) de-
pends on reliable markers underlying the experimental
task. Two ERP components of the EEG are highly related
to specific aspects of language: the N400 component reflects
comprehension,26 whilst the P600 component (reflects) syn-
tactic processing.28 However, a novel therapeutic approach
should be feasible and effective for most patients with apha-
sia, i.e. its beneficial effect should generalize to multiple as-
pects of language.

Thus, we opted for an easy task that requires a patient to
process language to generate discriminative ERPs. We

decided on a modification of the oddball task: patients had
to listen to a cueing sentence whose last word was missing
and then had to recognize the missing word (target) within
a rapidly played audio sequence of several irrelevant (non-
target) words. Existing literature proposed that detecting
target versus non-target tones, phonemes or words is possi-
ble also in patients with severe language production defi-
cits29 and can elicit discriminative ERPs, even if their
characteristics deviate from that of controls. Moreover,
amongst different ERP tasks, the oddball task was suited
best to monitor recovery following global aphasia.

Most importantly, our word task is fundamentally differ-
ent from classical tone-based oddball tasks. First, target
words do not stand out by physical properties like pitch.
They consisted of frequent concrete bisyllabic nouns with
complex phonological, articulatory construction. Whilst lis-
tening to the rapid word sequences, patients should involve
phonological and semantic competences to identify and dif-
ferentiate target from non-target words. In line with this
postulation, patients with low comprehension generally
lacked such discriminative ERPs (mainly P300),30 confirm-
ing their association with semantic integration processing.
Moreover, Cocquyt et al.31 documented a ‘phonological
P300’ evoked by an oddball task with phonemes differing
by their place of articulation. Second, our task required
word recognition. Speech recognition literature proposes
that higher-level lexical information activated by bottom-up
phonetic input could be used to pre-activate upcoming po-
tential phonemes before new bottom-up acoustic informa-
tion arrives.32 Thus, we presumed that our task might
activate neuro-motor programmes to control the articula-
tors’movements, i.e. the ‘internal speech’ in the Levelt mod-
el.32,33 Moreover, speech recognition can profit from (silent)
repetition, which in turn involves aspects of speech produc-
tion, including articulatory planning and execution.34 In
addition, we know from neurocognitive studies33–36 and
neuroimaging data37,38 that speech perception and internal
speech (production) highly interact. Therefore, activation
and positive reinforcement of word identification and recog-
nition networks should also interfere with the speech pro-
duction network. Third, performing the target detection in
the BCI task surely demands general cognitive abilities
such as attention, focused attention and executive functions
possibly to a larger extent than traditional EEG experiments
do,39 because of the concise word stimuli and the shorter sti-
mulus onset asynchrony (SOA). These abilities are docu-
mented to be concomitant in patients with aphasia.40

However, it is still hotly debated whether the association
of these deficits with aphasia is to the extent that they are
part of the language system40 or that their anatomy largely
overlaps with that of the language domain.41 Currently, lan-
guage models and DTI data provide evidence that the lan-
guage network is mainly localized in left-dominant
fronto-temporo-parietal (FTP) brain regions connected by
the dorsal and ventral pathways.42–46 Within this model, it
has been proposed that focused attention- or intention-
related changes in the inferior parietal lobe influence the
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selection of context-dependent action programmes in the
prefrontal and premotor cortex.46–48 It has been shown
that a left hemispheric stroke can cause aphasia directly by
damaging the dual language system,49 but it also can cause
a disbalance between the default mode network (DMN)
and the language FTP network.50 In the healthy population,
the DMN is considered a domain-general system for cogni-
tive control and attention. As a task-negative network,51 the
DMN shows reduced activity during task performance, e.g.
upon language comprehension or production. A stroke-
induced upregulation of the intact DMN and downregula-
tion in the lesioned FTP are partially reversed again upon
the improvement of the speech production.50

All these scientific data led us to conclude that our training
task is definitively word-related and involves computations of
bottom-up encoding, top-down control for matching the in-
put with an internal linguistic expectation context, and indir-
ectly, propositional speech. However, we were not sure to
what extent our task reflects general auditory processing
and cognitive abilities as those involved in pitch recognition
and counting during the classical oddball task. Therefore,
we included not only a classical tone-based oddball task but
also tested cognitive functions. Even though the main goal
of our study was not to distinguish the different mechanisms
of aphasia’s recovery, we found the hypothesis of the imbal-
ance between different brain networks relevant for further in-
vestigations. Thus, we decided to also include a repeated
resting-state functional MRI (rs-fMRI) measurement.

During the BCI-based training task, an individually
trained classifier analyses the ongoing EEG. To infer the at-
tended word stimulus, the classifier exploits any systematic
differences between target and non-target word ERPs.
Based on how well the classifier could identify the attended
word and the accordance between attended and target word,
the BCI presents feedback that informs the patient if the cur-
rently applied processing strategy generates ERP differences
(see the ‘Materials andmethods’ section). This feedbackmay
provide patients with indirect information about the activa-
tion of the patient-specific brain networks contributing to
solving the language task. The reinforcement of these net-
works may be beneficial, but they are not deliberately access-
ible by patients or therapists and thus cannot be utilized by
existing forms of language training. Note that the BCI posi-
tively reinforces word-evoked ERPs only, whilst patients do
receive feedback neither during nor after the classical tone-

based oddball task. Several studies found that, although
the discriminative ERP components were similar within
the diverse oddball tasks, dissociation of brain ERP topogra-
phies is well documented, for example, for tonal and pho-
netic tasks.52,53 Thus, we expected that our protocol might
selectively train up those language skills—basically sensori-
motor language competence—underlying our task, instead
of general executive function.

We implemented this BCI approach in a training protocol
consisting of 4 training days a week for an overall amount of
30 h of effective training, with 10 chronic stroke patients
with different aphasia severities and types, to investigate
the following hypotheses: (H1) Our fast word-based BCI
task is feasible not only with healthy participants but also
with patients having aphasia, and patients’ single-trial
word ERPs are sufficiently informative to provide feedback.
(H2) An intensive training using this BCI-based feedback
can improve language. (H3) Obtained improvements will
be language-specific.

Additional 20 controls underwent a single session to in-
vestigate the feasibility and discriminability of patient ERP
data (H1). Effectiveness (H2) concerning multiple language
competences including functional communication was ana-
lysed at multiple time points by standardized language tests.
Data on cognitive abilities, ERP responses and functional
connectivity (FC) based on rs-fMRI were evaluated to inves-
tigate the training’s specificity (H3) and to gain an under-
standing of its effects.

Materials and methods
Patients and controls
Ten patients (age 58+ 11 years, one female) with different
types of chronic aphasia caused by a single left hemispheric
ischaemic stroke (see Fig. 1) were recruited at the University
Medical Center Freiburg and 20 right-handed normally aged
controls (NACs, age 60.2+ 8 years, 10 females). Both stu-
dies were approved by the ethics committee of the
University Medical Center Freiburg. All subjects gave writ-
ten informed consent in agreement with the Declaration of
Helsinki. The patient study was registered in the German
Clinical Trials Register (DRKS00013572). All participants
were right-handed native German speakers without prior

Figure 1 Overlap of the binarized lesions of the 10 patients. Lesions are displayed over sagittal surface (A) and over nine horizontal
sections parallel to the AC-PC line (B). Brighter regions indicate a greater degree of overlap of lesions. Images were generated using mricron.
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experience with auditory BCI paradigms. For patients, the
inclusion criteria were: (i) single left hemispheric ischaemic
stroke affecting the left middle cerebral artery; (ii) time point
of stroke at least 6 months prior to start of training; (iii) pre-
sence of aphasia confirmed by Aachen Aphasia Test (AAT);
(iv) age 18–80 years and (v) sufficient cognitive abilities to
understand and work with the experimenters and provide
informed consent. Exclusion criteria were: (i) a bilateral
stroke; (ii) haemorrhagic stroke; (iii) additional structural
brain lesions (tumour, trauma, high cerebral microangiopa-
thy) detected in the MRI; (iv) high cerebral artery stenosis;
(v) history or current diagnoses of other medical, neurologi-
cal or psychiatric disorders interfering with participation or
data analysis; (vi) severe hearing deficit; (vii) vision loss;
(viii) factors hindering fMRI or EEG acquisition; (ix) early
bilinguals; (x) professional musicians and (xi) left handed-
ness. Language understanding deficits were not considered
an exclusion criterion, if (after familiarization) the training
task could be executed. NACs were required to have no
known history of stroke or other neurological or psychiatric
disorders. Moreover, we applied the same exclusion criteria
as for patients. We did not aim to compare both groups.
Patients were recruited to investigate the effect of training,
whilst NACs served to obtain example ERP responses for
the newly designed word-based paradigm. Note that sex
was imbalanced in the patient group and that ERP charac-
teristics may vary depending on sex54 and other factors.
For our training approach, however, the presence of discrim-
inative ERPs alone was relevant, whilst inter-individual or
any group-dependent ERP differences were not relevant, as
the individual machine learning model was trained.

A full overview of the behavioural and demographic pa-
tient characteristics is given in Table 1. Patients showed con-
comitant focal neurological symptoms and most patients
showed cognitive deficits, see Supplementary Table 1.

Study design
Our study protocol (Fig. 2) aimed to monitor communica-
tion difficulties and to differentiate linguistic from non-
linguistic skills. Following clinical guidelines for
stroke-induced aphasia rehabilitation8,9 and comparability,
we included assessments considered validated, reliable and
frequently used in aphasia research. To assess language func-
tions (at screening/pre/mid/post/follow-up), we used the
AAT,55 consisting of six description levels for spontaneous
speech and five subtests (token test, repetition, written lan-
guage, naming and comprehension). This clinical tool is va-
lidated and standardized for the German language.56,57 It
provides confidence intervals, percentile scores and T-score
units for each subtest and has a good test–retest and inter-
rater reliability.58 Thus, the AAT allows us to quantify sig-
nificant individual improvements of specific linguistic skills
and to monitor clinical severity of aphasia in an individual
patient, according to Huber’s psychometric analysis. For de-
tailed naming assessment, we included the widely used59,60

Snodgrass & Vanderwart (S&V) picture naming test61 (for

details, see Supplementary Section 1). For AAT and naming
tests, correct responses were never provided to patients. To
capture deficits in everyday life situations, patients and rela-
tives carried out the Communicative Aphasia Log (CAL), a
questionnaire quantifying and qualitatively describing pa-
tients’ communication activities,62 before and after the
training.

Patients underwent the following cognitive tests: the subt-
ests alertness, attention and flexibility of the standardized
‘test of attentional performance’ battery,63 digit span,64

Corsi span65 and semantic and phonological fluency66

(Fig. 2A and Supplementary Section 2).
Before and after the training, rs-fMRI scans (6 min each)

were acquired by a 3 T Magnetom Prisma scanner (Siemens
Healthineers, Erlangen, Germany) using multiband-accelerated
echo-planar imaging sequences (multiband factor 3),
220 mm× 220 mm field of view, 128× 128 matrix size,
84 axial slices (1.7 mm thick), repetition time= 1.54 s,
echo time= 27 ms, flip angle 79° and 240 volumes. In add-
ition, anatomical images (T1 MP2RAGE, 1 mm resolu-
tion) and diffusion-weighted echo-planar imaging images
(1.7 mm resolution, 61 diffusion directions, b= 0,
1000 s/mm²) were acquired for normalization and lesion
segmentation purposes, respectively.

Three EEG sessions without feedback were conducted:
two before the first training session to tune stimulation
parameters and one after training completion. The on-
line EEG training with feedback was delivered 4 days a
week and as intensively as possible until 30 h (similar
to other studies)7,62,67 of effective training time were
reached.

Our study was not randomized and a cSLT was not part
of our protocol. However, as usual in Germany, all patients
except P8, who suffered from a mild anomic aphasia for
more than 12 years, had received cSLT from local therapists
at Freiburg and surrounding places in the time between
screening and the start of the BCI-based training (Fig. 2).
Typically, this cSLT followed a deficit-oriented training ap-
proach. Note that we did not influence how a patient’s
therapist conducted the cSLT. The pre- versus post-
comparisons of cSLT and AAT results, nevertheless, allowed
us to describe the effect of the conventional therapy upon
language skills.

During the 3 months after our training and prior to our
follow-up, patients were not allowed to participate in any
form of language or speech therapy.

Structure of a training session
The time course of a patient’s training session is depicted in
Fig. 2B. A multi-channel EEGwas set up (see Supplementary
Section 3 for details) before patients were asked to name
around 25–30 pictures (results not reported). None of the
items of this short test overlapped with items of the S&V
or AAT. Patients underwent two non-verbal auditory odd-
ball runs with a high or low tone played every second,
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each containing 50 high-pitched target tones and 250 low-
pitched non-targets.

Subsequently, patients performed multiple runs of the
auditory BCI-based training task, see Fig. 2C. It extended
the AMUSE paradigm23 in three ways: first, we allowed for
variations of the stimulus timing, expressed by SOA between
250 and 1000 ms. Second, a mono-presentation of stimuli via
headphones (headphone condition) could be used alternative-
ly to the spatial auditory presentation over six loudspeakers
directions (loudspeaker condition) in AMUSE. Third, we
used bisyllabic word stimuli in our study instead of short
tones. The target and non-target words were selected
pseudo-randomly from a pool of words. They all had the
same duration and had been recorded by the samemale native
German speaker. The six words were difficult to articulate, as
their first syllable contained a consonant cluster of which

the consonants belonged to different articulatory classes,
e.g. alveolar-plosive and uvular-fricative as in ‘Trichter’
(funnel). The consonant or consonant cluster of the second
syllable again belonged to a different articulatory class or
classes.

Depending on the SOA, a single trial of the training task
took 35–60 s, see Fig. 2D. After a run of six trials, patients
could take a break. The number of runs per session was
adapted to the stamina of the patient.

During a trial, the patient was asked to focus on presenta-
tions of the target word whilst ignoring non-target words pre-
sented in a sequence. The target word was cued uniquely by a
preceding sentence (see Supplementary Section 4). As overt
word production or other behavioural responses were never
required, only the BCI output could inform experimenters
about whether the task was accomplished or not.

Figure 2 Study protocol for BCI-based language training. (A) Time points (relative to the first training session) of the clinical testings and
training sessions that each patient underwent, including an individual familiarization with the paradigm (hours to few sessions per patient),
language assessments (AAT, Aachen Aphasia Test; S&V, Snodgrass & Vanderwart naming test; CAL, communicative activity log) and cognitive
assessment (TAP, test of attentional performance; digit span, Corsi span, semantic and phonological fluency), see Supplementary Section 2. (B)
Structure of a single training session and duration of its components. (C) Set-up of the AMUSE protocol23: a subject is placed in the centre of six
loudspeakers placed at ear level. In this loudspeaker condition, all auditory stimuli and auditory feedback were presented over these
loudspeakers. Within each trial, a 1:1 relation was maintained between the six words and the loudspeakers. Between trials, the target word and
the mapping between directions and loudspeakers were pseudo-randomized. In a headphone condition, the patient received sentences, word
stimuli and auditory feedback in one mono-channel via headphones such that spatial information could not be exploited. (D) Structure of a single
trial, consisting of a ‘get ready’ cue, a sentence presentation, a word sequence presentation, immediate EEG analysis and feedback to the patients.
At trial start, the computer played one of six German cueing sentences from an audio file, but the sentence’s last word was missing. Example: ‘Die
neue Tonerkartusche steckt schon im… ’ (‘The new cartridge is already in the…’). During the sentence presentation, patients were asked to listen to
and understand it with the goal to infer the target word. Following, a sequence of six different words (all bisyllabic nouns with durations below
300 ms) was played. It took about 32 s (for SOA 350 ms if no dynamic stopping was triggered) and consisted of 15 target words (blue rectangles,
Drucker/printer in this example) and 5× 15= 75 presentations of the five non-target words (red rectangles). The target and non-target role of a
word switched in a pseudo-randomly balanced manner between trials of the same run.

A novel approach for aphasia rehabilitation BRAIN COMMUNICATIONS 2022: Page 7 of 19 | 7

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac008#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac008#supplementary-data


Using signal processing and machine learning methods
(see the ‘EEG analysis’ section), the BCI classifier continu-
ously analysed systematic target- versus non-target ERP dif-
ferences to identify the word attended by the patient and to
verify if the attended word was the correct target word for
this sentence. More specifically, classifier outputs (i.e. dis-
tances to the decision hyperplane) were used as surrogates
for how well a patient’s brain could discriminate between
target and non-target words. Within one trial, outputs for
up to 15 presentations were collected separately for each
of the six words. At trial end, the patient received feedback
on how clearly the classification outputs of targets and non-
targets differed. In the case of accordance between identified
word and target word, the patient received a positive, rein-
forcing auditory (sentence) and visual (screen visualizations)
feedback (for details, see Supplementary Fig. 1). It informed
the patient that the currently applied processing strategy was
a successful one. Detecting insufficient differences in ERPs
between target and non-target words or when the detected
word did not correspond to the target word, patients re-
ceived neutral auditory and visual feedback informing him/
her about the correct target.

After the session, a speech therapist, neurologist, or other
academic staff could support patients to recognize poten-
tially successful individual strategies to solve the task.

Each NAC performed a single offline EEG session without
feedback, without dynamic stopping, with SOA= 250 ms
and at constant difficulty. For details, see Supplementary
Section 5.

Adapting task difficulty over time
For patients, throughout a session, either the loudspeaker or
the more challenging headphone condition was applied, and
a constant SOA and the same six sentences and six words
formed the stimuli. Between sessions, the task difficulty
could be adapted by modifying multiple experimental para-
meters (see Supplementary Section 6), to maintain a high
task demand.

Behavioural analysis
AAT performances pre- versus post-training and versus
follow-up were assessed to investigate training-induced ef-
fects. The comparison of AAT performances at screening
versus pre-training time points was performed to investi-
gate the effect of preceding cSLT. We observed a stable
clinical profile of aphasia in all 10 chronic patients. S&V
scores comprised correctly named words, latencies, pho-
netic and semantic five-point scores (see Supplementary
Section 1 for a detailed description of the evaluation).
Pre-training scores were compared against mid-, post-
training and follow-up. For the other behavioural tests
listed in the study design section, we compared only pre-
versus post-training performances.

Based on their relevance for our training task, five of the
conducted cognitive tests were statistically evaluated:

(i) the digit span test,64 assessing working memory; (ii and
iii) the visual Go/NoGo-task’s reaction time and the number
of errors, testing selective attention and (iv and v) the med-
ian reaction time to a visual stimulus with and without a
prior auditory warning signal, measuring alertness. See
Supplementary Section 2 for details.

EEG analysis
The processing of EEG data (63/31 channels for offline/on-
line sessions, respectively) and the training and evaluation
of classification models were conducted inMATLAB version
2014b using the BBCI toolbox68 with a standard pipeline es-
tablished for ERP analysis (see Supplementary Section 3).

To classify target from non-target ERP responses during the
patient training, one individual regularized linear discriminant
analysis (LDA) model69 was maintained per patient. Using
transfer learning, this model was pre-trained on data of the
two offline sessions for the first online session. Therefore, any
previous online session provided pre-training data for the up-
coming next online session.Within sessions, the model was re-
peatedly updated after each run by supervised adaptation70—
the latter was possible as the true labels were known at any
time. The adaptation was supposed to account for non-
stationary feature distributions over time, which could be
caused by patient learning or fluctuations of the vigilance.
The adaptation parameters η1= 0.005 (for the class mean esti-
mation) and η2= 0.001 (for the global covariance matrix) had
been determined from the NACs’ offline data.

Maximizing the reinforcing feedback per session, we al-
lowed for stopping a trial’s word sequence even prior to the
presentation of full 90 words and a very positive feedback
could be triggered in these cases. For details of this dynamic
stopping strategy, see Supplementary Section 3 and Fig. 1.

For any offline classification analysis reported, individual
LDA models were trained per patient. We performed a
5-fold chronological cross-validation to assess a model’s ac-
curacy, which is expressed as the area under the receiver-
operating characteristic curve (AUC). A value of 0.5 [range:
(0, 1)] indicates chance level performance and 1.0 perfect
classification. ERP peak amplitudes and latencies were esti-
mated in a bootstrap procedure where 80% of the data was
randomly sampled 10 times and peak readouts were then
averaged. The P300 onset was determined as the first time
point when the target and non-target responses differed sig-
nificantly based on a two-sided t-test (α= 0.05) and set to
1000 ms if no such difference could be observed.
Non-verbal auditory oddball ERPs were analysed similar
to word ERPs.

Functional MRI analysis
Patients’ rs-fMRI data were motion-corrected, normalized
to MNI space and smoothed with a 6 mm Gaussian kernel
using the FSL toolbox.71 The normalization step was per-
formed by first co-registering the functional images to the
anatomical images with a rigid-body linear transformation
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and then normalizing the anatomical images to 2 mm MNI
space with an affine linear transformation, with mutual in-
formation as the cost function. Visual inspection of all trans-
formed images confirmed the accuracy of the registrations in
spite of the sometimes extended lesions in some patients, so
that further adjustments were not necessary. Functional time
series were then extracted frommultiple seed region of inter-
est (ROI) from the default mode and the language network
after regressing out the average white matter and cerebro-
spinal fluid time courses and bandpass filtering between
0.01 and 0.1 Hz. Only non-lesioned voxels within each
ROI were included in the calculation of the fMRI time series.
The lesions had been manually segmented on the apparent
diffusion coefficient maps derived from the diffusion images.
All considered ROIs included at least 82 non-lesioned vox-
els, so that ROI time series could be reliably extracted in
all cases. The ROIs included the posterior cingulate cortex,
precuneus, F3op, F3tri and F3orb from the AAL atlas72

and the posterior superior temporal gyrus from the FIND at-
las.73 FC was defined as the Fisher-transformed correlation
coefficient between the seed ROI time courses and those
of every (non-excluded) voxel in the brain. Differences be-
tween pre- and post-training FC were assessed by a paired
t-test with a voxel-wise significance level of α= 0.001 using
an additional cluster-extent threshold corresponding to a
family-wise error rate of α= 0.05. Laterality indices were
computed on the statistical maps as described in
Supplementary Section 7.

Statistical analyses
Statistical analyseswere conducted inR v3.3.1 (standard pack-
age) andPython v3.6using the librariesNumPy (v1.15.4), pan-
das (v0.23.4) and SciPy (v1.2.1). To assess statistical
significance, we used two-sided t-tests for normally distributed
quantities and non-parametric tests otherwise. Paired tests
were applied when suited. The specific choices of the statistical
tests aredetailed in the ‘Results’ section.Tocontrol the falsedis-
covery rate in multiple comparisons, we applied a Benjamini–
Hochberg correction. To limit the number of comparisons,
the testing of pre-versus post-training cognitive performances
was restricted to the above-mentioned five cognitive tests (see
‘Behavioural analysis’ section).

Following Cochrane recommendations,5 we calculated all
effect sizes as Hedges’ gs (see Supplementary Section 8). As
T-transformed AAT scores are designed to have a standard
deviation of 10, we directly used that value instead of esti-
mating the population standard deviation, resulting in an ef-
fect size given by

ds := Mean(zpost)−Mean(zpre)
10

with zpre and zpost denoting the pre- and post-assessment va-
lues. We empirically confirmed that the estimated standard
deviation is close to 10, see Table 2. For all other quantities,
we estimated the population standard deviation.

This is a one-armed proof-of-concept study. Thus, neither
randomization nor blinding was performed, and power ana-
lysis had not been performed. The priority of our paper was
to investigate training-induced effects within the group of
patients. Therefore, we restricted any statistical comparisons
to pre- versus post-effects observed within the patient group,
which also reduced the correction factors for multiple
testing.

Data availability
The data supporting the findings of this study are available
from the corresponding author upon reasonable request.

Results
Feasibility
All screened patients fulfilling the criteria were included. No
included patient dropped out, but we decided to stop patient
P2’s training after 24 h due to undesired finger motor activity
(see Supplementary Section 9). A short familiarization ofmaxi-
mally 2–10 h for patients with severe aphasia was sufficient to
prepare the training. Application of the EEG cap, the high
training frequency and intensity and task monotony were
not considered real problems. The effective feedback training
duration (excluding cap preparation, assessments and resting
state recordings, see Fig. 2) was 6.26 h on average per week
and 14.9 sessions were required on average to reach 30 h
(for details see Table 3). Patient P7 initially was exhausted
quicker than the nine other patients and needed substantially
more sessions, but rapidly learned to deliver longer sessions.

From the BCI point of view, a combination of frequently
missed stimuli, delayed ERP responses and frequent arte-
facts in patients’ data challenged the decoding system.

Aachen aphasia test
The main quantifier for training success was the AAT score,
as it is standardized and allows for tracking therapeutic
success within single patients. The training induced a signif-
icant improvement of each AAT subtest in a pre–post-
comparison, as shown in Table 2 and Fig. 3. Across all
patients and all five subtests, the average effect size is stan-
dardized mean difference (SMD)= 0.63 (standard deviation
across subjects: 0.36), ranging from 0.38 (repetition subtest)
to 1.1 (naming subtest). Patients with mild to moderate
aphasia (P2–P8) improved stronger in naming, repetition
and writing than patients with moderate/severe aphasia
(P1, P9, P10) who mostly showed improvements in the
Token test. According to AAT criteria, half of the patients
were not aphasic anymore post-training, see Table 3.

A follow-up assessment 3 months after training end
showed that these improvements remained stable despite
small fluctuations (Fig. 3B). Patient P2 was not available
for a follow-up due to an accident unrelated to the training.
Comparing follow-up with pre-training performances using
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a Benjamini–Hochberg-corrected two-sided paired t-test,
the improvements were still highly significant for the
Token test [t(8)= 4.208, P= 0.001], written language
[t(8)= 3.957, P= 0.001], naming [t(8)= 4.318, P= 0.006]
and significant for comprehension [t(8)= 2.731, P= 0.03].
The changes in repetition were not significant anymore
[t(8)= 2.736, P= 0.052].

For all patients except P3, we could conduct AAT
measurements earlier during the chronic phase, on average
168+ 149 days prior to training start (Table 3).
Improvements during that period were not significant (α=
0.05), despite all patients except P8 following cSLT at least
twice per week, amounting to 30+ 31 h on average, assum-
ing 40 training weeks per year.

Totalling the number of raw AAT points allows us to dir-
ectly compare the patients and training-induced effects based
on a single value (Table 3). Comparing pre- versus post-
training raw points, an average of 49% (range: 11–88%,
std= 26.85%) of the maximal possible change74 was realized
per patient.

Naming ability, functional
communication
The S&V (see Supplementary Fig. 2) revealed a significant
pre–post-improvement in the number of correctly named
words from an average of 49.0 to 55.7% (Wilcoxon

signed-rank test, Z= 1, 10 patients, P= 0.0039). Changes
relative to the pre-training levels are significant also for mid-
training (Z= 0, nine patients, P= 0.0039) and follow-up
(Z= 1, nine patients, P= 0.0078). We observed a significant
increase also for semantic and phonological naming scores
(see Table 2), but neither for phonological nor semantic
access time.

Patients were asked to report on the quality and quantity
in everyday language use by the CAL questionnaire.62

A two-tailed paired t-test revealed highly significant self-
reported changes for the quality and quantity of language
use, see Table 2. We observed a consistent improvement
across all patients, see Supplementary Fig. 3 for individual
results.

Cognitive ability
Before the training, we found that patients showed high
pathological performances in cognitive tests which involve
language material and partly pathological performances in
others (see Supplementary Table 1). Comparing pre- and
post-training performances was restricted to five Wilcoxon
signed-rank tests (Benjamini–Hochberg-corrected P-values
at an α-level of 0.05) to limit the number of multiple com-
parisons. The tests showed no significant changes. The re-
sults with the uncorrected P-values were: digit span (sum
forward and backward): Z= 19.0, P= 0.887 (one tie, one

Table 2 Training-induced effects are language-specific and generalize beyond the training task

Category and tests N Pre-training Post-training Raw P-value Effect size

Aachen Aphasia Test Mean (SD) Mean (SD) Paired t-test gs
Token test (T-score) 10 58.90 (13.25) 63.30 (11.40) 0.0023 0.44
Repetition (T-score) 10 56.90 (8.33) 60.70 (9.31) 0.023 0.38
Written language (T-score) 10 55.40 (7.46) 62.00 (10.87) 0.0033 0.66
Naming test (T-score) 10 56.50 (8.28) 67.50 (13.48) 0.0019 1.1
Comprehension (T-score) 10 59.10 (8.13) 64.80 (13.26) 0.0232 0.57

Median (range) Median (range) Signed-rank test Hedges gs
Sum of spontaneous speech subtests: (0–30) 10 24 (14–29) 26 (16–30) 0.0072 0.52

Naming abilities (S&V naming test) Median (range) Median (range) Signed-rank test Hedges gs
Correct words (%) 10 59 (9–70) 65 (16–76) 0.0039 0.28
Semantic score (0–4) 10 3 (2–4) 3 (2–4) 0.0098 0.21
Phonological score (0–4) 10 3 (1–4) 4 (2–4) 0.0371 0.16
Semantic access delay (s) 10 1.7 (1.1–2.3) 1.5 (0.89–3.0) 0.375 0.2
Phonological access delay (s) 10 1.6 (1.1–2.5) 1.7 (.89–3.6) 0.4316 0.33

Functional communication (CAL) Mean (SD) Mean (SD) Paired t-test Hedges gs
Quantitative (sum) 10 28.90 (11.10) 34.30 (11.45) 0.0003 0.46
Qualitative (sum) 10 76.90 (25.45) 84.40 (24.48) 0.0002 0.29

Cognitive tests Median (range) Median (range) Signed-rank test Hedges gs
Digit span (total count) 9 8 (0–12) 9 (0–13) 0.8867 –0.03
Go/NoGo (number of errors) 10 4 (1–31) 4 (0–36) 0.726 –0.01
Go/NoGo (ms) 9 548 (417–944) 596 (461–700) 0.7344 –0.06
Alertness without signal (ms) 10 248 (201–358) 282 (218–483) 0.0371 0.59
Alertness with signal (ms) 10 263 (188–374) 287 (218–366) 0.5071 0.27

Following common practice, raw AAT scores were initially transformed into normally distributed T-scores with a mean of 50 and a standard deviation of 10. For the T-scores and
other metrics, we report the mean and standard deviation (SD) for approximately normally distributed quantities and median and range otherwise. Reported P-values are not
corrected for multiple testing. Bold P-values indicate significant changes after correcting for multiple comparisons with the Benjamini–Hochberg correction at an α-level of 0.05. We
corrected for multiple tests within each category, i.e. for six tests in AAT, five in S&V naming, two in functional communication and five in cognitive tests. Effect sizes are calculated as
the mean difference divided by the population standard deviation (which is taken as 10 for the T-scores to obtain ds and estimated for all other quantities to obtain Hedges gs, see the
‘Materials and methods’ section). AAT, Aachen Aphasia Test; S&V, Snodgrass & Vanderwart naming test; CAL, communicative activity log; signed-rank test, Wilcoxon signed-rank
test.
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patient could not finish the test); alertness without signal
(median time):Z= 7.0, P= 0.037; alertness with signal (med-
ian time): Z= 21.0, P= 0.507; Go/NoGo (median time): Z=
19.0, P= 0.734 (one patient could not finish the test);
Go/NoGo (total number of errors): Z= 20.5, P= 0.726
(two ties). For further details, see Supplementary Fig. 4.

Neuroimaging results
Three out of six characteristics of the word-induced ERP re-
sponses changed significantly (after the Benjamini–Hochberg
correction) from pre- to post-training, see Fig. 4C. Patients
showed increased P300 peak amplitudes in channel Cz
[two-tailed paired t-test, t(9)= 3.35, P= 0.023], earlier P300
onsets in Cz (Wilcoxon signed-rank test, Z= 36, P= 0.023,
two ties) and increased target/non-target classification accur-
acy expressed by AUC (Wilcoxon signed-rank test, Z= 1,
P= 0.023). The N200 peak amplitudes in channel Fz did
not change significantly [two-tailed paired t-test, t(9)= 1.25,
P= 0.24] and peak latencies neither changed for the P300 in
Cz (Wilcoxon signed-rank test, Z= 43.5, no tie, P= 0.15),
nor for the N200 in Fz (Wilcoxon signed-rank test, Z=
35.0, P= 0.17, one tie).

Concerning patients’ non-verbal auditory oddball ERPs,
none of the aforementioned six quantities were significant
at the α-level of 0.05 anymore after correcting for multiple
testing, see Supplementary Fig. 5.

Comparing the rs-fMRI data before and after the training,
we found significant changes of FC of six regions of interest,
namely, bilateral posterior cingulate cortex and precuneus—
both main hubs of the DMN—as well as pars triangularis,
pars orbitalis and pars opercularis of Broca’s area, and left pos-
terior superior temporal gyrus of Wernicke’s area—all main
hubs of the language network. The results are summarized in
Fig. 5. Changes occurred mainly within the left hemisphere,
as reflected by the laterality index ranging from 0.59 to 0.85,
see Supplementary Table 2. Decreased FCwas observedwithin
the DMN and between the DMN and the language network.
Additionally, hubs of the language network showed decreased
FC with the dorsolateral prefrontal cortex, the primary motor
and sensory cortex.We found increased FC of all regions of in-
terest with the anterior cingulate cortex. Broca’s area showed
increased short-range FC within its subcomponents and in-
creased long-range FC with Wernicke’s region. An increase
of positive connectivity was observed between the two main
DMNhubs and the dorsolateral prefrontal cortex, the primary
motor and sensory regions, the parietal lobe, the superior tem-
poral gyrus and the cingulate cortex.

Discussion
Our study pioneers the use of brain-state-dependent
closed-loop feedback to reinforce language-related brain ac-
tivity in patients with aphasia after stroke. Using a BCI, we
strengthened ERP components elicited by a simple language
task. The novel training-induced recovery of aphasia, whichT
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was sustained, generalized to multiple language aspects and
language-specific. A future randomized controlled study will
allow us to decide if the BCI-based feedback in fact served
as the key factor of training success.

Feasibility
This study is the first realizing auditory ERP decoding clearly
above chance level for aphasic stroke patients and with ra-
pid, non-trivial auditory stimuli.75 Remotely related, Kleih
et al.76 applied a visual BCI spelling paradigm in multiple
sessions with patients with aphasia, but did not assess lan-
guage improvements.

A rigorous combination of algorithmic improvements,
amongst them automatic artefact removal,77 session-to-
session transfer learning to reduce the need for calibration,78

automatic classifier regularization69 to cope with a low sig-
nal, high dimensionality and noise, rendered our BCI ap-
proach feasible (supporting hypothesis H1). We highlight
our choice to continuously adapt the classifier.70 Besides
compensating for non-stationary features, adaptation may
have been pivotal for embracing task-solving strategies
developed over time.

The training could be executed by all patients and was ac-
cepted well, such that all could train frequently and (except
P7) also intensively.

Language improvements
Supporting hypothesis H2, all language metrics (AAT,
S&V, CAL) showed medium-to-large improvements when
comparing pre- to post-training assessments (Table 2).
In comparison with the Cochrane reviews,5,12 our
training-induced improvements are long-lasting (see
Fig. 3). Our average effect size on language is high
(SMD= 0.63) considering the values reported for cSLT by
Brady et al.,5 which range from 0.06 to 0.49 for different
language competences, and although the 27 studies covered
included subacute patients, whose improvement may have
been dominated by spontaneous recovery. Note that the
cSLT—applied with a similar amount of effective training
hours (Table 3)—did not evoke significant changes.
Considering that cSLT on average lasted 1.95 h per week,
whilst the BCI-based training was delivered 6.26 h per
week on average, the intensity of our training might be a fac-
tor contributing to the efficiency of the proposed training.
However, even comparing our results specifically to a study

Figure 3 Clear training-induced improvements of language abilities measured by the AAT. (A) Individual changes and groupwise
changes (bars with standard deviations) of different language abilities measured by the T-transformed AAT scores. This transformation
normalizes the raw AAT scores such that 10 T-transformed AAT points correspond to 1 SD. Significance was assessed by two-sided paired
t-tests with the Benjamini–Hochberg correction. The symbol ‘*’ marks P, 0.05 and ‘**’ marks P, 0.01 for the corrected P-values. (B) The
average language performance on the group level at four different time points relative to the pre-training performance. Missing data points are
annotated and were excluded from the computation of the averages and the statistical tests.
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which focused also on patients with varying severity of
chronic aphasia and also administered high-intensity train-
ing confirms that our training effect is relatively large.
Breitenstein et al.7 showed an effect size of SMD= 0.23
for verbal communication using high-intensive cSLT (30 h
delivered within 3 weeks) compared with low-intensive
cSLT (,5 h/week). The authors had reported an effect size
of 0.57 in their publication, computed based on the standard
deviation of the differences instead of the population. The
former leads to higher effect size estimates in within-subject

analyses.79 For comparisons, we re-computed the effect size
of 0.23 based on the population standard deviation—as re-
commended by the Cochrane Study Group5—using data
published by Breitenstein and colleagues. Other studies
using the AAT as their primary end-point19,57,67,80 reported
average AAT improvements of 2–5 T-transformed AAT
points (SMD= 0.2–0.5) which stay below those observed
for our training.

Importantly, our improvements generalized to all linguis-
tic competencies tested. Notably, we found the strongest

Figure 4 Stronger and earlier word-evoked P300 responses after the training. The plots visualize data obtained by ERP offline analysis
for patients (pre- and post-training) and for 20 NACs to indicate how healthy subjects process the word stimuli. The ERP responses were evoked
by words played with an SOA of 250 ms from six loudspeakers. (A) The average target and non-target ERP responses for channels Cz and Fz. (B)
The spatial distributions of mean target responses within four selected time intervals (in ms relative to stimulus onset): A: (191,240); B: (301,420);
C: (421,670); D: (671,800). It can be observed that patients showed P300 and N200 amplitudes lateralized over the right hemisphere before and
after the training. However, at post-training, the average ERP time courses and intensities of spatial patterns obtained from patients approximate
those of NACs. (C) The average (bars with standard deviation) and individual values (dots) for six different metrics. As a result of the training, the
P300 amplitudes have increased, P300 onsets have appeared earlier and target versus non-target classification accuracies have increased. Note
that no statistical comparisons have been conducted between data of the NACs and patients. All conducted tests are indicated by black bars. n.s.,
not significant; AUC, area under the receiver-operating characteristic curve; ‘*’ corresponds to P, 0.05.
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effect within the AAT for the naming ability (SMD= 1.1)—
confirmed also by the S&V (see also Supplementary Fig. 2)
—the competency for which the Cochrane observed the
smallest effect (SMD= 0.06).5 Moreover, patients also in-
creased significantly in functional communication, described

by higher self-reported quality and quantity of language use
and spontaneous speech (Table 2). Such a generalization is
considered the ultimate goal of aphasia treatment81 as it al-
lows producing the greatest effect with the least possible ex-
penditure of training time and effort.82 The strong and

Figure 5 Training-induced rebalancing of language- and default mode networks. Pre-/versus post-training changes of rs-fMRI FC are
visualized. For every row, the region of interest is indicated by blue-grey colour. The colour bar shows the T-values of a paired t-test where
T-values above 3.1 denote a significant change at a family-wise level of P, 0.05 after cluster-extent-based thresholding. The FC of the posterior
cingulate cortex (PCC) and the precuneus (Prec) with the left postcentral gyrus increase after training. The PCC also shows an increased FC with
the left primary motor cortex (M1), dorsolateral prefrontal cortex (DLPC), middle superior temporal gyri (STGm), frontal orbital and anterior
cingulate cortex (ACC). The two hubs of the DMN (PCC and Prec) show a decreased FC with the main hubs of the language network—pars
triangularis (F3tri), pars opercularis (F3op) and pars orbitalis (F3orb) of the inferior frontal gyrus (Broca’s region) and the posterior superior
temporal gyrus (STGp, Wernicke’s region)—as well as with other hubs of the DMN—anterior precuneus, temporo-parietal junction (TPJ),
angular gyrus (AG), infero-temporal cortex (ITG), parietal lobe (PL) and occipital cortex (OC). F3op, F3tri and F3orb show increased FC with
each other, and also with ACC and STGp. F3orb/tri/op showed decreased FC with MTG, left DLPC, Prec and M1. Wernicke’s region exhibited
increased FC with left PL, ACC and cerebellum, and decreased FC with the OC, Prec, TP, premotor and motor cortex (PMC, M1) and DLPC.
Non-significant changes are denoted by ‘ns’. Images were generated using mricron (https://www.nitrc.org/projects/mricron).
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comprising generalization differentiates our approach from
most other trainings.5,6 We attribute it to our design deci-
sion not to implement a deficit-oriented training, e.g. not
to reinforce based on N400 or P600 features as markers of
semantic26,83 or syntactic processing,28 respectively.
Instead, we utilize an elementary language task, which
even our patients with severe aphasia could perform and
thus could profit from the BCI’s feedback. We found that
training up a basic language competence consequently facili-
tated higher language skills including production and writ-
ten language skills. This finding may be explained by basic
and higher language skills partially sharing the same net-
works, by interwoven networks for language production
and comprehension33–38 and by areas shared between writ-
ing and oral spelling of object names.84

Moreover, note that 50% of patients who displayed
stable mild aphasia despite a regular cSLT were classified
as non-aphasic by the post-training AAT (Table 3). The
AAT profile determines the clinical picture and severity of
aphasic syndromes beyond a mere statistical test. The classi-
fication ‘no aphasia’means that the resulting clinical picture
did not lead to a specific syndrome and the subtests’ perfor-
mance could not be distinguished from those of healthy
subjects. Whilst patients might remain with some communi-
cation deficits that typically become evident in the form of
phonological or semantic paraphasias or word-finding dis-
orders in spontaneous speech (reflected by the discrepancy
between AAT results in Fig. 4 and CAL results in
Supplementary Fig. 3), a change from ‘aphasia’ to ‘no apha-
sia’ is a clear, substantial success. Considering that when
AAT subsets are pathological, their constellation fits the
clinical picture of language disorders characterized by non-
fluent production (Broca’s aphasia) or limited vocabulary
access (anomia), significant pre–post-changes even in a sin-
gle subset are remarkable from a clinical point of view.
Although not standardized, the additional CAL, AAT spon-
taneous speech and S&V tests address relevant language
skills, and observed deficits are recommended to be trea-
ted.8,9 Thus, the sustained language improvements docu-
mented by our study can be considered very promising and
we hope we can replicate them in the future by a larger ran-
domized controlled study.

Supporting H3, our training is associated with a recovery
from aphasia, but not from non-linguistic deficits (Table 2).
Thus, language recovery probably cannot be explained by
improvements of non-linguistic competencies alone.

Possible mode of action
The novel BCI training has enhanced ERP classification ac-
curacies (Fig. 4), a surrogate for how well a patient’s brain
could discriminate between target and non-target words.
Concerning ERP components, only the P300 showed signif-
icant modifications after the training (Fig. 4). This compo-
nent is known to predict recovery from aphasia29 and
increased P300 peak amplitude and earlier onset generally
indicate that the task may have become easier.85

According to event-categorization and template-matching
models,85 as well as to the context-updating hypothesis,86

the P300 reflects the integration of bottom-up and top-down
processes. More specifically, P300 reflects integration pro-
cesses and its latency corresponds to the stimulus evaluation
time.87 The post-training P300 characteristics (Fig. 4A) indi-
cate that the BCI feedback may have positively influenced in-
tegration processes, i.e. via faster stimulus evaluation or an
individually strengthened sensory–motor processing of lan-
guage. Interestingly, patients reported the use of inner speech
as a successful strategy. Considering that the internal and ex-
ternal speech within the Levelt model highly interacts at the
neuronal level,33 we postulate that the integration of bottom-
up and top-down and internal speech processing may con-
tribute to explaining the mode of action of the BCI training.

We assumed that the P300 would also reflect attention
and working memory within the event-categorization net-
work.86 For the non-linguistic auditory oddball task, how-
ever, our training neither induced substantial P300
modifications nor improved in classification accuracy
(Supplementary Fig. 5), probably as our training has rein-
forced word-evoked ERPs only. Together with the absence
of significant cognitive improvements, this finding suggests
that (i) our approach does neither substantially train work-
ing memory nor attention and (ii) the observed language
benefits cannot directly be explained by improvements of
these two competencies. Overall, the context-updating hy-
pothesis—involving closing the loop between bottom-up
processing, top-down control and propositional language
—delivers a better explanation of our results.

Our FC results support this hypothesis to some extent.
The post-training data showed an increased short-range
FC within the different parts of Broca’s area, consistent
with Broca’s dependency upon local processing.88

Strengthened long-range FC between left inferior frontal
gyrus and temporo-parietal regions (Fig. 5) might reflect
the reinforcement of stroke-spared connections of the lan-
guage network.50 These regions are interconnected by the
dorsal and ventral pathways.42–46,89 Particularly, a strength-
ening of the dorsal system may indicate improved sensory–
motor integration. The dual-loop system is considered the
anatomical framework for basic building blocks like word
perception and production46,90 as well as for higher skills
such as syntax processing.44 Conversely, a strengthening of
the dual loop may explain the observed improvements,
which were not limited to basic word processing, but be-
came apparent also for higher linguistic skills. The reported
high interaction between phonological and orthographic
processing, both at a cognitive and anatomical level35,89,91

may explain why training with phonological complex stimu-
li has improved orthographic skills in our patients.

We also observed significant FC changes within the DMN
and an altered interaction between DMN and the language
network. The DMN typically responds in a task-dependent
manner to increased effort.92 We found (Fig. 5) that main re-
gions of the DMN like the posterior cingulate cortex and the
left precuneus93 significantly decreased their FC with (i)
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other DMN regions; (ii) with brain regions functionally re-
lated to the language system; (iii) the decision-making system
localized in the left dorsolateral prefrontal cortex94; (iv) re-
gions responsible for the execution and attentional monitor-
ing of spatial behaviour (generally related to parietal lobe,
primary motor and sensory regions) and (v) the saliency net-
work (cingulate cortex).95 Given our current limited data
and the chosen experimental design, we refrain from stating
a causal relationship between FC changes and language re-
covery. However, the FC findings are in line with the propo-
sal that cognitive functions are linked to dynamic,
anticorrelated networks95,96 and that language not only de-
pends on the interactions within the dual-loop but also on
those between this language network and domain-general
networks.97 In stroke patients with aphasia, Geranmayeh
et al.50 observed an upregulation of DMN activity, i.e. the in-
tact domain-general systems for cognitive control and atten-
tion. They associated the combination of higher activity of
the language network and lower activity in the DMN with
improved speech production. Our resting-state results sup-
port the hypothesis that the combination of a strengthened
language network and a downregulated DMN, i.e. a (re-)bal-
ancing of the interaction between the lesioned network and
the DMN, may explain recovery from aphasia.

The role of the BCI
Importantly, BCI feedback can be pinpointed to reinforce
language processing instead of motor execution, e.g. word
production or gesticulation, which could be reinforced
also by cSLT.

If an intact language network integrates sub-processes by
synchronization mechanisms, speeding up sub-processes in-
volved in target versus non-target recognition should be
beneficial. Working with an EEG-based BCI allowed us to
address timing aspects: target and non-target words were
presented in a quick sequence and increasing the presenta-
tion speed as long as target/non-target classification accur-
acy indicated good performance kept the task challenging
throughout the training. As patients have been described
to show delayed processing compared with controls—
indicated by prolonged P300 latency upon auditory oddball
tones29,98 and prolonged reaction times upon phoneme sti-
muli in a mismatch negativity paradigm99—and as we
have observed training-induced P300 onset reduction, we
argue that training up the language processing speed sup-
ports recovery.

It would be interesting to investigate, if our training
makes the word-evoked ERP responses more similar to those
of healthy controls, as suggested in Fig. 4. Unfortunately,
our protocol has not been designed for this purpose as the
NACs and the patients were not matched for sex or other
potential confounding factors. A specifically designed, novel
study is required to answer, if sex can influence our word
ERP characteristics and the training’s efficiency, or if our
training can recover the shorter ERP latencies and larger am-
plitudes of healthy controls, independently of sex.

To cope with the task, patients were suggested to exploit
potentially beneficial strategies, e.g. the use of inner speech,
to imagine the target or to focus more on either spatial (loud-
speaker condition only) or phonological cues. We chose not
to require patients to follow a specific strategy, as no single
one could suit well the high variability of patients’ capabil-
ities. Observing more discriminative ERP responses over
training sessions, we assumed that a patient had discovered
an individually successful strategy, which enabled him/her to
solve the word recognition task. Whilst a strategy could not
necessarily be described and some patients were not even
aware of it, our goal was to positively reinforce any such suc-
cessful strategy by BCI feedback. Technically, we supported
this by a machine learning pipeline capable to train an indi-
vidual classifier on any target versus non-target ERP feature
differences observed, as long as basic plausibility require-
ments regarding the neural origin of ERPs were met. Note
that in particular, the use of a BCI allowed reinforcing stra-
tegies early on during the training and independently of be-
haviourally recognizable improvements.

Although not observed in our study, BCI feedback could
potentially train up an undesirable signal source. This draw-
back is discussed together with other potential limitations in
Supplementary Section 9.

Moreover, also the rigorous implementation of the latest
design recommendations for closed-loop training in BCI100

may have contributed to the observed high training effi-
ciency. See Supplementary Section 10 for details.

Summary
The proposed novel BCI-based training approach has re-
sulted in a medium to large and generalized language im-
provement independent of the initial severity of aphasia.
The induced recovery is associated with a strengthening of
the language network, the rebalancing of networks and by
improved timing and synchronization in combination with
high training efficiency. Considering the current debate on
whether neuroplasticity explains therapy-induced improve-
ment, our study contributes evidence that the reinforcement
of selected brain activity can be beneficial for cognitive
rehabilitation.
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