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ARTICLE INFO ABSTRACT

Keywords: The treatment for patients with disorders of consciousness challenges researchers and clinicians. The stimulation
Disorders of consciousness of the left dorsolateral prefrontal cortex with transcranial direct current stimulation (tDCS) may enhance
tDCs behavioral responsiveness of a subset of patients in a minimally conscious state, while having limited effects in
tDCS responders . . s . . .

. unresponsive patients. However, heterogeneity in responses raises questions about the effectiveness of tDCS. Our
Neuromodulation

objective was to explore the characteristics of responders to tDCS based on previously published RCTs and
investigate the heterogeneity of treatment effect to better direct future tDCS studies towards patient profiles that
appear to be more responsive to the treatment. We explored clinical and demographical differences between
responders (i.e., recovery of a new sign of consciousness after active stimulation) and non-responder and the
predictors of treatment response with a LASSO logistic regression. We included 131 patients (44 women, 61
traumatic brain injury, 90 minimally conscious, mean age 46.13 years [SD = 16], median time since injury 12.84
months [IQR: 5.25-35.10]) of which 33 responded to tDCS. While 32 % of minimally conscious patients
responded to tDCS (95%CI 0.24, 0.43), 10 % (95%CI 0.04, 0.25) of those unresponsive responded. The regression
model, using diagnosis at baseline, Coma Recovery Scale-Revised Index at baseline, age, sex and time since injury
correctly discriminated between tDCS responders and non-responders (area under the curve of 0.77). Our findings
suggest that patients in minimally conscious state, with a better cognitive profile and longer TSI respond better to
tDCS, making them better candidates for the treatment.

Behavioral assessment

Introduction

Although research on patients with severe brain injuries and disor-
ders of consciousness (DoC) has dramatically increased in the last decade,
their treatment still presents many challenges for clinicians, as well as for
researchers. Despite the diagnostic advancements, the high variability of
treatment efficacy still challenges the investigation of potential treat-
ments for patients with DoC [1]. Patients who have recovered from a
coma caused by a severe brain injury are diagnosed with an unresponsive
wakefulness syndrome (UWS) [2] if they present eye-opening
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(spontaneous or induced) and reflex behaviors only (e.g., non-oriented
movements, oromotor and visual reflexes). If patients present repro-
ducible signs of consciousness such as response to commands, localiza-
tion of nociceptive stimulation, or visual pursuit, they are considered to
be in a minimally conscious state (MCS) [3]. If patients recover the ability
to functionally communicate and/or use objects they are considered to
have emerged from the minimally conscious state (eMCS) [4] and are no
longer diagnosed as having a DoC.

Research on patients with DoC has shown growing evidence for the
possibility of recovery months and even years after the injury [5,6].
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However, to date, patients with DoC still have access to a limited array of
treatment options to improve their condition, thus highlighting the need
for new therapeutic options. While some treatments aim at improving
patients’ comfort (e.g., pain, spasticity), curative treatment aims at
enhancing recovery and increasing behavioral responsiveness. For
instance, past clinical trials have highlighted the effectiveness of some
pharmacological treatments [7,8].

Transcranial direct current stimulation (tDCS) is among the treat-
ments that have been successfully tested for patients with DoC. It is a safe,
inexpensive technique of non-invasive neuromodulation that can modify
the activity of the brain by delivering a weak electrical current through
electrodes placed on the scalp. It has been shown that tDCS can modulate
the excitability of neuronal membrane according to the type and direc-
tion of the current [9]. The technique allows for a reliable placebo control
condition referred to as sham. The first randomized controlled trial (RCT)
using tDCS as a treatment for DoC, published by Thibaut and colleagues
[10], showed that stimulating the left dorsolateral prefrontal cortex
(DLPFC), compared to sham, enhanced behavioral responsiveness of
patients with DoC. Since then, studies have explored the effects of
different montages, brain targets, and protocols of tDCS as a therapeutic
tool for DoC [11-20]. tDCS is currently the most explored non-invasive
treatment technique for DoC [21] and has shown positive effects in up
to 43 % of patients in MCS [10].

The improvements following the stimulation are usually captured
with the Coma Recovery Scale-Revised (CRS-R), the most recommended
tool to assess the neurobehavioral condition of patients with DOC. The
CRS-R is a behavioral scale composed of 23 items measuring auditory,
visual, motor and oromotor functions, as well as arousal and communi-
cation [22]. Its main benefit is that it allows for a differential diagnosis of
DoC with high inter-rater reliability [23]. However, its score (calculated
by adding the highest scores of each of its 7 subscales) can result from
different permutations and is not linked to diagnosis. To address this,
Annen and colleagues [24] developed a CRS-R Index, which translates
each subscale score into a matrix, taking into account cognitive mediated
behaviors and reflex behaviors, and provides examiners with a numerical
value that can accurately distinguish between patients in UWS and pa-
tients in MCS, using a cutoff of 8.31. This index, unlike the CRS-R total
score, is a continuous numerical variable that is more suited for statistical
analyses such as regression models since the number corresponds to a
specific functional profile and is directly related to the diagnostic level
(ie., UWS vs MCS).

Even though most tDCS studies in DoC use the CRS-R to measure tDCS
effects, their definition of response to tDCS is variable. Response to tDCS
has been based either on an improvement in the CRS-R total score, or the
observation of a new behavioral sign never observed before. The lack of a
common definition of responder hindered the progress of identification
of their characteristics.

Although there are many studies on the effect of tDCS across various
patient groups, little is known about the clinical and demographic
characteristics of responders. One recent meta-analysis [25] found that
an initial diagnosis of MCS predicts a positive treatment effect of tDCS.
However, many questions on response to tDCS as a treatment for DoC
remain unanswered. What distinguishes patients who respond to tDCS
from those who do not? Can factors like age, sex, etiology, and time since
injury help identify patient profiles most likely to respond to tDCS
treatment? Which stimulation site is most promising? Accordingly, a gap
analysis identified the characterization of responders to non-invasive
brain stimulation as a priority for precision neurotherapeutics targeting
DoC [1]. Identifying patient profiles that are most likely to benefit from
tDCS is a mandatory step towards advancing research on this type of
treatment as it would increase observed effectiveness. To address this
knowledge gap, we examined the heterogeneity of the treatment effect
across participants pooled from RCTs evaluating tDCS in DoC. We aimed
to explore the clinical and behavioral differences between responders to
tDCS and non-responders in terms of sex, age, time since injury, etiology,
initial diagnosis, CRS-R Index, and site of stimulation. Our goal was to
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direct future tDCS studies towards the patient profiles that appear to be
more responsive.

Methods
Participants

Demographic and behavioral data were retrospectively extracted
from the databases of 8 randomized double-blind placebo-controlled
clinical trials conducted by the Coma Science Group of the University of
Liege (Liege, Belgium) between 2014 and 2022 that investigated the
effectiveness of tDCS on DoC and included the CRS-R as part of the
measured variables studies [10,12,13,17-20,26]. Informed consent was
obtained from the next of kin or legal representative of the participants.
The protocols of the different RCTs were approved by ethics committee of
the University and University Hospital of Liege (Liege, Belgium).

Participants of the 8 RCTs were included in the retrospective analysis
if they had a time since injury longer than 28 days and completeness of
clinical and demographical data. Note that the threshold of 28 days post-
injury was selected to include only patients with prolonged DoC as
defined by the AAN guidelines [27,28]. The participants’ age at stimu-
lation, sex, etiology, diagnosis at baseline, TSI (years), CSR-R, brain
target of the stimulation, time of stimulation and response to tDCS was
extracted for analysis. Response to the treatment was considered positive
(i.e., the patient was considered as responder) if, after the active tDCS,
the patient showed a new conscious behavior based on the CRS-R that
was never observed before, nor before or after sham. Although this

Table 1

Group demographic and clinical information of responders and non-responders.
Non-Responders Responders Total
(N =98) (N=33) (N =131)

Age (years)

Median [Q1, 45.49 [31.0, 56.2] 56.06 [34.8, 64.8] 46.67 [31.5, 59.8]
Q3]
Sex
Male 65 (66.3 %) 22 (66.7 %) 87 (66.4 %)
Female 33 (33.7 %) 11 (33.3 %) 44 (33.6 %)
Time since injury
(months)
Median [Q1, 12.17 [4.5, 26.7] 15.67 [5.7, 81.2] 12.82 [5.2, 35.1]
Q3]
CRS-R index at
baseline
Median [Q1, 5.88 [3.8, 28.2] 22.55 [5.5, 30.2] 13.18 [4.1, 30.2]
Q3]
Etiology
Anoxia 42 (42.9 %) 8 (24.2 %) 50 (38.2 %)
Hemorrhagic 13 (13.3 %) 7 (21.2 %) 20 (15.3 %)
TBI 43 (43.9 %) 18 (54.5 %) 61 (46.6 %)
Initial diagnosis
MCS 61 (62.2 %) 29 (87.9 %) 90 (68.7 %)
UWS 37 (37.8 %) 4(12.1 %) 41 (31.3 %)
Stimulation target
DLPFC (1 45 (45.9 %) 16 (48.5 %) 61 (46.6 %)
session)
DLPFC (5 4 (4.1 %) 5 (15.2 %) 9 (6.9 %)
sessions)
DLPFC (20 13 (13.3 %) 4 (12.1 %) 17 (13.0 %)
sessions)
Motor 6 (6.1 %) 1 (3.0 %) 7 (5.3 %)
Fronto- 30 (30.6 %) 7 (21.2 %) 37 (28.2 %)
parietal

We report the sample characteristics. For normally distributed continuous vari-
ables we report mean and standard deviation between parentheses; for non-
normally distributed continuous variables (i.e., Time Since Injury, CRS-R
Index) median and interquartile ranges in square brackets. For categorical vari-
ables (e.g., sex, etiology) we report the N and percentage between parentheses.
Abbreviations: Coma Recovery Scale-Revised (CRS-R), Traumatic Brain Injury
(TBI), Unresponsive Wakefulness Syndrome (UWS), Minimally Conscious State
(MCS), Dorsolateral PreFrontal Cortex (DLPFC).
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definition might be stricter than others (e.g., an increased score in
CRS-R), we preferred adopting a more conservative approach to ensure
the identification of a behavioral response to tDCS as opposed to spon-
taneous fluctuations occurring in patients with DoC [29,65]. Patients
who participated in more than one trial were considered responders if
they responded to at least one protocol. In that case, we considered for
the analysis the demographic and behavioral data from the protocol they
demonstrated a response to. Patients who participated in more than one
trial but did not respond, were included considering the data of the first
protocol they participated in.

The CRS-R index of all the participants was calculated from their CRS-
R scores based on Annen et al., 2019 method [24]. The CRS-R Index was
used instead of the CRS-R because, contrarily to this scale, it is a quan-
titative measure that allows for accurate differential diagnosis.

Statistical analyses

To characterize responders of tDCS, we first described them with
appropriate summary measures of central tendency and dispersion. We
predefined a set of available variables that are relevant in clinical prac-
tice (i.e., age, sex, time since injury, protocol of stimulation, baseline
diagnosis and etiology) and we estimated the proportion of responders
and its 95% confidence intervals (95%CI) within each subgroup. To ac-
count for the cross-over design, we used Quasi-Poisson regression [30].

We then used a risk-based characterization of responders through
predictive modeling [31]. To find the predictors of treatment response
we used the Least Absolute Shrinkage and Selection Operator (LASSO)
implemented through the glmnet R package [32]. We selected LASSO
because it is appropriate for classification, it allows variable selection
and it avoids overfitting. While logistic regression could also classify
responders and non-responders, it estimates a coefficient for every
variable in the model. In generalized linear models, this is achieved by
minimizing the mean squared error: the predictions of the model are
compared with the observed data and the coefficients that minimize this
difference are estimated. LASSO, besides minimizing the mean squared
error, shrinks the coefficients of the variables using a penalization term.
Then, some coefficients are shrunken to zero, providing a means for
variable selection which favors parsimonious models. When models are
built without taking into account validation, they risk fitting the data on
which they were trained but not new data. With cross-validation, the
data are split into folds and divided into a training and a testing set.
Each fold, the model is trained in the training set and its performance
tested in the validation set [33]. In our binary regularized logistic
regression model, response to tDCS was the outcome. We started the
development of the model with the above-mentioned variables as pre-
dictors. To prevent overfitting and select the minimum regularization
parameter, we used 10-fold cross-validation with the area under the
curve (AUC) as the loss function. We used the c-statistic as a measure-
ment of discrimination and plotted calibration as shown in Supple-
mentary Fig. S2 and S3.

For each patient included, we defined their predicted probability of
treatment response as the linear combination of the value of their pre-
dictors with the estimates from our model. We plotted the predicted
probabilities against the continuous variables (time since injury, age, and
the CRS-R Index at baseline) to display graphically our results. For this
purpose, we allowed B-Splines with three knots. Moreover, we stratified
our sample according to quintiles of the predicted probability of treat-
ment response and calculated the proportion of responders to tDCS
within each quintile and its 95% CIs [31]. Finally, we present the pre-
dicted responses for each relevant patient profile.

Results
Out of the 155 patients who participated in the 8 studies on tDCS, 131

patients were included in this retrospective study. The final sample
included 44 women, had a mean age of 46.13 years and a mean time
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since injury (TSI) of 12.84 months. A total of 90 patients were in MCS and
61 patients had suffered a traumatic brain injury (TBI). Thirty-two pa-
tients, 90 patients in MCS, mean age 46.13 years, mean time since injury
— TSI 12.84 months, of which 33 (25 %) responded to tDCS (see Sup-
plementary Material). The study flowchart and sample characteristics are
presented in Supplementary Fig. S1 and Table 1, respectively.

When we contrasted the median age of responders and non-
responders, it was 56.1 (IQR: 34.8, 64.8) years and 45.49 (IQR: 31.0,
56.2), respectively. Women were 33.3 % of responders and 33.7 % of
non-responders. Responders had a median time since injury of 15.67
(IQR: 5.7, 81.2) months vs. 12.17 (IQR: 4.5, 26.7) months of non-
responders. The median CRS-R Index at baseline was 22.55 (IQR: 5.79,
30.30) for responders contrasting with 5.88 (IQR: 3.8, 28.2) of non-
responders. The etiology of 54.5 % of responders and 43.9 % of non-
responders was TBL. MCS was the diagnosis of 87.9 % of responders
and 62.2 % of non-responders. DLPFC was the target of stimulation of
75.8 % of responders and 63.3 % of non-responders. For details, see
Table 1.

The proportion of responders among MCS patients was 0.32 (95%
Confidence Intervals: 0.24, 0.43) compared with 0.10 for UWS (95% CI:
0.04, 0.25). For details on the proportions of responders within each
category of pre-defined effect modifiers, see Supplementary Material
Table S1.

Regarding the prediction model, we present in Supplementary Ma-
terial (Supplementary Table S2) the variables selected for the model,
performance metrics, graphical results, patient profiles, and proportions
within the stratified predicted risk. All the variables tested were selected
with the LASSO which offered an area under the curve of 0.77 (95%CI:
0.67, 0.85). We evaluate this finding in the discussion [34].We report the
coefficients associated with each variable in the Supplementary Table S2
to avoid their misinterpretation as causal estimates [36]. The predicted
proportion of responders (0.25) matched the observed proportion of re-
sponders (0.25). Supplementary Material Table S3 and Fig. S3.

As an example for clinical interpretation, a typical profile of a
responder is a middle-aged woman diagnosed with MCS, had TBI and is
stimulated a year or more after injury. To illustrate better the clinical
profiles, we have held the CRS-R Index at its threshold level of 8.315 and
analyzed the predicted probability of response varying the diagnosis and
the etiology. According to the prediction model, a 40-year-old female
patient diagnosed with an MCS due to TBI, who is stimulated 3 years
post-injury and undergoing DLPFC tDCS would have a predicted proba-
bility of response of 44.5%. In contrast, patients with a similar profile but
with a diagnosis of UWS and an etiology other than TBI, would have a
predicted probability of responding to tDCS of 7.17 %.

Patients in the first quintile of predicted probability had on average a
response proportion of 7.4 % (95%CI: 1.0, 24.0) compared with patients
in the fifth quintile whose percentage of response was 57.7 % (95%Cl:
37.0-77.0) (Supplementary Table S3).

The influence of the continuous predictors selected by the model (i.e.,
TSI, age and CRS-R Index) on the probability of response predicted by the
model is depicted in Figs. 1-3. As is shown in Fig. 1, the probability of
response increased with TSI. Patients with longer TSIs and older ages had
increased probabilities of response. Moreover, most patients with higher
probability of responses had an initial diagnosis of MCS and TBI etiology.
The probability of responding to tDCS was also shown to be influenced by
age as well (Fig. 2); with a higher probability of response for patients
between 40 and 50 years old. Note that this range was not a pre-specified
cut-off and corresponds to what was observed from the data distribution.
Patients between 60 and 80 years old also appeared to have a high prob-
ability of responding to tDCS. Finally, the CRS-R Index and the probability
of response showed a non-linear pattern (Fig. 3); patients at the lower and
higher ends of the distribution of the CRS-Index showed lower probabil-
ities of response compared to patients with intermediate indices. The
pattern of probability of response showed an increase for patients with
scores between approximately 7 and 50, whereas it showed lower prob-
abilities of response for patients with scores outside of this range.
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Fig. 1. Probability of response predicted by the model plotted against observed values of the time since injury in months. Initial diagnoses are differentiated
by different shape; different etiologies by color. Abbreviations: Unresponsive Wakefulness Syndrome (UWS), Minimally Conscious State (MCS), Coma Recovery Scale-

Revised Index (CRS-R), Traumatic Brain Injury (TBI), Time Since Injury (TSI).
Discussion

In this study, we combined data from 8 RCTs using tDCS as a thera-
peutic tool for patients with DoC (N = 131). We then applied a regu-
larized logistic regression model to find predictors of response to tDCS
and we found that initial diagnosis, age and TSI influences response to
tDCS. Through the characterization of responders to tDCS, we addressed
a relevant gap in precision neurotherapeutics [1].

The impact of diagnosis

The fact that MCS patients have higher chances of responding to tDCS
is in line with previous results. Past studies [16,35,36] have shown sig-
nificant effects (i.e., both clinical and physiological improvement) of tDCS
in patients in MCS and not in patients with UWS. Recent meta-analyses
have also shown that these patients experience significantly more
behavioral improvements compared to UWS in response to tDCS [25,37].
Our quantification of the proportion of responders to tDCS according to
the initial diagnosis not only confirms what researchers have observed but
also strengthens our knowledge of the most reactive group of patients with
DOC to target for this non-invasive treatment. Many studies have shown
that patients in MCS have better prognosis than patients in UWS and can
show recovery even years after the injury [38-40]. These findings hint at
the possibility of underlying intact mechanisms of neuroplasticity in pa-
tients with MCS, which would explain the cases of late recovery as well as
sensitivity to tDCS that results in behavioral improvement. Two main
studies have been performed to gain a better understanding of the brain
activity profiles of responders. One study [41] using Positron Emission
Tomography (PET) and Voxel-Based Morphometry (VBM) based on
magnetic resonance imaging (MRI) found that grey matter atrophy and

brain metabolism in consciousness-related regions (e.g., the precuneus
and the thalamus) and regions below stimulation electrodes (i.e., left
prefrontal cortex) were significantly different between responders and
non-responders [41]. Several studies using high-density electroencepha-
lography (EEG) [42,43] found that responders to tDCS were characterized
by stronger connectivity in the theta band compared to non-responders.
Based on the findings of these studies we can hypothesize that re-
sponders would have more preserved structural brain tissue and func-
tional brain activity in regions that have been related to consciousness
(e.g., thalamus, cingulate cortex, precuneus) as well as higher activity in
the theta frequency band. Many studies [43-47] have used EEG to
distinguish between patients in MCS and in UWS and have found that low
oscillations coupled with higher oscillations, typical of MCS patients, are a
sign of partial preservation of corticothalamic circuit integrity [48].
Furthermore, a case report showed that tDCS might have promoted the
behavioral response to commands of a patient who was unresponsive at
the bedside [49], suggesting that tDCS may facilitate the patient's ability to
demonstrate signs of consciousness, thus improving their diagnosis. In this
context, we can assume that tDCS is able to enhance the activation and
connectivity of these regions because their baseline functionality is
somehow more likely to be preserved for MCS patients, which might not
be the case for patients in UWS [50]. To support this hypothesis, several
studies on stroke populations have shown that patients with larger brain
lesions [51] and white matter deterioration [52] experienced less benefit
from tDCS. Another interesting aspect about the difference in frequencies
of responders between patients in MCS and patients in UWS is the insight it
provides in understanding the mechanisms of action of tDCS treatment
itself. For instance, theta power and connectivity have been found to differ
between responders and non-responders in several studies [13,49,53]
showing more preserved neural activity within central and posterior
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Fig. 2. Probability of response predicted by the model plotted against observed values of age (years). Initial diagnoses are differentiated by different shape;
different etiologies by color; longer TSI by the size of data point. Abbreviations: Unresponsive Wakefulness Syndrome (UWS), Minimally Conscious State (MCS),
Coma Recovery Scale-Revised Index (CRS-R), Traumatic Brain Injury (TBI), Time Since Injury (TSI).

networks and frequency bands in MCS patients compared to UWS. One
study [54] exploring tDCS effects with TMS-EEG has found that tDCS
reduced slow-wave activity (i.e., delta power) but this was not followed by
a behavioral improvement. When a behavioral improvement was
observed, there was not only a decrease in slow-wave activity but also an
increase in high-frequency power. This suggests that the clinical result
may be due to the combination of these two factors, rather than the
decrease in delta power alone Overall, the above-mentioned results define
clear differences in the neural preservation and activity between patients
in UWS and patients in MCS and these could be at the origin of the
observed differences in terms of responsiveness, as it appears that tDCS has
stronger effects on more preserved neural pathways and substrate.

Our results regarding the CRS-R Index at baseline show a clear pattern
of probability of response in line with the results regarding the MCS
diagnosis. The probability of responding remains high throughout the
range of scores that identify patients in MCS. The odds of responding start
to decrease around scores of 50 on the CRS-R Index which could be
explained by a plateau effect, as the CRS-R might be not sensitive enough
to detect changes in patients that show high scores and are more
compatible with a confused post-traumatic syndrome [55]. Indeed, the
CRS-R does not test for residual cognitive abilities in confused patients
and was designed to assess the presence of signs of consciousness.
Consequently, patients that score above 50 on the CRS-R Index could be
better suited for other tools indicating the use of other instruments, such
as the Confusion Assessment Protocol or the Galveston Orientation and
Amnesia Test, to detect the effects of tDCS [56].

The impact of time since injury

The results of TSI on responding to tDCS in our sample, which
included both subacute and chronic patients (ranging between 1 and 251
months post-injury), might seem counterintuitive as they reveal that the
longer the time between the injury and the stimulation, the greater the
chances of responding to tDCS. However, it is compatible with longitu-
dinal studies on DoC [5,39] which show that recovery is possible even
years after the injury, especially in TBI etiologies [57]. This might be
partially explained by a survival bias, in which patients with longer TSI
have comparatively better health conditions and fewer comorbidities
than those who do not survive long after the injury [58]. Importantly, one
study also found that some patients showed improvements only weeks or
months after the tDCS intervention, which might support the hypothesis
that longer TSI might favor tDCS improvements. One possible explana-
tion for this is the re-organization of the brain after severe brain injury
[59,60]. There is evidence that the brain re-organizes itself throughout
time after TBI [61], especially in the motor areas [62,63]. In the present
figure for TSI, most patients who show higher probabilities of responding
with long TSI have TBI etiologies. Another factor that could play a role in
this interaction might be that patients with chronic DoC receive fewer
hours of rehabilitation (e.g., physiotherapy, occupational therapy)
compared to patients in other clinical conditions, who can participate in
more extensive rehabilitation programs, usually lasting up to a year after
the injury [27,28]. For this reason, it might be easier to detect tDCS ef-
fects in settings where the patients are less stimulated.
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Fig. 3. Probability of response predicted by the model plotted against observed values of the Coma Recovery Scale Index at baseline. Initial diagnosis and
etiology are differentiated by shape and color, longer TSI by the size of data point. The vertical black line indicates the cut-off point of CRS-R index scores (i.e., 8.315)
that distinguishes between MCS and UWS. Abbreviations: Unresponsive Wakefulness Syndrome (UWS), Minimally Conscious State (MCS), Coma Recovery Scale-

Revised Index (CRS-R), Traumatic Brain Injury (TBI), Time Since Injury (TSD).
The impact of age

Finally, the results regarding age are difficult to interpret as there was
no linear relationship between age and probability of response. It appears
from the distribution of the data that the odds of responding to tDCS are
higher for patients between approximately 40 and 50 years old and that
they remain quite elevated after 66 years old. One study showed that
tDCS effects tend to decrease with age, especially after 66 years old as a
result of decreased long-term potentiation plasticity [64]. Our findings
are consistent with these hypotheses, as we have observed an increased
probability of response for older patients too. It is interesting to note that
some of the patients who have higher probabilities of responding also
have TSI longer than 10 months. Since we have observed that patients
with longer TSI also have increased probabilities of responding this
might play a role in the probabilities observed. Another relevant char-
acteristic of our data is that many of the patients falling between ~35 and
~57 years old (with lower odds of responding) appear to have anoxic
etiologies. Anoxic patients with DoC usually present poorer prognosis
[38,58], which might partially explain why their probability of response
is lower than other age ranges. These hypotheses are all based on the
distribution of our data, however, given the many factors adding to our
observed results, their non-linearity, and inconsistencies with previous
studies we must remain cautious when interpreting this finding.

Clinical relevance

Our findings outline a specific clinical profile as the most responsive
to the tDCS treatment. Patients that are more likely to benefit from this
treatment are in MCS, with a CRS-R Index between 7 and 50 and a long

TSI. We have discussed above the reasons behind that might underlie the
observed sensitivity to tDCS. Patients with some or all of these charac-
teristics should be considered as a priority for tDCS treatment. Moreover,
future tDCS clinical trials should favor inclusion of patients with such
profiles to increase observed effectiveness and push the field of tDCS in
DoC research forward.

The AUC of our model was 0.77. Although this discrimination is fair, a
higher value could be obtained with neurophysiologic measurements.
For instance, patients with major depressive disorder were classified as
responders and non-responders to tDCS according to the current intensity
predicted with magnetic resonance imaging (MRI) and obtained an AUC
= 0.90 [34]. Therefore, it is likely that incorporating neurophysiologic
variables in the model could increase its performance. However, our
model has the advantage of using variables readily available in the clinic.

Limitations

Our study presents several limitations. Firstly, the data used in this
study were all collected by a single research group. This could introduce
bias into the analysis, as it may not be representative of all tDCS studies,
nor DoC population. The limited source may affect the generalizability of
the findings. Secondly, the definition of responders in our study might
differ from the definition of other studies. Therefore, these analyses may
not capture the full range of potential outcomes, especially subclinical
changes. Thirdly, the heterogeneity of clinical features of the patients and
tDCS protocols included could also limit the findings of this study. The
nature of included tDCS protocols (i.e., both single session tDCS and
repeated/longitudinal studies) also contributes to heterogeneity since it
was shown [25,37] that multiple sessions of tDCS produce stronger and
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longer-lasting results. Furthermore, some patients might need multiple
tDCS sessions to show improvement [20] thus also influencing our
characterization of responders. Finally, the lack of neurophysiology and
neuroimaging data also limits the scope of the findings. As previously
mentioned, some studies [41,44] have found significant differences be-
tween responders and non-responders in these variables, thus to better
characterize responders to tDCS we should explore brain characteristics.
For instance, one recent study [46] found response to tDCS not only on
behavioral measures but also on EEG measures of cognition, such as P300
latency. This provides a good example of how response to tDCS should be
investigated in a multimodal fashion, including both behavioral and
neurophysiological measures, and the characterization of it should be
similarly explored.

Conclusions

Since 2014, tDCS studies in DoC patients have explored safety,
feasibility and different montages. However, the rates of responders are
still low and a better insight on which patients are more likely to respond
to tDCS could optimize the targeting of future studies. Our findings
identified age, TSI, initial diagnosis, and CRS-R index at baseline as
predictors of the response to tDCS in patients with DOC. Based on these
results, a better response to tDCS can be expected in patients in MCS, with
CRS-R Index scores between 7 and 50 and with a long TSI This patient
profile should be preferred for inclusion in future tDCS clinical trials as
we can expect higher effectiveness of the intervention. Our predictors are
readily available and hence relevant when selecting patients for open-
label therapy in rehabilitation clinics and in research centers. Future
studies should focus on the patient profile of responders our study
identified, to validate and replicate our clinical and demographic pre-
dictors. Moreover, further research should include biomarkers and other
neurophysiological measures to complement the patient profile for
optimal tDCS responsiveness.
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