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Editorial on the Research Topic
Understanding stroke recovery to improve outcomes: From acute care
to chronic rehabilitation

Over the past decades, stroke outcomes have improved due to advances in treatment
including the implementation of reperfusion therapies such as thrombolysis and
mechanical thrombectomy for acute stroke and multidisciplinary care in stroke units
(1, 2). In addition, progress in research about brain function, repair mechanisms and
rehabilitation interventions informed by both animal and human studies, is helping
shape both research and practice (3). Yet, stroke remains a major cause of death and
disability worldwide (4). The integration of data about the predictors of recovery and
responsiveness to interventions, as well as the impact of psychosocial factors such as
motivation and self-efficacy, has the potential to decrease the burden from this condition.

The Research Topic “Understanding Stroke Recovery to Improve Outcomes: From
Acute Care to Chronic Rehabilitation” included 30 manuscripts, consisting mainly of
observational studies but also of proof-of-principle randomized trials, two narrative
reviews, a systematic review, a meta-analysis, a study protocol and a case report. Most
of the studies addressed the prediction of outcomes or effects of specific interventions on
behavioral, neurophysiological and imaging metrics.

The prediction of risks of complications in the acute phase, as well as the
prognostication of long-term outcomes can influence goals of care, selection of treatment
strategies as well as expectations of patients and their families. Lin et al. proposed models
to predict deterioration during hospitalization and prognosis at 1-year after intracerebral
hemorrhages, to be validated by prospective studies in the future. Wurzinger et al.
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analyzed longitudinal data from a research database and showed
that Barthel Index scores within the first 2 days after stroke
predicted self-reported dependency in performance of activities
of daily living, at 3 months as well as 12 months after stroke.

Shen et al. investigated risk factors and prognosis of
symptomatic intracranial hemorrhage (sICH) in patients
admitted within 1 week after ischemic stroke, not treated with
intravenous thrombolysis or thrombectomy, and included in the
Chinese Acute Ischemic Stroke Treatment Outcome Registry
(CASTOR), a large multicenter, prospective study. Modified
Rankin Scale (MRS) scores were assessed at 3 and 12 months
after onset of symptoms. sSICH occurred in 0.73% of the patients.
This rate is similar to that reported in patients not treated with
alteplase in the NINDS trial (0.6%) (5). Three variables were
independently associated with sICH: atrial fibrillation, history
of tumors, and NIHSS score at admission. SICH was associated
with higher risk of poor outcome at 3 months, but not at 12
months, and with increased mortality at 3 and 12 months.

Upper limb paresis is frequent and can substantially impact
disability after stroke. Pradines et al. showed in 80 stroke
survivors, at a median of 9 years after stroke-onset, that chronic
muscular shortening is greater in lower than upper limbs, but
weakness is more prominent in the arms. In a review article,
Ballester et al. condensed the evidence for a link between arm
use and arm recovery: if the arm is used in daily life above a
certain threshold, it is recovering through self-training creating
a virtuous circle between use and recovery. If not, the opposite is
triggered resulting in a vicious circle.

Three studies aimed to predict upper limb motor
impairments or disability. Ueda et al. followed 60 patients
and concluded that manual muscle testing of elbow flexion
and active finger extension up to 72h after stroke may be
useful to predict Fugl-Meyer Assessment upper extremity
motor scores and Action Research Arm Test scores, at 3
weeks. da Silva et al. combined clinical testing at admission
to acute inpatient rehabilitation and MRI metrics to predict
upper limb performance at a later stage after stroke. They
estimated shoulder abduction and finger extension (E-SAFE)
scores according to medical records, and extracted metrics
of corticospinal tract (CST) lesion from routine, standard of
care brain MR, in 34 patients who completed acute inpatient
rehabilitation post-stroke. CST lesion overlap was depicted
by means of spatial normalization of lesion masks that were
then overlaid onto a white matter tract atlas delineating CST
contributions from six cortical seed regions. The authors
found that upper limb performance at a median time of 3
months may be predicted by the combination of E-SAFE scores
performed at a median time of 7 days, and the percentage
of CST lesion overlap on MRI performed at a median of 1
day post-stroke. Interestingly, MRI metrics of CST lesion,
especially those involving projections from the ventral and
dorsal premotor cortices, were able to classify upper limb
outcomes at a median time of 3 months, with 79.4% accuracy.
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The combination of clinical and MRI variables increased
accuracy to 88.2%.

Neurological impairments other than upper limb paresis,
but also relevant to disability, were targeted by four manuscripts.
Verbeek et al. performed external validation of the Early
Prediction of Functional Outcome after Stroke (EPOS) model
for independent gait at 3 months post-stroke. This model was
originally designed to evaluate patients between days 2 and 9,
in order to predict gait independence at 6 months post-stroke.
EPOS performances on days 3, 8, and 9, but not on day 1,
were acceptable to predict independent gait at 3 months in
mild to moderately affected patients with first-ever stroke and
no pre-stroke disability. Possible next steps include the use of
this model in clinical practice, in patients with a similar profile,
and to test its predictive value in subjects with more severe or
recurrent strokes.

Serrada et al. followed 89 patients with motor impairments
up to 6 months after stroke and observed that recovery of upper
limb sensation and body awareness predominantly occurred
within the 1st month. In addition, sensation and body awareness
were correlated not only with motor impairment and quality
of life but also with self-efficacy, the belief in the capacity to
achieve certain outcomes. In another manuscript, Gangwani
et al. reviewed the underpinnings and the role of self-efficacy in
stroke recovery, summarizing the potential for further research
and development of novel interventions to improve outcomes.

Lucente et al. followed 359 subjects after acute stroke and
found that fecal incontinence was present in 2% of the first-
ever anterior circulation strokes. Hemorrhagic stroke and higher
NIHSS scores were independently associated with the presence
of fecal incontinence in the acute phase. The condition persisted
in 44% of the subjects, at 3 months.

Together, these studies indicate that assessments performed
early after stroke can be useful to forecast outcomes related
to body structure and function, activity or participation. Not
only prognostication of recovery, but also of responsiveness
to rehabilitation strategies are relevant in clinical practice,
so that personalized therapeutic plans can be designed. In
a retrospective study, Goffredo et al. reported that a subset
of kinematic parameters predicted motor impairment after
upper-limb Robot-assisted Therapy in 66 subjects in the
subacute phase after stroke. These parameters may hence be
useful to identify patients more likely to benefit from this
type of intervention.

One of the goals of rehabilitation is to positively influence
recovery trajectories. Otero-Ortega et al. outlined the state of the
art on the use of trophic factors, cell therapy, and extracellular
vesicles to promote adaptive plasticity. Hung et al. discussed the
exciting perspective of protecting the brain prior to a lesion.
They proposed that pre-stroke physical activity could enhance
collateral circulation, known to play a crucial role in protecting
the brain against infarction during ischemia. According to this
hypothesis, physical activity may limit the extent of infarction
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and increase the odds of good outcomes after first-ever or
recurrent ischemic strokes.

Other promising strategies to boost recovery were covered
by several manuscripts. The interventions administered to
achieve this goal included administration of sertraline, intensive
rehabilitation, cycling combined with functional -electric
stimulation, acupuncture and neuromodulation interventions.
Disability, upper or lower limb motor impairment/function,
dysphagia, cognitive and visual outcomes were evaluated.

Pharmacological enhancement of recovery motivated
several investigations over the past decades. In a prospective
observational study of consecutive acute ischemic stroke
patients and motor impairments (1 = 114), Stuckart et al.
reported a higher rate of favorable outcomes (mRS < 2 at 3
months) in those who received sertraline at the discretion of the
treating neurologist—for instance, for clinically suspected post-
stroke depression or at high risk for this condition—compared
to an untreated control group.

Intensity, frequency and starting time of rehabilitation may
be critical to stroke outcomes. Garcia-Rodrigues et al. followed
three cohorts for 6 months: patients with stroke treated with (1)
intensive rehabilitation therapy or (2) conventional therapy, and
control subjects without stroke. Upper limb motor impairments
and functional ambulation improved earlier in patients treated
with intensive rehabilitation therapy.

The definition of doses or therapeutic windows for
optimal delivery of rehabilitation interventions, as successfully
performed in the field of hyperacute stroke treatment (1, 2)
may harness the development of game-changing interventions
and inform clinical trials. Kroth et al. described the protocol
of a study that intends to compare effects of repetitive
peripheral sensory stimulation delivered in combination with
upper limb training, delivered either at an early phase or in the
chronic phase after stroke, on upper limb motor outcomes and
imaging biomarkers.

In a study by Hu et al, training in the form of
cycling was combined with functional electrical stimulation,
in a non-controlled sample of 15 stroke survivors. The
authors observed improved electromyographic recruitment that
correlated with improved scores on balance and ambulation,
after treatment. A different training paradigm was employed
by Awosika et al. in order to improve gait. They reported
that backward locomotor treadmill training (BLT'T), consisting
of training on an instrumented treadmill without body-weight
support (n = 39), led to improvements in measures of
spatial walking.

In a meta-analysis of randomized controlled studies
comparing standard treatment plus and minus scalp
acupuncture, Huang et al. found a benefit of additional
acupuncture on motor function. Three months of acupuncture
had a greater effect than 1 month. Which aspect of acupuncture
(sensory stimulation, psychological factors) caused the effect,
remains to be investigated.
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Balcerak et al. systematically reviewed 41 randomized
controlled trials to address dysphagia in subacute stroke.
Interventions included acupuncture, physical therapy, drug
therapy, neuromuscular electrical stimulation, pharyngeal
electrical stimulation, transcranial direct current stimulation
and repetitive transcranial magnetic stimulation (rTMS). Of
these, intensive physical therapy, rTMS and pharmaceutical
treatment are promising; however, further research is required.

Neuromodulation interventions are promising therapeutic
treatment for addressing multiple domains of recovery after
stroke. Kim et al. showed that high-frequency rTMS over
the ipsilesional dorsolateral pre-frontal cortex improved
Mini-Mental status exam, Functional Independence Measure-
cognition subscale, and forward Digit Span compared to a sham
control group in subacute stroke patients. These results varied
based on the lesioned hemisphere.

The application of inhibitory rTMS to contralesional Broca’s
area has emerged as a promising intervention to promote
language recovery after stroke. Lin et al. investigated the efficacy
of inhibitory rTMS over the contralesional pars triangularis,
and associated functional connectivity changes in patients
with chronic poststroke non-fluent aphasia, in a randomized
controlled trial. Following 10 daily sessions of rTMS, they
found significant improvement in language performance in the
rTMS group compared with the sham stimulation group. Using
resting-state fMRI, they also demonstrated changes in functional
connectivity, including increased connectivity in perilesional
and spared language areas of the left hemisphere, and reduced
connectivity in right hemisphere language relevant areas, in
particular the right pars triangularis and pars opercularis.
Interestingly, they found that specific functional connectivity
changes could predict language improvements following rTMS.
This study provides important insights into the mechanisms
underlying language improvement with contralesional rTMS
over Brocas area, supporting the theory of interhemispheric
imbalance during post-stroke recovery of aphasia.

On the other hand, the role of the contralesional primary
motor cortex (M1) after stroke is still highly debated. Dionisio
et al. showed that continous theta burst stimulation over the
contralesional motor cortex resulted in an excitatory effect
in the contralesional motor cortex after stimulation, but did
not report significant changes to motor behavior. Revill et
al. examined whether increased contralesional M1 activation,
which is consistently observed in imaging studies after stroke, is
due to increasing demand due to impaired motor ability. In this
fMRI study, they varied the precision requirements in a hand
motor task and demonstrated that with increasing task demand,
there was stronger activation of the contralesional M1 in
both stroke patients and healthy age-matched controls, though
patients were less likely to show a linear relationship in the
contralesional M1 with increased task difficulty compared with
controls. These findings highlight the importance of considering
task demand in studies aimed at understanding the role of the
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contralesional M1 and in the development of interventions that
target this area for neurorehabilitation.

Connectivity studies can provide clues about mechanisms
of reorganization as well as effects of interventions. Xu et al.
investigated effects of neuromodulation in 24 patients with
unilateral occipital strokes and hemianopia. Using resting-
state electroencephalogram, they reported increased functional
connectivity between the occipital and temporal lobes in the
contralesional hemisphere after delivering cathodal transcranial
direct current stimulation of the contralesional hemisphere,
combined with transcranial alternating current stimulation.
Huang et al. performed fMRI-based connectivity analysis and
described disruptions in global connectivity after stroke as
compared to the healthy brain. Connectivity in certain brain
areas (occipital cortex) in right-sided stroke survivors correlated
with arm impairment and its recovery (as measured using the
Fugl-Meyer Assessment).

On the other hand, Boot et al. found no associations
between post-stroke fatigue, known to be associated with worse
functional outcomes, and imaging metrics (lesion size, site
or metrics of brain network connectivity) in young patients
with stroke.

Bridging the gaps between knowledge gained about
mechanisms of plasticity, prediction of outcomes, relationships
between behavior and neurophysiological or imaging
biomarkers, and development of interventions that lead to
meaningful effects from the perspective of persons affected
by stroke, is a major challenge for rehabilitation science. This
Research Topic combined efforts from investigators engaged
across the stroke continuum of care.

Factors and pathways determining the probability of
recovery from an acute stroke are acting from the same
moment of stroke onset and even before (prior conditioning
by exercise), so knowledge of these factors by acute stroke
teams responsible for patients care during the acute phase
may be essential to improve outcomes. The concept that
stroke recovery should be taken care of only after hospital
discharge is clearly challenged by the evidence provided in this
article collection.
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Further research is needed to better characterize and design
the process of care combining multidisciplinary acute phase
and post-acute phase interventions aimed to optimize recovery
from stroke. We have a well-designed hyperacute process of care
(stroke code system), with coordinated multidisciplinary effort,
and probably a similar innovating effort in post-stroke process of
care may be needed to obtain the best effect from the neurorepair
therapeutic strategies presented in this collection.

There may be important challenges ahead to increase
the level of evidence for these interventions in order to be
transferred into clinical practice. One important step might be
to increase awareness across the stroke continuum of care as a
whole, having long-term functional outcome and quality of life
as the main drivers of value for all actors in the process: patients,
healthcare professionals, institutions, and ultimately society.
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Background and Purpose: There is limited information on symptomatic intracranial
hemorrhage (sICH) in stroke patients without thrombolysis. This study aimed to evaluate
the risk factors of sICH and the association between sICH and the prognosis at 3 and
12 months in acute ischemic stroke patients without thrombolysis.

Methods: Data originated from the Chinese Acute Ischemic Stroke Treatment Outcome
Registry. Univariate analysis and multivariate logistic regression were used to screen the
risk factors of sICH. Multivariable logistic regression models were used to assess the
association of sICH with poor outcome and all-cause mortality.

Results: Totally, 9,484 patients were included, of which 69 (0.73%) had sICH. Atrial
fibrillation (odds ratio [OR], 3.682; 95% confidence interval [Cl], 1.945-6.971; p < 0.001),
history of tumors (OR, 2.956; 95% ClI, 1.115-7.593; p = 0.024), and the National
Institutes of Health Stroke Scale (NIHSS) score on admission ([6-15: OR, 2.344; 95%
Cl, 1.365-4.024; p = 0.002] [>15: OR, 4.731; 95% CI, 1.648-13.583; p = 0.004]) were
independently associated with sICH. After adjustment of the confounders, patients with
sICH had a higher risk of poor outcome (OR, 1.983; 95% CI, 1.117-3.521; p = 0.018)
at 3 months and that of all-cause mortality at 3 (OR, 6.135; 95% ClI, 2.328-16.169;
p < 0.001) and 12 months (OR, 3.720; 95% Cl, 1.513-9.148; p = 0.004).
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sICH in Patients Without Thrombolysis

Conclusion:

sICH occurred in 0.73% of acute ischemic stroke patients without

thrombolysis and was associated with a worse prognosis at 3 and 12 months. Atrial
fibrillation, history of tumors, and NIHSS score at admission were independent risk factors

of sICH.

Keywords: ischemic stroke, symptomatic intracranial hemorrhage, risk factors, prognosis, atrial fibrillation, tumor

INTRODUCTION

Stroke is the second leading cause of disability-adjusted
life years worldwide in people over 50 years of age (1),
which has brought a heavy burden on society and families.
Until now, intravenous thrombolysis with recombinant
tissue plasminogen activator (rt-PA) remains the first line
treatment for patients with acute ischemic stroke. Symptomatic
intracranial hemorrhage (sICH) is recognized as a devastating
complication of thrombolysis treatment, which occurs in
0.4-10.3% patients depending on the varied diagnostic criteria
and is consistently associated with an increased mortality
and a worse functional outcome (2-16). Many studies have
reported the predictors of sSICH after intravenous thrombolysis,
including stroke severity, age, onset-to-treatment time, baseline
glucose, hyperdense cerebral artery sign, and early infarct
signs on baseline imaging (2, 3, 7, 17). However, there is
limited information on sICH in stroke patients without
intravenous thrombolysis.

Although the incidence of sICH was lower in the patients
who received placebo compared to those given t-PA in the
National Institute of Neurological Disorders and Stroke
(NINDS) trial (0.6 vs. 6.4%), management of acute stroke
remains challenging, considering the vast number of stroke
patients  without intravenous thrombolysis worldwide
(18). Tan et al. (19) reported that 4.4% of ischemic stroke
patients without thrombolysis developed sICH. But this
is a single-center study with only 406 patients included.
Another study based on a multicenter registry analyzed
sICH in those who did not receive any antithrombotic
therapy (20), while most patients with acute ischemic
stroke would receive antithrombotic treatment after stroke,
of which approximately one third underwent antiplatelet
therapy (APT) prior to the onset of stroke in the real world
(21, 22).

The purpose of this study is to investigate the risk factors
and prognosis of sICH in patients with acute ischemic stroke
that did not undergo thrombolytic therapy in a large multicenter,
prospective cohort in China.

METHODS
Study Design and Population

Data was obtained from the Chinese Acute Ischemic Stroke
Treatment Outcome Registry (CASTOR), a multicenter,
prospective, hospital-registry (n = 80) study conducted in 46
cities across China. The trial design and protocol were described
elsewhere (23). The hospitals included in our study were required

to have a neurology ward with over 100 stroke patients admitted
every year. Consecutive patients from May 2015 to October
2017 were eligible for enrollment in the study if they met the
following criteria: (1) age >18 years. (2) acute ischemic stroke
diagnosed according to the Chinese Guideline for Diagnosis
and Treatment of Ischemic Stroke (2014). (3) admitted within
1 week after onset of stroke. (4) consent to participation in
this study. Patients with cerebral hemorrhage or an expected
survival <3 months due to systemic diseases were excluded.
Patients were assessed five times during the course of the study at
admission, 7 & 2 days after enrollment, discharge, and ~3- and
12- months post-stroke.

This study was registered with ClinicalTrials.gov
(NCT02470624) and approved by the ethics committees of
Peking University First Hospital (IRB approval number:
2015[922]) and all participating hospitals. This study was
conducted in accordance with the International Conference on
Harmonization Good Clinical Practice (ICH-GCP) guidelines
and the Declaration of Helsinki. Written informed consent was
obtained from all patients or an guardian (if the patient was
unable to provide it) to participate.

Data Collection

Baseline information was collected predominantly by face-to-
face interviews. The details of the diagnosis and treatment
strategy during admission were obtained from the medical
records and interviews with patients or their proxies. The
information included: (1) demographic variables, including
age and sex; (2) medical history, including hypertension
(patients taking antihypertensive agents or with blood pressure
>140/90 mmHg on repeated measurements), diabetes mellitus
(patients taking antidiabetic agents, with fasting blood sugar
level >126 mg/dL or HbAlc >6.5%, or with a casual
plasma glucose level >200 mg/dL), hyperlipidemia (patients
taking lipid-lowering agents or with an overnight fasting
cholesterol level >240 mg/dL, triglyceride level >200 mg/dL,
or low-density lipoprotein level >160 mg/dL), history of
stroke (previous cerebral infarction and/or hemorrhage), atrial
fibrillation(AF), coronary heart disease, history of tumors;
(3) medication history within 3 months prior to onset of
stroke (single antiplatelet agents, dual antiplatelet agents, lipid-
lowering agents, antihypertensive agents, antidiabetic agents);
(4) medication administered after onset of stroke (thrombolysis,
antiplatelet agents, anticoagulation agents, lipid-lowering agents,
antihypertensive agents, antidiabetic agents); (5) clinical features
of the index stroke, including National Institutes of Health Stroke
Scale score (NIHSS), Glasgow Coma Scale score (GCS) and
systolic and diastolic blood pressure on admission.
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Diagnosis of sICH

Repeated brain CT/MRI was suggested when neurological
deterioration occurred in stroke patients. SICH was defined as
the hemorrhage confirmed by CT/MRI scans during admission
with clinical deterioration or an increase of four or more
points in NIHSS score or adverse events indicating clinical
worsening (e.g., drowsiness, increase of hemiparesis) recorded
by the investigator, according to the definitions outlined in
the European-Australasian Acute Stroke Study (ECASS-II)
classification (24).

Outcome Assessment

The functional outcome measured using the modified Rankin
scale (mRS) was collected via face-to-face or telephone interview
at 3 and 12 months after the onset of symptoms. Poor outcome
was defined as a mRS score of 3-6. All-cause death was defined
as death from any cause and confirmed by a death certificate
from the hospital or the local citizen registry. The outcomes in
our study included the proportion of poor outcome and all-cause
mortality at 3 and 12 months.

Statistical Analysis

Data were expressed as median values, inter-quartile ranges
(IQR) for continuous variables, and frequencies and percentages
for discrete variables. The statistical significance of intergroup
differences was assessed using Mann-Whitney U-test or x>
tests as appropriate. Multivariate logistic regression analysis was
subsequently used to identify the independent risk factors from
those variables with p < 0.1 in the univariate analysis. Calculated
odds ratios (ORs) were used to measure the association between
sICH and risk factors. The relationship of sICH with poor
outcome and all-cause mortality was assessed using several
logistic regression models. Model 1 was adjusted for age and
sex; Model 2 was further adjusted for medical history (previous
stroke, hypertension, diabetes mellitus, dyslipidemia, coronary
heart disease, AF, and history of tumors), medication 3 months
prior to the onset of stroke (lipid-lowering agents antiplatelet

agents, antihypertensive agents), and the clinical features of the
index stroke (NIHSS and GCS scores on admission, diastolic
pressure, and systolic pressure on admission) based on Model
1 and Model 3 was further adjusted for treatment in the
hospital (antidiabetic agents, antihypertensive agents, lipid-
lowering agents, antithrombotic agents) based on Model 2.
A sensitivity analysis was performed that restricted the study
population to those who were admitted within 48h of stroke
onset. All p-values were two-sided, with p < 0.05 considered
statistically significant. All statistical analyses were performed
using SPSS version 25.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

Patient Characteristics and Incidence of
siCH

In total, 10,002 consecutive patients with ischemic stroke
within 7 days of onset were enrolled in the CASTOR study.
We excluded 518 patients for the following reasons: incorrect
diagnosis (n = 21), withdrawal of informed consent (n = 4),
discontinuation from the study at the choice of patients or
at the decision of the researchers considering patient safety
(n = 5), unavailability of sSICH data (n = 2), insufficient data on
admission (n = 38), and undergoing intravenous thrombolysis
or endovascular treatment (n = 448). Finally, 9,484 patients
(median age, 64.0 years; 65.6% males) were included in this
the analysis (Figure 1). The median NIHSS score at admission
was 4 (IQR 2-7). Among the 9,484 patients, 69 cases (0.73%;
median age, 66.0 years; 66.7% males) had developed sICH
during admission.

Predictors of sICH

The characteristics of patients with and without sICH are
summarized in Table1. Univariate analysis revealed the
differences between patients with and without sICH were
significant in the following features: age (p = 0.012), NIHSS score
at admission (p < 0.001), GCS score at admission (p < 0.001),

| According to the inclusion and exclusion criteria, 10002 consecutive patients were screened for eligibility |

Excluded (n=30):

patient safety (5)

- Incorrect diagnosis (21)
» - Withdrawal of informed consent (4)
- Discontinuation from the study at the choice of patients or at the decision of the researchers considering

9972 patients were enrolled

Excluded (n=488):

- Unavailability of sSICH data (2)

_| - Insufficient data on admission (38)

| - Undergone thrombolysis or endovascular treatment(448)

Final sample (n=9484)
- With sICH (69)
- Without sICH (9415)

FIGURE 1 | Study patients flow chart.
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TABLE 1 | Baseline characteristics of ischemic stroke patients with and without sICH (n = 9,484).

All Without sICH With sICH P-values
(n =9,415) (n=69)
Male 6,221(65.6) 6,175(65.6) 46(66.7) 0.851
Age 64.0(55.0-72.0) 64.0(55.0-72.0) 66.0(59.5-75.0) 0.012
Diastolic pressure on admission 87(80-97) 87(80-97) 89(76-98) 0.943
Systolic pressure on admission 150(135-164) 150(135-164) 155(136-167) 0.259
NIHSS score on admission <0.001
0-5 6,067(64.0) 6,041(64.2) 26(37.7)
6-15 2,929(30.9) 2,899(30.8) 30(43.5)
>15 488(5.1) 475(5.0) 13(18.8)
GCS score on admission <0.001
13-15 8,594(90.6) 8,540(90.7) 54(78.3)
9-12 691(7.3) 683(7.3) 8(11.6)
3-8 199(2.1) 192(2.0) 7(10.1)
Past history
Previous stroke 2,258(23.8) 2,243(23.8) 15(21.7) 0.685
Hypertension 6,141(64.8) 6,101(64.8) 40(58.0) 0.237
Diabetes mellitus 2,460(25.9) 2,436(25.9) 24(34.8) 0.093
Dyslipidemia 296(3.1) 294(3.1) 2(2.9) 0.915
Coronary heart disease 1,315(13.9) 1,303(13.8) 12(17.4) 0.395
Atrial fibrillation 515(5.4) 499(5.3) 16(23.2) < 0.001
History of tumors 238(2.5) 233(2.5) 5(7.2) 0.012
Medication before admission (3 months prior to stroke)
Lipid-lowering agents 422(4.4) 417(4.4) 5(7.2) 0.258
Antiplatelet agents 0.575
None 8,641(91.1) 8,576(91.1) 65(94.2)
Single antiplatelet agents 728(7.7) 725(7.7) 3(4.3)
Dual antiplatelet agents 115(1.2) 114(1.2) 1(1.4)
Antihypertensive agents 2,853(30.1) 2,837(30.1) 16(23.2) 0.210
Treatment in hospital
Antidiabetic agents 2,825(29.8) 2,796(29.7) 29(42.0) 0.026
Antihypertensive agents 4,308(45.4) 4,275(45.4) 33(47.8) 0.688
Lipid-lowering agents 8,684(91.6) 8,620(91.6) 64(92.8) 0.721
Antithrombotic agents 0.006
None 409(4.3) 402(4.3) 7(10.1)
Antiplatelet agents 7,783(82.1) 7,737(82.2) 46(66.7)
Anticoagulant agents 133(1.4) 131(1.4) 2(2.9
Antiplatelet 4+ anticoagulant agents 1,169(12.2) 1,145(12.2) 14(20.3)

Values are reported as n (%) or as Median (interquartile range).

SICH, symptomatic intracranial hemorrhage;, NIHSS, National Institutes of Health Stroke Scale; GCS, Glasgow Coma Scale.

p-values in bold fonts indicate significant associations.

AF (p < 0.001), history of tumors (p = 0.012), antidiabetic agents
during admission (p = 0.026), and antithrombotic agents during
admission (p = 0.006). The multivariate logistic regression
analysis showed that AF (OR, 3.682; 95% CI, 1.945-6.971;
p < 0.001), history of tumors (OR, 2.956; 95% CI, 1.115-7.593;
p = 0.024), and NIHSS score on admission ([6-15: OR, 2.344;
95% CI, 1.365-4.024; p = 0.002] [>15: OR, 4.731; 95% CI,
1.648-13.583; p = 0.004]) were the independent risk factors of
sICH (Table 2).

Antithrombotic Therapy and sICH in

Patients With AF

In our study, 515 patients (5.4%) had a history of AF, of
which 250 (48.5%) patients received antiplatelet therapy, 71
(13.8%) received anticoagulant therapy, 162 (31.5%) received
both antiplatelet and anticoagulant therapy, and 32 (6.2%) did
not receive any antithrombotic therapy during admission. In
patients with AF, the development of sSICH was not significantly
associated with the antithrombotic regimen (Table 3).
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TABLE 2 | Multivariate analysis to identify factors associated with sICH in patients
with ischemic stroke without thrombolysis.

TABLE 4 | Tumor type and sICH in acute ischemic stroke patients without
thrombolysis.

OR 95%ClI P-values All Without With sICH  P-values
sICH (n=25)
Atrial fibrillation 3.682 1.945-6.971 <0.001 (n =233)
History of tumors 2.956 1.115-7.593 0.024
NIHSS score on admission Nasopharyngeal cancer 10(4.2) 10(4.9) 0(0.0) 0.251
0-5 Ref Malignant tumors of the 35(14.7) 33(14.2) 2(40.0)
digestive system
6-15 2.344 1.365-4.024 0.002 Lung cancer 145.9) 15(6.0) 00.0)
~19 4781 1:648-13.563 0.004 Breast cancer 15(6.3) 15(6.0) 1(20.0)
NIHSS, National Institutes of Health Stroke Scale; OR, odds ratio; Cl, confidence interval. Liver cancer 8(3.4) 7(3.0) 1(20.0)
p-values in bold fonts indicate significant associations. Reproductive system 33(13.9) 33(14.2) 0(0.0)
tumors
TABLE 3 | Antithrombotic regimens and sICH in patients with atrial fibrilation. Efn”;io'og'oal system 52-1) 52-1) 0.0
All Without  With sICH P-values Other tumors 110(46.2) 119(46.8) 1(20.0)
sICH (n=16) Combined with two 8(3.4) 8(3.4) 0(0.0)
(n =499) types of tumors
Antithrombotic agents 0.141 SICH, symptomatic intracranial hemorrhage.
None 32(6.2) 29(5.8) 3(18.8)
Antiplatelet agents 250(48.5) 244(48.9) 6(37.5)
Anticoagulant agents 7113.8)  70(14.0) 1(6.3) p < 0.001; 33.3 vs. 16.7%, p = 0.001, respectively) and mortality
Antiplatelet + anticoagulant  162(31.5)  156(31.3) 6(37.5) (10.9 VS. 1.0%,p < 0.001; 13.3 vs. 2.2%,p < 0.001, respectively) at

agents

SICH, symptomatic intracranial hemorrhage.

Tumor Types and sICH

In our analysis, 238 (2.5%) patients had a history of tumors,
of which 10 (42%) had nasopharyngeal cancer, 35 (14.7%) had
malignant tumors of the digestive system, 14 (5.9%) had lung
cancer, 15 (6.3%) had breast cancer, 8 (3.4%) had liver cancer,
33 (13.9%) had reproductive system tumors, 5 (2.1%) had tumors
of the hematological system, 8 (3.4%) had a combination of two
types of tumors, and 110 (46.2%) had other tumors. There was no
significant association between tumor types and sICH (p = 0.251)
(Table 4).

Prior APT and sICH

Among the 9,484 patients without thrombolysis, 843 (8.9%)
received APT within 3 months prior to stroke onset, of which
115 received dual APT treatment with aspirin and clopidogrel,
and 728 received single APT (663 patients with aspirin alone, 117
with clopidogrel alone, and 5 with cilostazol alone). There was no
significant difference in the risk of sSICH among the three groups
(0.8% in the no APT group, 0.4% in the single APT group and
0.9% in the dual APT group, p = 0.575).

sICH and Poor Outcome

The mRS score at 3 months was collected in 8,890 (93.7%)
patients, of which 1,734 (19.5%) had a mRS score of 3-5 and 95
(1.1%) patients had died (mRS = 6). At 12 months post stroke
onset, the mRS score was collected in 8,332 (87.9%) patients,
of which 1,209 (12.7%) had an mRS score 3-5 and 191(2.0%)
patients had died. Compared to those without sICH, the patients
with sICH had a higher risk of poor outcome (45.3 vs. 20.4%,

3 and 12 months. After adjusting for the confounding variables,
the differences in poor outcome (OR, 1.983; 95% CI, 1.117-
3.521; p = 0.018) at 3 months and all-cause mortality at 3 (OR,
6.135; 95% CI, 2.328-16.169; p < 0.001) and 12 months (OR,
3.720; 95% CI, 1.513-9.148; p = 0.004) remained statistically
significant (Table 5).

Sensitivity Analysis

When we restricted the study population to those who were
admitted within 48 h of stroke onset, there were 6,835 patients
were included in the sensitivity analysis, of which 55 (0.8%)
patients developed sICH. AF (OR, 3.432; 95% CI, 1.723-6.835;
p < 0.001), history of tumors (OR, 3.255; 95% CI, 1.128-9.391;
p = 0.029), and NIHSS score at admission ([6-15: OR, 2.844;
95% CI, 1.524-5.307; p = 0.001] [>15: OR, 5.073; 95% CI, 1.601-
16.072; p = 0.006]) were the independent predictors of sICH
(Supplementary Tables 1-4). Further, sICH was significantly
associated with the increased risk of poor outcome at 3 months
and all-cause mortality at 3 and 12 months (Table 6).

DISCUSSION

In this study, we found that sSICH occurred in 0.73% of acute
ischemic stroke patients without thrombolysis during admission
and AF, history of tumors, and NIHSS score at admission were
the independent risk factors of sICH. In these patients, SICH
was associated with a higher risk of poor outcome at 3 months
and an increased mortality at 3 and 12 months. No significant
association between sICH and poor outcome at 12 months
was observed.

Previous studies on acute ischemic stroke have focused on
hemorrhagic transformation (HT), while the diagnosis of sSICH
required an imaging change and a deterioration in neurological
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TABLE 5 | Relationship of all-cause death and poor functional prognosis with
sICH in patients without thrombolysis.

Outcomes OR 95%ClI P-values
At 3 months
Poor outcome
Unadjusted 3.234 1.972-5.305 <0.001
Model 1 3.019 1.824-4.997 <0.001
Model 2 2.000 1.128-3.549 0.018
Model 3 1.983 1.117-3.521 0.019
Death
Unadjusted 12.194 5.411-27.482 <0.001
Model 1 10.069 4.337-23.377 <0.001
Model 2 6.711 2.651-16.992 <0.001
Model 3 6.135 2.328-16.169 <0.001
At 12 months
Poor outcome
Unadjusted 2.497 1.455-4.284 0.001
Model 1 2.284 1.307-3.989 0.004
Model 2 1.530 0.832-2.812 0.171
Model 3 1.550 0.842-2.855 0.159
Death
Unadjusted 6.800 3.185-14.521 <0.001
Model 1 5.725 2.576-12.726 <0.001
Model 2 3.718 1.540-8.979 0.004
Model 3 3.720 1.513-9.148 0.004

Model 1: adjusted for age and sex.

Model 2: adjusted for age, sex, medical history (previous stroke, hypertension, diabetes
mellitus, dyslipidemia, coronary heart disease, AF, and history of tumors), medication
83 months prior to the onset of stroke (lipid-lowering agents, antiplatelet agents,
antihypertensive agents), and the clinical features of the index stroke (NIHSS and GCS
scores on admission, diastolic pressure and systolic pressure on admission).

Model 3: adjusted for variables in model 2, plus treatment in the hospital (antidiabetic
agents, antihypertensive agents, lipid-lowering agents, antithrombotic agents).

OR, odds ratio; Cl, confidence interval; mRS, modified Rankin scale.

function. In our study, the incidence of sSICH in patients without
thrombolysis was similar to that noted in NINDS trial (0.73
vs. 0.6%) (18). Several studies have reported a higher incidence
of sSICH in patients without thrombolysis. A systematic review
showed that the incidence of sICH was 1.5% (4), which may
be attributed to differences in patient selection criteria, the
diagnostic criteria of sSICH, the time interval between stroke onset
and admission, and stroke treatment. Two studies from West
China Hospital reported that the incidence of sSICH was 1.3% in
2010-2011 and 4.4% in 2002-2005, respectively (15, 19). There
were more patients with mild stroke in our cohort, which may
explain this discrepancy. In addition, the sample sizes of these
two studies were relatively small, and the patients were recruited
from a single center.

We found AF was associated with an ~4-fold increase
in the risk of sICH in the patients without thrombolysis. A
similar result was reported by Tan et al. (19) In patients with
thrombolysis, AF was also recognized as an independent risk
factor of sICH with the OR ranging from 2.5 to 7 (25). Patients
with cardiogenic stroke usually have rapid occlusion of arteries,

TABLE 6 | Sensitivity analysis.

Outcomes OR 95%ClI P-values
At 3 months
Poor outcome
Unadjusted 3.632 2.091-6.310 <0.001
Model 1 3.449 1.966-6.053 <0.001
Model 2 2.185 1.159-4.121 0.016
Model 3 2.148 1.138-4.053 0.018
Death
Unadjusted 11.678 4.830-28.237 <0.001
Model 1 9.923 3.967-24.823 <0.001
Model 2 5.671 2.038-15.783 0.001
Model 3 5.285 1.813-15.403 0.002
At 12 months
Poor outcome
Unadjusted 2.818 1.565-5.073 0.001
Model 1 2.626 1.430-4.822 0.002
Model 2 1.661 0.857-3.218 0.133
Model 3 1.688 0.869-3.279 0.122
Death
Unadjusted 6.990 3.083-15.849 <0.001
Model 1 5.927 2.484-14.140 <0.001
Model 2 3.786 1.455-9.851 0.006
Model 3 3.756 1.417-9.961 0.008

Patients admitted within 48 h after the onset of stroke were included in the sensitivity
analysis (n = 6,835).

Model 1: adjusted for age and sex.

Model 2: adjusted for age, sex, medical history (previous stroke, hypertension, diabetes
mellitus, dyslipidemia, coronary heart disease, AF, and history of tumors), medication
3 months prior to the onset of stroke (lipid-lowering agents,antiplatelet agents,
antihypertensive agents), and the clinical features of the index stroke (NIHSS and GCS
scores on admission, diastolic pressure and systolic pressure on admission).

Model 3: adjusted for variables in model 2, plus treatment in the hospital (antidiabetic
agents, antihypertensive agents, lipid-lowering agents, antithrombotic agents).

OR, odds ratio,; Cl, confidence interval; mRS, modified Rankin scale.

less developed cerebral collateral circulation, small penumbra
and large core infarction, which increases HT (26, 27). Most
patients with AF may receive anticoagulant therapy, but previous
trials have shown that anticoagulation could increase the risk of
intracerebral bleeding in ischemic stroke patients (28). However,
Lee et al. (29) reported that the incidence of sICH did not
increase in patients with cardiogenic embolism who received
early anticoagulation therapy within 1 week from stroke onset.
Similarly, our analysis did not find a significant association
between the antithrombotic regimen during admission and sICH
in patients with AF, either. The risk in those with anticoagulation
was not higher than that with antiplatelet medication. This
finding was also consistent with those of several other studies
(30-32), and this indicated that it was AF not the accompanying
anticoagulation therapy which caused the increased the risk
of sICH.

In this study, a higher NIHSS score at admission was
associated with sICH in patients with acute ischemic stroke who
did not undergo thrombolysis. Similar results were noted in
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those with ischemic stroke after thrombolysis (3, 25, 33, 34).
In previous studies on patients without thrombolysis, although
univariate analysis showed that patients with higher NIHSS score
were more prone to HT, NIHSS score was not an independent
risk factor for HT (2, 19, 20). This is perhaps explained by the
smaller sample sizes of previous studies and the fact that previous
studies only investigated the relationship between HT and NIHSS
score at admission rather than the relationship between sICH
and NIHSS score at admission. Severe ischemic stroke usually
manifests as extensive brain tissue damage, including vascular
damage, which is prone to bleeding.

Previous studies found that antithrombotic medications
before acute ischemic stroke might increase the risk of sICH
after intravenous thrombolysis (35, 36). In our study, although
patients with prior APT were older and more likely to have
vascular risk factors which may increase the risk of sICH, pre-
stroke APT did not increased the risk of sICH, which suggests
that prior use of APT did not increase the risk of sSICH in stroke
patients without thrombolysis. Similar results were reported
in some other studies (2, 20). A study that included 12,415
patients without thrombolysis found no correlation between APT
and HT, although reported a higher proportion of pre-stroke
APT (17.54%) (20). The variations in the doses of pre-stroke
antiplatelet therapy and the issue of patient compliance were not
addressed in our study. Therefore, further research is needed.

Interestingly, we found an association between the history
of tumors and sICH in acute ischemic stroke patients without
thrombolysis, which had not been reported previously. Several
studies investigated the relationship between a history of tumors
and sICH after thrombolysis and their results varied greatly.
The overall risk of hemorrhagic stroke occurrence in patients
with cancer is significantly higher than that in the general
population (37). Whether brain hemorrhage is directly or
indirectly caused by cancer is not clear. In our study, the initial
brain imaging before enrolment could exclude those patients
with typical lesions of primary brain tumors or metastatic
tumors. However, we could not rule out the possibility that some
patients with atypical lesions of tumor had been included in the
study and then had hemorrhagic transformation. Other studies
indicated severe thrombocytopenia and coagulopathy may be
a mechanism of cerebral hemorrhage related to tumor (37).
Thus, further research is needed to investigate the mechanisms
of sICH in acute ischemic stroke patients with history of
tumors. Although in the latest acute ischemic stroke management
guidelines, the American Heart Association and the American
Stroke Association provided with some suggestions for patients
with a history of tumors, such as intravenous thrombolysis is
contraindicated in cases of intra-axial intracranial neoplasms
and gastrointestinal malignancy, and recommended in cases
of extra-axial intracranial neoplasms and systemic malignancy
with reasonable (>6 months) life expectancy, the guidelines
admitted that the efficacy and safety of the treatments in stroke
patients with malignant disease are still unclear (38). With aging
and the improvement in tumor therapy, there will be more
tumor survivors who are also vulnerable to stroke. Our study
showed a higher risk of sICH in stroke patients with a history
of tumors, which indicated that there would be some different

characteristics in these patients and warranted further research
on the management of stroke in patients with history of tumors.

There was a relatively lower mortality (1.1% at 3 months and
2.0% at 12 months) in our study, which was similar to the results
based on the Third China National Stroke Registry (1.3% at 3
months and 2.9% at 12 months) (39). Andrade et al. (40) reported
a mortality of 6.9% at discharge and Paciaroni et al. (2) reported a
mortality of 11.5% at 3 months in stroke patients. This difference
may be due to the lower average age of patients and the lower
median NIHSS score at admission in our cohort.

A prospective cohort study showed that post-thrombolytic
sICH contributed to an increased risk of poor outcome and
mortality. According to the different definitions of sSICH used,
the ranges of OR were 1.3-1.7 and 1.5-4.8, respectively (3).
Another multicenter prospective cohort study showed that
sICH could increase the risk of poor outcome by 3.57 times
(7). Our findings suggested that patients with sICH had
a higher risk of poor outcome at 3 months. Additionally,
the patients with sICH still had a higher mortality rate at
3 and 12 months and it revealed sICH in stroke patients
without thrombolysis was a serious problem in management
of stroke since most patients did not receive thrombolysis in
the real world. We speculated two possible reasons that would
contribute to the worse prognosis. One was the direct influence
of sICH, and the other reason was that the withdrawal of
antithrombotic therapy at the early stage of treatment due to
sICH increased the recurrent ischemic stroke. In our study,
patients with sICH had a higher incidence of poor outcome
at 12 months than those without sICH (33.3 vs. 16.7%,
p = 0.001). However, the difference became insignificant after
adjustment of the baseline characteristics and treatment during
admission. Considering the mRS score was not collected in 1,152
patients at 12 months, we could not rule out the possibility of
selective dropout.

The strengths of our study include a relatively large
sample size and a multicenter design. However, our study
has several limitations that need to be addressed. First, this
study was an observational investigation, we adjusted for a
series of identified confounding variables. However, due to the
nature of observational studies, certain unmeasured or residual
confounding effects were unavoidable. Therefore, we cannot
conclude a causal relationship between sICH and poor outcome.
Second, repeated brain imaging was often performed when the
symptoms of stroke patients worsen in clinical practice, which
may underestimate the risk of ICH, especially in the patients
with asymptomatic or mild symptoms. However, our study
focused on the patients with sICH, who had a deterioration
in neurological function accompanying with ICH. So we think
the risk of underestimation was limited in our study. Third,
some information such as glucose level at admission, blood
pressure during admission, details of brain imaging including
radiographic classification of HT, and number of cerebral
microbleeds were not collected in the database. So our study
propably missed to elucidate the responsible mechanisms and
potential protective measures of sSICH. Fourth, the exact time of
sICH was not recorded in our database. While sICH occurring
at different timepoints may be due to varied pathological
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mechanisms. Fifth, although we found an association between
history of tumors and sICH, the limited sample with tumor
needed the further confirmation. Sixth, we did not include
the patients who underwent endovascular treatment although
thrombectomy treatment had been recommended in the
current guidelines. Considering there were only 23 patients
who received endovascular treatment in our study and the
significant difference in the risk of bleeding, we focused on
those who only received medication treatment. Seventh, the
CASTOR study recruited the patients who were admitted
within 7 days of onset from acute ischemic stroke, which
indicates a possible heterogenous population, and those who
had developed sICH at early stage would not be included
in this registry, which may underestimate the incidence of
sICH. However, in the sensitivity analysis which only included
those admitted within 48h, the results were similar to that
of our main analysis. Finally, all the patients were recruited
in China. The rate of receiving intravenous thrombolysis and
endovascular treatment, as well as the mortality were relatively
lower than other studies in the western countries (2, 41-44).
Hence, caution is needed when generalizing our results to
other populations.

CONCLUSIONS

In a large, multicenter cohort of acute ischemic stroke patients,
sICH occurred in 0.73% of patients without thrombolysis and
was associated with a worse prognosis at 3 and 12 months post
stroke. AF, a history of tumors, and NIHSS score at admission
were the independent risk factors of sSICH.
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Annahita Sedghi, Jessica Barlinn, Heinz Reichmann, Volker Puetz and Kristian Barlinn

Department of Neurology, University Hospital Carl Gustav Carus, Technische Universitaet Dresden, Dresden, Germany

Background: Neuroprotective and neurorestorative effects have been postulated for
selective serotonin-reuptake inhibitors (SSRI). We hypothesized that sertraline, which is
characterized by less severe adverse effects and more stable pharmacokinetics than
classic SSRI, is associated with improved functional recovery in acute ischemic stroke
patients with motor deficits.

Methods: Prospective observational study of consecutive acute ischemic stroke
patients who received sertraline for clinically suspected post-stroke depression (PSD)
or at high risk for PSD. Eligibility comprised acute motor deficit caused by ischemic
stroke (>2 points on NIHSS motor items) and functional independence pre-stroke (MRS
<1). Decision to initiate treatment with SSRI during hospital stay was at the discretion of
the treating stroke physician. Patients not receiving sertraline served as control group.
Favorable functional recovery defined as mRS <2 was prospectively assessed at 3
months. Multivariable logistic regression analysis was used to explore the effects of
sertraline on 3-months functional recovery. Secondary outcomes were frequency of any
and incident PSD (defined by BDI >10) at 3 months.

Results: During the study period (03/2017-12/2018), 114 patients were assigned to
sertraline (n = 72, 62.6%) or control group (1 = 42, 37.4%). At study entry, patients in
sertraline group were more severely neurologically affected than patients in the control
group (NIHSS: 8 [IQR, 5-11] vs. 5 [IQR, 4-7]; p = 0.002). Also, motor NIHSS scores
were more pronounced in sertraline than in control group (4 [IQR 2-7] vs. 2 [IQR 2-4], p
= 0.001). After adjusting for age and baseline NIHSS, multivariable regression analysis
revealed a significant association between sertraline intake and favorable functional
outcome at 3 months (OR 3.10, 95% CI 1.02-9.41; p = 0.045). There was no difference
between both groups regarding the frequency of any depression at 3 months (26/53
[49.1%)] vs. 14/28 [50.0%] patients, p = 0.643, BDI >10). However, fewer incident
depressions were observed in sertraline group patients compared to patients in control
group (0/53 [0%)] vs. 5/28 [17.9%] patients, p = 0.004).

Conclusions: In this non-randomized comparison, early treatment with sertraline
tended to favor functional recovery in patients with acute ischemic stroke. While
exploratory in nature, this hypothesis needs further investigation in a clinical trial.

Keywords: stroke, outcome, functional recovery, motor recovery, SSRI, sertraline, post-stroke depression,
neuroplasticity
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INTRODUCTION

Stroke is the most common cause of acquired disability
in adulthood (1). While acute stroke care has undergone
major therapeutic achievements in recent years, only a
few pharmaceutical agents eventually showed promising
clinical results from a neuroprotective perspective (2-4). Both
neuroprotective and neurorestorative effects are postulated
for selective serotonin-reuptake inhibitors (SSRI) (5-7), which
were suggested to promote functional recovery after stroke
by modifying ischemia-associated hyperexcitation, post-stroke
inflammation, and hippocampal neurogenesis. Moreover, SSRI
may augment cerebral blood flow and counteract evolution of
the infarct core (6-11). Animal studies have further suggested
that hippocampal expression of neurotrophins such as brain-
derived neurotrophic factor (BDNF), an important mediator
of cerebral plasticity and neurogenesis, is stimulated by SSRI
(7,8, 12-14).

The randomized controlled fluoxetine for motor recovery
after acute ischaemic stroke (FLAME) trial, published in 2011,
examined the effect of the SSRI fluoxetine on motor outcome
in patients with ischemic stroke. There was an improvement
in motor deficits and overall functional outcome compared
to placebo after 90 days in patients receiving fluoxetine (5).
Meanwhile, three larger multicenter randomized controlled
trials concluded that single daily intake of fluoxetine for a
period of 6 months has no beneficial effect on functional
outcome in patients with ischemic stroke (15-17). However,
previous clinical research has mainly focused on the SSRI
fluoxetine, despite promising results from the pre-clinical setting
with other SSRI (18). In any case, the use of fluoxetine
in stroke patients appears debatable. On the one hand, it
has a higher potential for detrimental interactions with the
cytochrome P450 isoenzyme system compared with other SSRI
bearing a high risk of adverse drug effects especially in the
elderly and in patients exposed to polypharmacy (19). On
the other hand, fluoxetine is the only SSRI considered to be
unsuitable for geriatric patients (20). Lastly, fluoxetine seems
to be inferior to other SSRI in terms of effectiveness in
the treatment of depression (21), an entity frequently found
in stroke survivors (21, 22). Almost one-third of all stroke
patients develops a post-stroke depression at any time after
stroke and its presence is associated with unfavorable outcome
regardless of stroke severity and degree of disability (23).
Pharmacotherapeutic approaches using antidepressants continue
to play an important role in prevention and therapy of
PSD (22).

In view of the former considerations, we aimed to
explore the effects of sertraline on functional outcome and
development of PSD in patients with acute ischemic stroke.
As clinical data on potential effects of sertraline on motor
recovery in ischemic stroke are limited (18), the results could
serve as basis for sample size estimation for a randomized
controlled trial.

METHODS
Study Design and Participants

This was a prospective, non-interventional observational study
that enrolled consecutive patients with acute ischemic stroke
at a tertiary care stroke center. Patients were eligible if they
were >18 years, had an imaging-confirmed diagnosis of acute
ischemic stroke with a corresponding motor deficit (defined as
>2 points in the motor items of the National Institutes of Health
Stroke Scale [NTHSS] score) and a new prescription of sertraline
following the index event. Patients with no corresponding
prescription served as the control group. Indications for
sertraline grounded on routine clinical practice and comprised
treatment of patients with clinically suspected PSD and patients
at high risk of PSD (e.g., severe motor deficit, functional
dependency, history of depression). The ultimate decision to
prescribe sertraline was at the discretion of the treating stroke
neurologist and independent of study-specific procedures (i.e.,
results from the depression instruments). Patients were not
eligible for this observational study, if they had no or only mild
motor deficit, a premorbid modified Rankin Scale (mRS) score
>2 or co-morbidities likely associated with limited participation
in follow-up tests (e.g., aphasia or severe dementia [defined as
Mini Mental State Exam [MMSE] <10]).

As standard-of-care, patients were prescribed sertraline 50 mg
daily following admission paralleled by physical therapy. Patients
who met the above-mentioned study criteria, but for whom
sertraline was not prescribed for clinical reasons, were assigned
to the control group. Reasons for clinical decision against
prescription of sertraline were: (1) lack of clinical indication as
judged by the treating stroke neurologist; (2) denial of sertraline
medication by the patient; (3) medical contraindications for
sertraline. Patients in the control group received the same in-
hospital stroke care standards but no antidepressant medication.

Study Procedures

At study entry, patient-related (such as demographic
information, previous comorbidities, medication) and
stroke-related (such as onset of symptoms, etiology,
localization, acute reperfusion therapies) data were recorded.
Neurological and functional status (NIHSS, pre-morbid mRS),
depressive symptoms (Beck Depression Inventory [BDI]) and
neurocognitive function (MMSE) were evaluated. At discharge,
NIHSS and mRS scores were obtained by assessors blinded to
group assignment. A structured telephone interview was done
at 3 months (90 & 14 days) to evaluate the primary endpoint
of this study (mRS). During the interview, further questions
were asked about behavior of taking sertraline since discharge
and, if applicable, the date and reason for its discontinuation.
Any new vascular events that occurred in the meantime, such as
stroke, transient ischemic attack (TTA), or myocardial infarction,
were documented. Each patient was informed that a survey for
re-evaluation of a depression including BDI and the Patient
Health Questionnaire (PHQ-9) would be sent by mail. If the
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)
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Secondary exclusion (n=8)
Fluoxetine (n=1)
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No consent (n=5)

A4
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A 4

A 4

Sertraline (n=72) | |
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A 4

A 4
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A 4

Postal return (n=54)

Postal return (n=28)

FIGURE 1 | Study flow chart.

survey was not returned within 2 weeks, a reminder call was
undertaken, which was repeated every 2 weeks. The surveys
received were evaluated and the completion date recorded. The
same number of study visits and interviews were accomplished
at pre-specified time points for all patients, regardless of their
group assignment.

Outcome Measures

The primary outcome measure was favorable functional status at
3 months (90 £ 14 days) defined as an mRS score <2. Secondary
outcome measures comprised frequency of any PSD (defined
by BDI >10 or PHQ-9 >10 points) and incident PSD (defined
as de novo increase of BDI >10 or PHQ-9 >10 points) at 3
months. Moreover, safety outcomes including recurrent ischemic
or hemorrhagic stroke, recurrent TIA, myocardial infarction, and
death were assessed at 3 months.

Statistical Analysis

STATA software was used for statistical analysis (Version 12.1,
StataCorp, College Station, TX). Non-parametric continuous
data were identified by the Shapiro-Wilk test and presented
as median (interquartile range, IQR). Categorical data were
summarized using frequencies and percentages. Wilcoxon rank
sum test was used for between-group comparisons for differences

in age, time intervals, premorbid mRS, baseline NIHSS, BDI,
and MMSE scores as well as follow-up PHQ-9 and BDI scores.
Pearson’s chi-square test or Fisher’s exact test (when expected
values were <5) were used for comparing sex, comorbidities,
antidepressant premedication, acute stroke therapies, stroke
etiologies, and presence of any depression at baseline and follow-
up as well as safety and functional outcomes at 3 months among
both groups. The McNemar’s test was applied for within-group
comparisons of differences in favorable functional outcome and
the presence of any PSD between discharge and follow-up.
Adjusted odds ratio (OR) including its 95% confidence interval
(95% CI) was calculated by multivariable regression analysis to
describe the effect of sertraline on favorable functional outcome
and PSD at 3 months. Independent predictor variables entered
into the final model were identified using the backward stepwise
elimination method with removal set for variables with p-value
>0.2. The significance level was set at a < 0.05. Available case
analysis was applied where data were missing.

RESULTS

Between March 13th, 2017, and December 28th, 2018, 1429
patients with acute ischemic stroke were treated at the
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TABLE 1 | Baseline characteristics of the study cohort.

Sertraline Control P
(n=72) (n=42)
Demographics
Age, years, median (IQR) 69.5 (19.5) 71 (21) 0.95
Female, n (%) 29 (40.3) 19 (45.2) 0.61
Premorbid mRS, n (%)
0 64 (88.9) 40 (95.2)
1 8(11.1) 2(4.8) 0.32
Comorbidities/patient history
Risk factors, n (%)
Arterial hypertension 57 (79.2) 31 (73.8) 0.51
Hyperlipidemia 40 (55.6) 18 (42.9) 0.19
Arterial fibrillation 22 (30.6) 8(19.1) 0.20
Depression 4 (5.6) 3(7.1) 0.71
Diabetes mellitus 21(29.2) 18 (42.9) 0.14
Current nicotine abuse 20 (27.8) 12 (28.6) 0.93
Sleep apnea 1(1.4) 0 (0) 1.00
Previous stroke/TIA 10 (13.9) 4(9.5) 0.57
Dementia 0 (0) 1(2.4) 0.37
Antidepressant premedication, n (%) 34.2) 3(7.1) 0.67
Stroke-related data
NIHSS, median (IQR)
Total NIHSS score 8 (6) 5(3) 0.002
Motor items of NIHSS 4(5) 2(2) 0.001
Acute therapy, n (%) 39 (54.2) 18 (42.9) 0.24
Intravenous thrombolysis 20 (561.3) 6 (33.3)
Endovascular therapy 7(17.9) 7 (38.9)
Combinatory treatment 12 (30.8) 5(27.8) 0.21
Stroke etiology, TOAST-classification, n (%) 0.53
Large-artery atherosclerosis 24 (33.3) 13 (31.0)
Cardio embolism 24 (33.3) 13 (31.0)
Small-vessel occlusion 79.7) 5(11.9
Stroke of other determined etiology 0(0) 2(4.8)
Stroke of undetermined etiology 17 (23.6) 9(21.4)
ESUS, n (%) 15 (20.8) 9 (21.4) 0.94
Interval between admission and study entry, days, median (IQR) 4 (4.25) 3.5 (3.75) 0.039
Questionnaires
Depression, BDI
Median (IQR) 9(9) 6.5 (10) 0.052
Any depression (BDI >10), n (%) 32 (44.4) 15 (35.7) 0.36
Mild depression (10 < BDI < 19) 23 (31.9) 11 (26.2) 0.69
Moderate depression (20 < BDI < 29) 9(12.5) 4 (9.5) 0.77
MMSE, median (IQR) 24 (9) 25 (8) 0.33

mRS, modified Rankin Scale; TIA, transient ischaemic attack; NIHSS, National Institutes of Health Stroke Scale; TOAST, trial of ORG 10172 in acute stroke treatment; ESUS, embolic
stroke of undetermined source; BDI, Beck Depression Inventory; MMSE, Mini Mental State Exam.

Department of Neurology at the University Hospital Dresden
of whom 122 met study criteria and agreed to participate in
this observational study. Major reasons for non-eligibility were
premorbid functional dependency (mRS >2), lack of qualifying
motor deficit, and limited ability to participate in the study
(e.g., due to aphasia). Eight patients were excluded after study
enrollment leaving a final study population of 114 patients,

of whom 72 patients were assigned to sertraline group and
42 patients to control group. Reasons for secondary study
exclusion were (1) prescription of fluoxetine (n = 1), (2) non-
stroke diagnosis (n = 2), (3) withdrawal of consent to study
participation (n = 5). The study flow chart is depicted in Figure 1.

Baseline characteristics were well-balanced between the two
groups except for NIHSS that was higher in the sertraline than
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mRS at 90 days

Sertraline (n=72) |4 | 10 33

Control (n=42) 10 33

L
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FIGURE 2 | Distribution of mRS scores at 90 days. Values within each colored region correspond to the percentage of patients with the corresponding mRS
outcome. mRS indicates modified Rankin Scale.

in the control group (8 [IQR 5-11] vs. 5 [IQR 4-7]; p = 0.002).  TABLE 2 | Multivariable regression analyses of favorable functional outcome and
Likewise, the motor items on NTHSS were more pronounced  Post-stroke depression at 3 months.
in the sertraline than in the control group (4 [IQR 2-7] vs. 2

Variable Comparison OR (95% CI) p
[IQR 2-4], p = 0.001). The median age of patients at baseline
was 70.5 (IQR 58-79) years, 48 (42.1%) patients were women,  Sertraline yes vs. no 3.10 (1.02-9.41) 0.045
and all patients were previously functional independent. Elapsed  age per 1-year increase 0.88 (0.84-0.93) <0.001
time between symptom onset and first intake of 50 mg sertraline NIHSS at baseline per 1-point increase 0.74 (0.63-0.86) <0.001

was 4 (IQR 3-7) days. Due to depressive symptoms, the dose
of sertraline was modified during hospitalization to 75 m (n _ Favorable functional outcome defined as mRS <2 constitutes the dependent variable.
& p & - Variables entered into the model comprised age, baseline NIHSS at study entry, group

1) or 100 mg (n = 5). No difference regar ding the presence of assignment, and acute therapy. The variable acute therapy was removed from the final
depressive symptoms at study inclusion (BDI >10 points) was model at p = 0.596 (p > 0.2). mRS indicates modified Rankin Scale; NIHSS, National

evident between both groups (32 /72 [ 44. 4%] vs. 15/42 [35.7%]; p Institutes of Health Stroke Scale; OR, odds ratio; Cl, confidence interval.
= 0.936). Baseline characteristics are shown in Table 1.

Median duration of sertraline intake was 82 days (IQR
64-90). Of 72 patients in the sertraline group, 46 patients  baseline NTHSS, multivariable regression analysis revealed an
(63.9%) continued sertraline intake until the telephone  association between sertraline intake and favorable functional
interview, whereas 25 patients (34.7%) stopped taking outcome at 3 months (OR 3.10, 95% CI 1.02-9.41, p = 0.045).
sertraline prematurely. One patient (1.4%) could not provide  The full model is shown in Table 2. When we added PSD (defined
any information on medication. Most frequent reasons for by a BDI >10) at follow-up to the model, its presence led to a
premature termination were adverse effects (n = 8) including  65% lower chance of achieving a favorable functional outcome
changes in personality (n = 3), seizure (n = 1), hyponatremia  compared to patients without PSD (OR 0.35, 95% CI 0.13-0.97,
(n = 1), dizziness (n = 1), and cognitive disturbances (n = 1) as  p = 0.043). In this post-hoc model, sertraline still showed a trend
well as medication change by the treating general practitioner (n  toward improved favorable functional outcome as compared with
= 5), and unspecified reasons (n = 8). controls (OR 3.06, 95% CI 0.99-9.49, p = 0.052).

The mRS scores at 3 months were available in all patients. At There were no differences between the two groups with regard
3 months, median mRS scores were comparable between both  to median PHQ-9 score (5 [IQR 3-8] vs. 6 [IQR 3.5-10], p =
groups (3 [IQR 2-4] vs. 3 [IQR 2-4]; p = 0.67) (Figure2).  0.399) or median BDI score (9 [IQR 5-13] vs. 10 [IQR 5.5-15],
Likewise, the frequency of favorable functional outcome did  p = 0.57) at 3 months. Also, there was no difference between
not differ between patients treated with sertraline and controls  the presence of depression (BDI >10) after 3 months (26/53
(34/72 [47.2%)] vs. 18/42 [42.9%]; p = 0.65). However, a higher  [49.1%] vs. 14/28 [50.0%] patients, p = 0.643). Neither there was
proportion of patients improved to a favorable functional status  a difference when PHQ-9 cutoffs were considered (p > 0.05). In
(mRS score of <2) between discharge and follow-up in the  multivariable regression analysis adjusted for group assignment,
sertraline group as compared with controls (19/72 [26.4%] vs.  age and baseline NIHSS, there was no association between
5/42 [11.9%] patients; p < 0.001). After adjusting for age and  sertraline intake and the presence of PSD at 3 months, neither
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TABLE 3 | Secondary patient outcomes at 3 months.

Sertraline Control P
n=72) (n=42)
Safety outcomes
TIA, n (%) 0(0) 0(0) 1.00
Stroke, n (%) 3(4.2) 0(0) 0.30
Acute coronary events, n (%) 0(0) 0 (0) 1.00
Death 1(1.4) 2(4.8) 0.55
Questionnaires

Return of questionnaires, n (%)

No return 18 (25.0) 14 (33.3)
Return 54 (75.0) 28 (66.7) 0.28

Complete 46 (83.6) 23 (82.1)
Elapsed time between phone interview and completed questionnaires, days n=>54 n=26

Median (IQR) 11 (24) 19.5 (62) 0.22
PHQ-9 n=>54 n=28

Median (IQR) 5 (5) 6 (6.5) 0.40

Presence of depression (PHQ-9 > 10), n (%) 10 (18.5) 9 (32.1) 0.18
BDI n=>53 n=28

Median (IQR) 9(8) 10(9.5) 0.57

Presence of any depression (BDI >10), n (%) 26 (49.1) 14 (50.0) 1.00

Incident depression (BDI >10), n (%) 0 (0) 5(17.9) 0.004

TIA, transient ischemic attack; PHQ-9, Patient Health Questionnaire; BDI, Beck Depression Inventory.

with PHQ-9 (OR 1.35, 95% CI 0.28-6.4, p = 0.708) nor with
BDI (OR 0.99, 95% CI 0.37-2.61, p = 0.980). Taking into account
incident depression at 3 months, however, none of the patients
assigned to the sertraline group developed a PSD while five
patients in the control group were diagnosed with incident PSD
(according to BDI), which corresponds to an increase of 17.9%
(p = 0.004). Further secondary and safety outcomes are detailed
in Table 3.

DISCUSSION

The major result of this non-interventional study was that early
intake of sertraline might favor functional recovery as measured
by the mRS in patients with acute ischemic stroke. Moreover,
less patients receiving sertraline developed incident depression
at 3 months suggesting a potential role for this agent in severely
affected stroke patients who are at high risk for PSD.

As opposed to the recently published FOCUS, AFFINITY,
and EFFECTS trials, patient eligibility criteria in the present
study resembled those applied in the FLAME trial that solely
enrolled patients with ischemic stroke (5, 15-17). In pre-clinical
studies, potential neuroprotective and neuroplastic effects of SSRI
on post-stroke recovery were largely attributed to modification
of pathogenic mechanisms following ischemic stroke, such as
ischemia-associated hyperexcitation, inflammatory processes in
the post-acute phase, augmentation of cerebral blood flow, as well
as enhancement of BDNF-expression and stimulation of adult
neurogenesis in the subependymal zone and in the hippocampal
dentate gyrus (4-10, 12-14). Thus, the predominant inclusion
of this stroke subtype may ensure high internal validity in

studies on neuroprotective effects of SSRI and stroke. The
recent fluoxetine trials, in turn, additionally included patients
with intracerebral hemorrhage (ranging from 12 to 15%), who,
aside from the aforementioned pathophysiologic considerations,
naturally have worse functional prognosis than ischemic stroke
patients (15-17, 24).

Although we did not find an absolute difference in the
unadjusted analysis of favorable functional outcome at 3
months between both study groups, one should notice that a
high proportion of control patients were already functionally
independent at discharge leaving less potential for improvement
in this group. On the other hand, more than one-fourth of
sertraline patients showed substantial improvement in mRS over
the first weeks following discharge despite more severe baseline
deficits as reflected by both overall and motor NIHSS scores,
while no such effects were seen in the control group. Considering
these differences in baseline stroke severity, sertraline was
associated with a more than 3-fold probability of achieving
a favorable functional outcome after 3 months, which is in
line with results from a post-hoc analysis of the FLAME trial
(mRS 0-2 at 3 months: fluoxetine, 26% vs. control, 9%) (5).
Although hypothesis generating, sertraline might therefore have
a particular effect on motor deficits as previously suggested for
fluoxetine by the FLAME but rejected by the FOCUS, AFFINITY,
and EFFECTS trials (5, 15-17). However, the median NIHSS
scores in the FOCUS and AFFINITY (6 points) as well as
in the EFFECTS (3 points) trials indicate a predominance of
mild strokes at inclusion, especially in comparison with patients
studied in the FLAME trial (12.8 points in the fluoxetine group)
(5, 15-17). While patients in our study and in the FLAME trial
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were functionally independent at baseline, up to 8% of patients in
the fluoxetine RCTs trials suffered from functional dependence
prior to the index stroke (5, 15-17). The results of these trials
might therefore be limited by an insufficient delimitation of
patients potentially susceptible to a beneficial effect of SSRI.

According to mechanistic considerations derived from animal
experiments, sertraline intake should started as early as possible
after the neurologic index event to mediate a neuroprotective
effect on cerebral hemodynamics and impede evolution of
penumbra into core (8-10, 25, 26). Thus, sertraline was started in
our study at a median of 4 days after stroke onset (with almost
one-third of patients treated within 3 days from stroke onset)
that is far below the corresponding interval in the FLAME trial
(mean 8.9 days) (5). The FOCUS, AFFINITY, and EFFECTS
trial even defined a much wider treatment interval with a
maximum of 15 days after stroke onset (15-17). However, early
initiation of SSRI treatment is challenging in the acute phase
of stroke. There is general notion that SSRI should not be
used routinely to promote recovery after stroke, and depression
currently appears the only indication that justifies early treatment
with SSRI in stroke patients (18, 22). In the acute phase of
stroke, however, depressive symptoms might by obscured by
neurological deficits complicating its recognition and the focus
is rather on stroke treatment and rehabilitation than evaluation
of PSD. The necessity of a fasting phase in acutely treated stroke
patients and dysphagia after stroke may also delay initiation of
SSRI treatment in acute stroke (27). As potential neuroprotective
effects of SSRI appear to be frontloaded in ischemic stroke, future
trials need to ensure its early initiation in the hyperacute phase of
stroke when vulnerability to irreversible injury is the highest.

One-third of patients discontinued sertraline intake prior
to 90-days follow-up, whereas most reasons for premature
termination were not necessarily due to pharmacological
undesirable effects (except epileptic seizure and hyponatremia in
each case). According to available literature data, bone fractures,
epileptic seizures and hyponatremia may occur in up to 4%
of patients treated with fluoxetine (15-17). Respective data for
sertraline in stroke patients are lacking, although similar risks can
be assumed for its utilization.

A large fraction (>40%) of patients in this study showed any
depressive symptoms at study inclusion (according to a BDI
>10 points), which might have distorted our negative results
regarding a potential preventive effect of sertraline on PSD.
This contrasts with numerous studies from the literature that
showed preventive effects of certain SSRI on both prevention and
treatment of PSD (21, 28, 29). However, when we considered
incident depression as the variable of interest, fewer patients
taking sertraline were found having incident PSD at 3 months
compared with controls, which was seen for fluoxetine in a
similar manner in the recent FOCUS and EFFECTS trials (15,
17).

Our study has several limitations. First, as group allocation
was not random, our findings might be influenced by selection
bias and further potential shortcomings associated with the
non-randomized design. Although consecutive sampling was
applied in our study, the eventually low number of control
patients might be a particular indicator of sampling bias in

our study. On the other hand, selection bias might have rather
deviated the results toward false negativity as severely affected
stroke patients were more likely to be treated with sertraline in
our study than less affected patients (as reflected by different
NIHSS scores at study entry). A beneficial effect of sertraline, if
any, therefore needed to be strong to become apparent in our
study. Nonetheless, a potential placebo effect in those treated
with sertraline should be considered when interpreting our
study results. Second, the high proportion of patients suffering
from any degree of depression at study entry complicates the
differentiation between potentially neuroprotective effects of
sertraline on stroke recovery and its natural antidepressant
effect that might have enhanced patients motivation and
cooperation during rehabilitation. Any depressive symptoms
at study entry might have increased the odds of having
PSD and unfavorable functional outcome at 3 months (22).
Nonetheless, the observation that any depressive symptoms were
similarly distributed among both groups may have minimized
this source of bias in our study. When we adjusted for PSD,
sertraline was no longer significantly associated with favorable
functional outcome suggesting that adverse effects of PSD
might have outweighed potentially beneficial effects of sertraline
on functional outcome post-stroke. Consequently, future trials
should focus on stroke patients absent of any depressivity at study
baseline to explore the sole impact of early sertraline on stroke-
recovery. Third, we did not apply psychiatric interviews for
depression diagnosis, and the use of self-assessment instruments
instead could have deviated the true frequency of PSD in our
study, especially when completion of the survey was supported
by relatives or others (30). Lastly, our data only allow conclusions
to be drawn on the SSRI sertraline. Except fluoxetine that
remains the only SSRI tested for clinical efficacy in a large
randomized trial, other SSRI such as citalopram showed also
promising results on motor outcome in stroke patients and
could therefore represent an option for future clinical trials
evaluating neuroprotective or neurorestorative therapies (31).
The strengths of our study comprise the prospective approach,
the well-characterized study population with stroke-associated
motor deficits and the completeness of follow-up data concerning
the primary endpoint.

CONCLUSIONS

Early intake of sertraline was associated with a tendency
toward improved functional recovery from acute ischemic
stroke and prevention of incident PSD in these patients.
Although limited by its observational nature, our data might
form the basis for a confirmatory phase II randomized
control trial.
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Objective: Non-invasive brain stimulation (NIBS) is already known to improve visual field
functions in patients with optic nerve damage and partially restores the organization of
brain functional connectivity networks (FCNs). However, because little is known if NIBS is
effective also following brain damage, we now studied the correlation between visual field
recovery and FCN reorganization in patients with stroke of the central visual pathway.

Method: In a controlled, exploratory trial, 24 patients with hemianopia were randomly
assigned to one of three brain stimulation groups: transcranial direct current stimulation
(tDCS)/transcranial alternating current stimulation (tACS) (ACDC); sham tDCS/tACS (AC);
sham tDCS/sham tACS (Sham), which were compared to age-matched controls (n
= 24). Resting-state electroencephalogram (EEG) was collected at baseline, after 10
days stimulation and at 2 months follow-up. EEG recordings were analyzed for FCN
measures using graph theory parameters, and FCN small worldness of the network
and long pairwise coherence parameter alterations were then correlated with visual
field performance.

Result: ACDC enhanced alpha-band FCN strength in the superior occipital lobe of
the lesioned hemisphere at follow-up. A negative correlation (- = —0.80) was found
between the intact visual field size and characteristic path length (CPL) after ACDC with a
trend of decreased alpha-band centrality of the intact middle occipital cortex. ACDC also
significantly decreased delta band coherence between the lesion and the intact occipital
lobe, and coherence was enhanced between occipital and temporal lobe of the intact
hemisphere in the low beta band. Responders showed significantly higher strength in the
low alpha band at follow-up in the intact lingual and calcarine cortex and in the superior
occipital region of the lesioned hemisphere.

Conclusion: While ACDC decreases delta band coherence between intact and
damaged occipital brain areas indicating inhibition of low-frequency neural oscillations,
ACDC increases FCN connectivity between the occipital and temporal lobe in the
intact hemisphere. When taken together with the lower global clustering coefficient in
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responders, these findings suggest that FCN reorganization (here induced by NIBS) is
adaptive in stroke. It leads to greater efficiency of neural processing, where the FCN
requires fewer connections for visual processing.

Keywords: brain networks, vision recovery, stroke, neuron rehabilitation, tACS, tDCS

BACKGROUND

The potential to restore visual fields following central visual
system damage has attracted some attention during the last
few decades (1-8). Occipital stroke, for example, leads to
homonymous hemianopia whereby a quarter or half of the
visual field in both eyes is lost following damage (9). This
impairs visual functional abilities and quality of life (10),
increasing the risk to fall or having difficulties in reading,
with secondary deficits such as depression and social isolation
(10-14). While visual training can improve visual fields
well after the initial spontaneous recovery phase (2, 3, 15),
additional recovery of vision can take many months of
daily exercises.

To overcome this limitation, efforts were made to use
non-invasive brain stimulation (NIBS) as a new therapeutic
approach. NIBS was already used for the rehabilitation of
different neurological diseases affecting the motor system,
memory, language, or cognition (16). NIBS includes different
protocols of low-intensity transcranial alternating current
stimulation or transcranial direct current stimulation (tACS,
tDCS) known to alter brain excitability (17). Especially tDCS
was applied to treat different neurological and neuropsychiatric
dysfunctions (18, 19). In tDCS, current flows from the anodal
to the cathodal electrode, where the anode is thought to
enhance (excite) and the cathode reduce (inhibit) neuronal
activities (20-22). In contrast, the direction of current flow
in tACS alternates between both electrodes and is able
to modulate periodic oscillations (17), which can, in turn,
entrain endogenous brain oscillation in a frequency- and
phase-specific manner (23, 24). With tACS, it is therefore
possible to enhance the power, shift the peak, and change
the electroencephalogram (EEG) oscillations phase by applying
the ACS at a frequency identical or close to those oscillations
(25). tACS was already shown to increase parieto-occipital
alpha activity and to synchronize cortical oscillations with
entrainment of specific frequencies (26), and this impacts the
endogenous alpha oscillation with long-lasting “after-effects”
(27). When stimulating the brain in the alpha frequency range,
for example, this increases alpha power, reflecting neuroplasticity
changes rather than entrainment (28). NIBS can also be used to
purposely modulate neuron’s excitation and inhibition in many
neurological diseases with a potential to induce recovery of
function (29).

With regard to visual system damage, tACS was shown
to enhance recovery following visual cortex or optic nerve
damage (30-35). Here, a 10-day treatment course improved
visual field size and visual acuity, and it reduced reaction time
(RT). The proposed mechanism of action of tACS is that it
can modulate synchronization of neuronal network firing of

partially damaged “areas of residual vision,” which managed
to survive the injury, possibly involving the strengthening of
synaptic transmission along the visual pathway and enhancing
blood flow. For review, see (36). Indeed, tACS-induced
visual improvements significantly correlated with neuronal
synchronization changes (5, 34, 37) and enhanced alpha-band
activity or power (28, 38).

Concerning tDCS, visual cortex damage leads to hyperactivity
of the intact hemisphere, presumably inhibiting the lesioned
side (39, 40), and a dual-mode tDCS can reduce visual
neglect symptoms (41). That tDCS can improve visual
functions was also shown both in normal subjects and in
patients with visual system damage. For example, combining
tDCS with visual training can improve hemianopic visual
fields (42), and in healthy subjects, anodal tDCS of the
occipital poles significantly reduces psychophysical surround
suppression (43) and enhances occipital blood flow (44).
However, little is known about possible frequency-specific
neural-plastic mechanisms for vision recovery after occipital
stroke, and only few studies explored the potential of NIBS
to induce recovery of visual functions in patients suffering
from a unilateral occipital stroke (45). Therefore, a better
understanding of the neurophysiological mechanism of
tACS and tDCS is needed to understand, and eventually
maximize, their potential to improve visual fields after
occipital stroke.

To learn more about the mechanisms and effects of tACS
and tDCS in occipital strokes, we now used both protocols
alone or in combination. Specifically, we hypothesized
that cathodal tDCS might inhibit the intact visual cortex,
reduce its hyperactivity, and thus lower the associated
cross-hemispheric inhibition of the damaged visual cortex.
Treatment with tACS, on the other hand, might induce
endogenous neuronal oscillations on the whole-brain level.
Therefore, we now studied both methods alone and in
combination. Specifically, we expected that a “double-punch”
approach of combined tACS/tDCS would be most effective,
because it would simultaneously reduce cross-hemispheric
inhibition and enhance excitability of the tissue at or near the
lesion site.

To test this hypothesis, we used EEG recordings rather than
functional magnetic resonance imaging (fMRI), because the
EEG can measure synchronization patterns of the functional
connectivity network (FCN) with high (theoretically infinite)
time resolution. Indeed, as reported elsewhere, in a similar
study, no consistent fMRI-activation changes were observed
after NIBS (35). Therefore, the EEG may be the more
sensitive and more direct measure of FCN synchronization
EEG can

states and their dynamics. Furthermore, the
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detect even physiological alterations independent of energy
consumption (46). Here we studied the neurophysiology
of brain FCN plasticity in hemianopic stroke patients and
describe how FCN reorganization correlates with visual
field recovery.

A detailed analysis of visual field recovery was already
reported elsewhere (35).

MATERIALS AND METHODS

Demographics

Unilateral occipital stroke patients (n 24) suffering from
hemianopia were recruited as previously described (45) and
randomly assigned to one of three groups (Figure 1A):
tDCS/tACS group (ACDC, n = 8, age: mean + SD = 53.45
£ 14.18), sham tDCS/tACS group (AC, n = 8, age: mean %
SD = 58.25 £ 9.54), and sham tDCS/sham tACS group (Sham,
n = 8, age: mean £ SD = 63.87 £ 5.38). Their EEG results
were compared to 24 healthy subjects (age: mean + SD = 57.4
=+ 10.5) (see Table1 for details of patients and controls). The
study was conducted with the guidelines of the International
Conference on Harmonization of Good Clinical Practice and the
applicable national legislation in agreement with the Declaration
of Helsinki. All participants had signed consent form. The study
was approved by the institutional review board of the University
Magdeburg. The patient’s group identity was known only to the
experimenter who performed the stimulation. The participants
were informed about their stimulation protocol after completion
of follow-up diagnostics at 8 weeks (45).

Our patients’ hemianopia was caused by ischemic (n = 19) or
hemorrhagic (n = 5) stroke. Their age range was 18-75 years,
and lesion age was >6 months. Diagnostic results showed that
patients had stable visual field defects across repeated baseline
measurements. We found no significant correlation of lesion
age with FCN pre-post difference of the two most important
parameters (“strength” and “centrality”) on the alpha band,
showing that lesion age had no impact on our FCN parameters
(see below). It confirms our assumption that network plasticity
does not depend on lesion age. In any event, subjects with
spontaneous fluctuations and recovery of vision were not entered
in the trial. All patients had corrected visual acuity of at least
0.4 (20/50 Snellen) or better. The presence of residual vision and
detectable gradual transition between the intact and the blind
part of the visual field was confirmed according to the clinician’s
evaluation. Patients were excluded if they had at least one of the
following symptoms: malignant brain tumor, eye or other central
nervous system diseases, electric or metallic implants in the eyes
or head, expected low compliance, history of epileptic seizures
within the last 10 years, or use of antiepileptic or sedative drugs
during the recruiting process. On admission to the study, the
medical history was collected and assessed by a neurologist. A
comprehensive examination, in particular of visual dysfunction,
was carried out. The possibility of further participation in the
study depended on the results of this preliminary investigation.
The patients had to have some residual visual performance,
evident by a gradual transition between the blind area and the
visual field’s intact area.

Experimental Design

tDCS/tACS

The tACS and cathodal tDCS stimulation was delivered with
conductive-rubber electrodes placed in saline-soaked sponges
and connected with a NeuroConn MC8 stimulator. The tACS
stimulation electrode (5 x 7cm) and a reference electrode
(10 x 10cm) were placed at Fpz and at the right upper
arm, respectively, according to 10-20 system EEG recordings.
Stimulation started with a 5-Hz burst, and then frequency
increased in steps of 1-30 Hz using a 48-s-long “rtACS block.”
The tACS stimulation was given for 20 min per day with a
maximum current of 1.5mA (peak-to-peak), which was well
above the phosphene threshold (47). The block was repeated for
20 min. In the tDCS condition, the cathode was positioned above
the intact hemisphere, and stimulation was done for 10 min
immediately before rtACS and set at 1 mA using one electrode
placed at either O1 or O2 position (3 x 3 cm) with anode at Fpz.
The impedance was kept below 10 k2.

Sham Design

Sham patients had the identical electrode montage and
stimulation duration. The tACS sham condition was designed
to induce (short-lasting) phosphenes that patients could
subjectively report (47); that is, it was a minimal stimulation. In
addition, occasional current bursts were given to create short but
presumably therapeutically ineffective phosphenes (45) involving
one 5-Hz burst/min with individual amplitude for phosphene
perception as used in a previous study where none of the subjects
could tell to which group they belonged (45). In contrast, the
tDCS sham-condition was designed to elicit only cutaneous
sensations that gradually disappear because of habituation (48).
Here, the current was ramped up for 30s, then stopped, and
at the end of the session ramped down for another 30s as
shown in Figure 1A (45). Through this design, we ensured that
all patients felt their skin comparable in degree and duration
with the active tDCS. The combined tDCS/tACS stimulation was
designed to indicate whether prior cathodal tDCS on the intact
hemisphere (a kind of conditioning) could enhance rtACS effects
compared to sham stimulation and rtACS without preceding
tDCS (45). Here, cathodal tDCS was applied to reduce the
interhemispheric imbalance by inhibiting the visual cortex of
the intact hemisphere (Figure 1B). All sham patients had been
offered to receive stimulation treatment after the final follow-up
evaluation. The stimulation parameters were kept unchanged for
20-30 min per day during the 2 weeks treatment (Figure 1C).
Of note: for all stimulation conditions, the default setting of the
neuroConn stimulator gives short pulse of 50 Hz at 0.5 pAmp
every 2 s to monitor the skin resistance.

Safety of Electrical Current Stimulation

The relatively large surface area of electrodes during stimulation
limited the maximum threshold of current densities compared
with other studies. The maximum current density was 42
wA/cm? below AC stimulating electrodes and 15 pA/ cm? below
the reference electrode. In the case of tDCS, it was 111 wA/cm?
below the stimulating electrodes, which corresponded to a total
charge density lower than 0.1 C/cm?, which was below the safety
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FIGURE 1 | (A) The pipeline for experiment time schedule and postdiagnostic, 5 min rsEEG, and visual parameters were recorded before the experiment as a
baseline, after 10 days of stimulation, and 2 months later at follow-up. Moreover, all sham patients were offered to receive stimulation treatment after the final
evaluation. (B,C) Therefore, three treatment groups were compared: tDCS/ACS (ACDC), sham tDCS/tACS (AC), and sham tDCS/sham tACS (SHAM). (D) Boxplot of
White and gray areas’ reaction time in visual field: the percentage change of the reaction time in ACDC decreased while in the two groups it increased. RT, reaction
time (unit: millisecond). The bottom part shows the percentage changes in each group, the median of percentage changes of ACDC was positive both in POST and
FU. In contrast, AC and SHAM group remains zero. From both high-resolution perimetry and visual field, the ACDC group shows a more promising visual performance

improvement than the other two groups. FOV, visual field (unit: dB).
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TABLE 1 | Demographics of patients and controls.

Patients Controls
ID Group Lesion HRP_Pre HRP_Post HRP_FU RT_Pre RT_Post RT_FU Field of vision (dB) Gender Age (y)
age
(mo) Black Gray White Black Gray White Black Gray White Gray White Gray White Gray White Pre Post FU
1 2 45 181 29 231 182 28 231 180 33 228 0.50 0.43 0.49 0.43 0.53 0.42 24 25 25 M 24
2 2 61 109 4 291 112 36 293 117 23 301 0.52 0.41 0.52 0.43 0.43 0.42 26 26 25 M 44
3 0 20 60 5 376 56 14 371 55 13 373 0.44 0.35 0.38 0.34 0.42 0.35 26 26 26 M 55
4 0 45 145 65 231 123 92 226 122 85 234 0.47 0.42 0.52 0.46 0.52 0.46 21 20 20 F 75
5 1 19 208 71 162 214 69 158 205 60 176 0.55 0.48 0.55 0.48 0.60 0.48 26 26 26 M 65
6 2 28 125 24 292 115 33 293 110 33 298 0.50 0.39 0.49 0.39 0.50 0.38 28 27 28 M 53
7 1 117 194 8 239 188 16 237 191 23 227 0.49 0.39 0.562 0.39 0.48 0.43 28 28 27 M 61
8 1 29 98 48 295 103 51 287 92 79 270 0.49 0.40 0.48 0.42 0.50 0.43 27 27 27 M 56
9 0 25 149 13 279 150 13 278 149 19 273 0.50 0.38 0.53 0.38 0.46 0.38 27 27 27 M 68
10 1 156 176 19 246 176 15 250 177 16 248 0.51 0.42 0.49 0.41 0.50 0.42 24 27 27 M 51
11 1 21 133 109 199 133 117 191 157 73 211 0.48 0.43 0.53 0.40 0.54 0.41 23 23 24 M 66
12 2 11 198 14 229 198 7 236 193 18 230 0.53 0.48 0.53 0.48 0.53 0.49 27 28 29 M 62
13 0 49 170 79 192 179 39 223 180 56 205 0.45 0.39 0.51 0.41 0.54 0.45 23 27 27 F 48
14 0 27 164 128 149 138 141 162 162 123 156 0.55 0.44 0.54 0.45 0.53 0.45 26 25 25 F 55
15 2 25 186 21 234 176 31 234 177 27 237 0.51 0.37 0.50 0.36 0.51 0.37 28 29 29 F 60
16 2 19 151 34 256 133 45 263 145 32 264 0.60 0.46 0.54 0.43 0.57 0.44 24 24 24 M 50
17 0 12 48 120 273 16 91 334 47 76 318 0.50 0.42 0.50 0.41 0.56 0.43 26 29 26 M 68
18 1 43 199 30 212 202 21 218 200 27 214 0.53 0.36 0.48 0.36 0.50 0.36 21 23 25 F 54
19 2 93 170 16 255 170 6 265 172 4 265 0.52 0.44 0.49 0.38 0.58 0.39 25 27 27 M 67
20 1 6 282 28 131 283 26 132 287 25 129 0.52 0.47 0.56 0.48 0.56 0.49 26 26 26 M 53
21 0 106 194 19 228 191 14 236 193 19 229 0.62 0.53 0.63 0.56 0.63 0.54 22 24 24 M 59
22 1 9 203 12 226 199 10 232 206 9 226 0.55 0.45 0.60 0.45 0.57 0.48 29 29 27 M 57
23 0 7 227 58 156 246 59 136 248 54 139 0.66 0.65 0.74 0.72 0.75 0.72 26 25 24 F 72
24 2 10 159 68 214 177 88 176 160 88 193 0.55 0.42 0.54 0.43 0.54 0.43 27 28 28 M 54
Mean 0Sham 40.95 163.70 44.12 233.16 160.83 44.25 23591 163.54 4229 23516 0.51 0.42 0.52 0.42 0.53 043 2541 26.08 2595 18M/6F 57.37
(SD) 1AC2 (39.21) (51.68) (35.92) (54.46) (57.55) (37.25) (58.64) (54.59) (30.98) (56.31) (0.05) (0.06) (0.06) (0.08) (0.07) (0.07) (2.22) (2.18) (1.96) (10.56)
ACDC

Gender: M, male; F, female; lesion age: the months since stroke happened; RT, reaction time; Pre, before treatment; Post, after treatment; FU, follow-up; ACDC, rntDCS/rtACS; AC, sham/rtACS; Sham, sham/sham.
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limits as described in the previous study (22). Safety guidelines
for direct current applied to the human brain were reported
(16, 22, 49).

The following undesirable events had been observed
immediately after each stimulation session and the following
day before the next stimulation session: rare cases of headache,
dizziness, fatigue/drowsiness, skin sensation, blurred vision
immediately after stimulation, and others. Patients were not
asked to perform a visual task during stimulation sessions but
just kept their eyes closed while sitting down.

EEG Recording and Pre-processing

High dense array EEG was recorded using a HydroCell GSN
128-channel net and Net Amps 300 amplifier (EGI Inc., Eugene,
OR, USA) with sampled frequency 500Hz. Impedance was
ascertained to be <50 k2 throughout the recording. Patient’s
resting-state EEG was recorded at three time points (before
treatment: Pre, after 10 days of treatment: Post, follow-up after
2 months: FU). During the recording, patients were instructed to
keep relaxed, with their eyes closed, for at least 5 min. There was
no significant difference in patient’s age in the three group after
a Kruskal-Wallis test (p > 0.05), ACDC (mean £ SD = 53.45 £+
14.18), AC (mean =+ SD = 58.25 & 9.54), and sham (mean =+ SD
= 63.87 £ 5.38).

EEG signals were analyzed with MATLAB version 2019a
and Fieldtrip (50). A digital 1-145-Hz bandpass filter was
applied as well as a 50-Hz notch filter, and the data were
down-sampled to 250 Hz and then referenced by the common
average reference method. Five-min-long EEG recordings for
both groups were segmented into 2-s-long epochs with 0.5-
s overlapping. Components of eye blinks and cardiac activity
were removed by an independent component analysis algorithm.
The frequency was decomposed in seven frequency bands: Delta
(1-3Hz), Theta (4-7 Hz), Alphal (8-10 Hz), Alpha2 (11-13 Hz),
Betal (14-21 Hz), Beta2 (22-30 Hz), and the whole alpha band as
(8-13 Hz).

Source Construction

The forward model was calculated using the symmetric boundary
element method (51); inverse model was calculated with a
beam-forming method using the partial canonical correlation
method (52), which implements dynamical imaging of coherent
sources (53) algorithm for computing the spatial filters for
each dipole location in the source model. The estimation of
noise was projected with option cfg.projectnosie = “yes” in
Fieldtrip toolbox to remove the center of the head bias with a
regularization parameter X = 5%. The Automated anatomical
labelling-Volume-of-Interests atlas is an automatic anatomical
labeling result (54) of spatially normalized, single-subject,
high-resolution T1 MRI data set provided by the Montreal
Neurological Institute (MNI) (55), which includes 120 structure
definitions, only 90 subareas were used in this study.

Functional Connectivity Estimation

Brain functional connectivity was assessed by calculating the
statistical synchronization to quantify the interaction between
different brain region pairs (56, 57). Functional connectivity

was estimated with imagery part of coherence at the anatomical
level. Coherence can be used to quantify how the brain regions
synchronize neural oscillation among each other (58). This
method is insensitive to false connectivity arising from volume
conduction to measure the functional connectivity with resting-
state EEG data (59). Both the sensor level and anatomical level
were defined as follows:

Yo S DSY ()

)
SISt 0 N 1si 02

iCOh(f’t) = |im(

where 87 (f,t) and S} (£t) are the frequency-decomposed EEG
data from two specific regions for every subject and condition.
Coherence between all pairs of dipoles were parcellated with the
AAL atlas with the imaginary part of coherence for each subject
per frequency band to obtain a parceled connectivity matrix (90
x 90). Coherence was segmented into short (local) and long
(global) range, and the local coherence was determined within
each lobe of interest; the long-range coherence was from left or
right occipital (LO or RO) compared to the rest of the brain
regions [RO] to [RT, RE RP, LT, LE, LP, LO] or [LO] to [RT, RE,
RP, RO, LT, LE LP].

In our analysis, we used graph theory, which was developed to
analyze complex network structures. It is a method now widely
used to explore brain functional connectivity (FCN) changes
(60, 61). Graph theory describes important properties of brain
networks by quantifying typologies of their respective network
measures by anatomical tracts or by functional associations (62).
According to graph theory, brain areas are referred to as “nodes”
or “vertices,” and edges represent the connections between the
nodes. The term “node degree” is used for the number of links
connected to a center node, and strength is the sum weights of
links connected to the center node. The clustering coefficient
is the fraction of triangles around the center node (61). Node
betweenness centrality is the value of all shortest paths that
pass through a given node. Nodes with high values of centrality
involve a large number of shortest paths. The key features of
a network structure are the clustering coefficient and the path
length of its connections. While a high cluster coeflicient is a sign
of a rather stable network, a short path length is less stable but
more flexible. Brain network structures are typically somewhere
in between these two poles. It is a compromise of both poles,
stability and flexibility, and is called a “small world” network. The
network structure was defined by different as now described.

Characteristic Path Length
In the graph theory, the shortest path length is the short distance
from one node to another node, which related to network
efficiency and information transfer rate (61); the characteristic
path length (CPL) is the average shortest path length of all nodes
in the network with a definition:

1
L=-Y1IL

where J; is the average path length of between node i and all
other nodes.
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Clustering Coefficient

The clustering coefficient is the fraction of triangles around a
node and is equivalent to the fraction of the node’s neighbors that
are neighbors of each other (63).

1 1
C=,2G=,

iN

2t;
Ki(K; — 1)

2

iN
where C; is the clustering coefficient of node i (C; =0 for K; < 2).

Visual Field Diagnostic

Visual field parameters (visual field: FOV, high-resolution
perimetry [HRP]) were assessed in patients to quantify the
visual impairment in different phase. The contralateral eye’s FOV
was measured by OCULUS Twinfield®. HRP demonstrates the
visual field charts generated by high-resolution computer-based
perimetry developed by the Sabel laboratory (1).

Data Analysis and Software

Data analysis was conducted with MATLAB, 2017a (64).
EEG was preprocessed and resourced in Fieldtrip (50), the
functional connectivity measures were calculated by the brain
connectivity toolbox (61), and the long coherence was visualized
by BrainNetViewer (65). Pearson correlation was performed
between the behavior data and brain network measures at
each frequency band. Because our study was explorative, no
adjustment was made for multiple comparisons (66).

Visual fields were analyzed with respect to absolute change
in HRP and percentage change in FOV after NIBS per group.
A repeated-measures analysis of variance (ANOVA) test was
performed (three groups: ACDC, AC, and Sham, and two time
periods: post-pre and FU-pre). p-value was corrected by the
Tukey-Kramer test in the post-hoc analysis.

RESULTS

Visual Field Recovery

A detailed description of visual field recovery is published
elsewhere (35). However, to explore the functional meaning of
brain network changes, here we report detection performance in
the visual fields and the RTs.

Visual field: There was no significant main effect (F(; ;) =
0.002, p = 0.9) and no interaction effect (F;5;) = 0.46, p =
0.63) in visual field detection performance. However, as shown
in Figure 1D, the ACDC group’s FOV increased after treatment,
and this was maintained at follow-up. In contrast, the other two
groups’ median FOV remained unchanged after treatment and
at follow-up. This suggests that visual functionality of the ACDC
group had a trend of an enhancement at a group level compared
with baseline, which was not observed in the other two groups.

Reaction time: No significant interaction effect was observed
[F(1,21) = 1.49, p = 0.24] on white and gray RT percentage shown
in Figure 1D. However, there was a trend of ACDC RT decrease
(which is an improvement) in both Post and FU in the intact
sector of the visual field. In contrast, both AC and Sham groups’
RT increased in Post and FU compared with baseline. As for
the gray area, there was neither significant interaction [F(y)

= 0.006, p = 0.99] nor a main effect for the group interactions
[F(1,21) = 0.84, p = 0.37]. However, RT of ACDC decreased, while
the RT of AC and Sham increased comparing with baseline in
Post and FU. This indicates the ACDC group has a greater visual
acuity percentage change than the other two groups.

Brain Network After Brain Stimulation
We performed a two-way 3 (stimulation group: ACDC, AC, and
sham) x 3 (time: Pre, Post, and FU) mixed-design ANOVA with
repeated measures on the time variable of local node strength and
long coherence (Figure 2A). A compound symmetry assumption
was checked before statistical analysis was performed. The
regular p-value calculations in the repeated measures were
reported if the theoretical distribution of the response variables
was of the same variance. p-value calculations were corrected
with Greenhouse-Geisser approximation. The post-hoc test was
estimated with a significant sign (p < 0.05) after a mixed-design
ANOVA test, and the family-wise error rate was controlled by the
Tukey-Kramer test after estimating homogeneity of variances.
To explore the role of brain functional network reorganization
as potential mechanisms of recovery, we calculated the two global
parameters CPL and “global clustering coefficient” using a 30%
threshold of the connectivity matrix (67).

Between-Group Analysis
There was no significant interaction effect on the alpha band in
the occipital lobe.

Within-Group Analysis

A significant main effect of strength was observed in the ACDC
group with repeated time measures on occipital sup of the
lesioned hemisphere [F(;47) = 5.31, p = 0.009]. We ascertained
that the assumption of sphericity was not violated (W = 0.97, p =
0.74). Thus, in the ACDC group, the strength of three treatment
time points on occipital  sup_LH differed significantly. Post-
hoc analysis showed that FU strength on occipital_sup _LH was
significantly higher than Pre (median + SEM = 0.84 &+ 0.32, p
—=0.044).

The significant main effect of strength in Sham group was
observed with repeated time measures on occipital_mid of
the lesioned hemisphere [F;47) = 4.486, p = 0.017] and
occipital_sup of lesioned hemisphere [F47) = 531, p =
0.009]. The assumption of sphericity was not violated (W =
0.99, p = 098; and W = 0.97, p = 0.74, respectively). This
shows that if we only consider the sham group’s treatment,
the strength of three time points on occipital mid_LH and
occipital_sup_LH significantly differed. Post-hoc analysis showed
that the node strength of occipital_mid_LH after Sham treatment
was significantly higher than before treatment (median + SEM =
1.01 £ 0.42, p = 0.050) and follow-up (median 4+ SEM = 1.35 &+
0.39 p = 0.007). Moreover, the occipital_sup_LH node strength
after Sham treatment was also observed to be significantly lower
than follow-up (median £+ SEM = 1.30 + 0.41, p = 0.011)
(Figure 2A, right part).

Global Small World Networks
According to graph theory, a network structure can be
characterized by two opposing poles: a high cluster coefficient

Frontiers in Neurology | www.frontiersin.org

35

October 2021 | Volume 12 | Article 729703


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Xu et al. Vision Recovery After Occipital Stroke

A . . - -
Node strength in lesion occipital lobe
FU Occipital_Mid_LH(ACDC) Occipital_Sup_LH(ACDC)
> S - Pre - Pre
2 — POgt 2 — Post
=3 —Fu §, 1 ——
-4
ACDC g 10 g0 10
? @ 4
median 2 2
Frequency(Hz) Frequency(Hz)
15
Occipital_Mid_LH(AC) Occipital_Sup_LH(AC)
1
— P
2
108 Post
1 — Yy £
i g 0 g
=
08 @ 1 i e
2 B
15 Frequency(Hz) Frequency(Hz)
Occipital_Mid_LH(Sham) Occipital_Sup_LH(Sham)
++ —_— Pre y & Sap—
2 ——— Post 2 ——— Post
1 — Fy | — FY
£
- &
£ 10 15 20 25 £
&, R
2 2
Frequency(Hz) Frequency(Hz)
B
Global CPL and CC
0.01 e Patients group(AC) 001+ Patients group(Sham)
z = 3 — e 2
é 0.005 g 0.005} Pt é
3 3 3
2 2 2
£ 3 §
€ -0.005 3 2 0.
o o o
-0.01 Frequency(Hz)
Patients group(ACDC)
g 10r . = £
2  —— e 2
L 1 | se— Pogt S 3
£ =" £ £
T o o
a g o o
£ 0f : 8 2
g | g 2
$ s § g
F i ;
P4 Frequency(Hz)
© .10 Frequency(Hz) © .10 © 0! Frequency(Hz)
FIGURE 2 | (A) The left side displays the surface plot of the median node strength per group in the alpha band. Baseline (PRE): ACDC and AC groups have stronger
connectivity than the SHAM group in the intact hemisphere (parietal and occipital), after treatment (POST): ACDC and AC groups have lower node strength than the
SHAM group (parietal and occipital). Follow-up (FU): ACDC has stronger connectivity than the AC and SHAM group. Right part: Line plot of the single occipital lobe
from 1 to 30 Hz with control baseline corrected. In ACDC, the middle and superior occipital regions have greater strength at POST and FU than PRE (p < 0.05).
Meanwhile, the AC group shows a similar pattern for a three time points (o > 0.05) in the above two ROIls. The SHAM group’s node strength was significantly
enhanced after treatment and then dropped down to the original level. (B) This shows the global clustering coefficient and CPL for three groups. The ACDC group had
decreased CC at follow-up, indicating that information transfer in the whole brain needed to pass fewer nodes than baseline (i.e., it is more efficient). Here, the
connections are more ordered or less diffuse. No significance was observed in the other groups. *p < 0.05.

with long path length (an “ordered” network) and a low  networks are sometimes characterized by high clustering and a
clustering with short path length (a “random” network). If the ~ small path length (63). We calculate the global CPL and CC using
network is in between those two poles, it has a proper balance  the 30% threshold of connectivity matrix as a criterion for three
between “stability” and “efficiency.” Then it is called a small  treatment groups to identify the small world network dynamic
world network. Patterns of anatomical connectivity in neuronal ~ changes. Using these network parameters, we performed a
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two-way 3 (group: ACDC, AC, and sham) X 3 (time: Pre, Post,
and FU) mixed-design ANOVA with repeated measurements
on the time variable. The compound symmetry assumption
was checked before statistics was performed. The regular p-
value calculations in the repeated measures were reported if
the theoretical distribution of the response variables had the
same variance, provided the compound symmetry assumption
was not violated; p-value calculations were corrected with the
Greenhouse-Geisser approximation, and the post-hoc test was
estimated with a significance level of p < 0.05 after a mixed-
design ANOVA test. The family-wise error rate was controlled by
the Tukey-Kramer test following estimation of the homogeneity
of variances. No significance was observed for the global CPL
and CC (Figure 2B). However, a trend was noted in that the
global CC of ACDC was decreased in FU, whereas the global
CPL remained at the same level as before, a clear sign of a more
efficient small-worldness network after ACDC treatment.

Correlation Between Brain Network Measure and RT
The functional meaning of the network dynamics can be explored
with correlation analyses. We found a negative correlation
between the intact visual field and CPL (global CPL), which
was significantly different at post (r = —0.80, p = 0.017) in
the ACDC group (Figure 3A); this indicates that a larger visual
field is associated with lower CPL after treatment. Furthermore, a
positive correlation was observed between RT in areas of residual
vision and CPL at Pre (r = 0.70, p = 0.049), suggesting that slower
RT of the residual visual field was associated with higher CPL.

The correlation between brain network measures at
subregions of occipital lobe and RT in intact VF shows a
trend of a treatment effect as well. Node strength correlated
negatively with both the intact and the lesioned hemisphere
(Figure 3B), indicating that better visual function is supported
by higher node strength in the brain. As for centrality, which is a
measure to quantify how many shortest path length go through
one node, the results show that after treatment and follow-up
better visual function is supported by a state where brain has a
higher capacity to compensate spontaneously.

The centrality of cuneus (r = —0.88, p < 0.01) and lingual
(r =—0.73, p < 0.01) in the intact hemisphere was significantly
correlated with the RT (Figure 3B), demonstrating that ACDC
may have long-lasting modulation effect than the other two
groups (see follow-up). ACDC enhances both hemispheres
brain connectivity, and especially, we could assume that “silent”
neurons were reactivated, more functional connectivity could be
rescheduled and transferred around the lesion part.

Global Brain Connectivity

The connection coherence from lesion occipital and intact
occipital to other brain regions was calculated, as shown in
Figure 3C. A two-way mixed-design ANOVA test was conducted
on brain network measures between group (ACDC, AC, sham)
and time (before treatment: Pre, after treatment: Post, and:
FU). The post-hoc analysis has been performed for the pairwise
comparison with a significant level of p < 0.05; the family-wise
error rate was adjusted.

A significant coherence was observed between the lesioned
occipital (LH) and the intact occipital (IH) region in three
measurements (F(; 43y = 6.509, p = 0.003), and the neural
correlation in the delta band was significantly declined between
the lesion occipital and intact occipital lobe after ACDC. Post-hoc
analysis indicates that coherence after Post was lower than the Pre
(MD =+ SEM = —0.014 =+ 0.005, p = 0.036), with a trend at FU
(MD =+ SEM = —0.016 = 0.007, p = 0.069).

A significant coherence was also observed between intact
occipital (I0) and intact temporal (IT) in three measurements
(F(2,42) = 6.16, p = 0.004). The coherence between 10 and I'T was
enhanced after Post and significantly declined at follow-up in the
ACDC group in the low beta band. Post-hoc analysis indicates
that the coherence of FU was lower than at Post (MD =+ SEM =
—0.017 £ 0.006, p = 0.018). And there was a trend of coherence
enhancement after Post when compared with Pre-treatment (MD
+ SEM = —0.018 4 0.007, p = 0.054).

Comparing Responders With

Non-responders

To further clarify the role of brain FCN reorganization in
vision recovery and validate the meaning of our correlation
results, we compared responders and non-responders. To this
end, we used the contralateral visual field as obtained by
standard Oculus perimetry as a criterion to classify each patient
as either a responder or non-responder, irrespective of which
treatment they received. Therefore, here we calculated only
the correlation between FOV and EEG measures to compare
responders and non-responders.

As shown in Figure 4A, patients above the zero line were
considered responders (n = 10) and all other non-responders (n
= 14). We performed a two-way ANOVA test (group: responder
and non-responder, time: Post vs. Pre, FU vs. Pre) to investigate
HRP changes that were not, but the Mann-Whitney U-test
revealed that the FOV was greater in the responders (z = 4.17,
p < 0.001) at Figure 4B (right part). Of note, this difference
was the result of the definition of responder and confirms that
both groups are, in fact, different. It does not demonstrate
treatment efficacy.

Local Brain Network Dynamics Changes

To compare the local node strength and centrality changes
in responders with non-responders, we performed a two-way
repeated ANOVA (groups: responder and non-responder, time:
baseline and FU). In the lesioned hemisphere, the low alpha-
band node strength in calcarine (F(j,y) = 6.42, p = 0.018)
and lingual lobes (F(12,) = 7.38, p = 0.012) was significantly
different between responders and non-responders during follow-
up. The post-hoc test showed in responders higher node strength
in calcarine (MD #+ SEM = —1.56 £ 0.57, p = 0.013) and lingual
area (MD £ SEM = —1.68 £ 0.49, p = 0.002) (Figure 4C).
In the intact hemisphere, both low alpha band node strength
in calcarine (F(j2) = 9.60, p = 0.005) and lingual lobes
(Fa,22) = 5.76, p = 0.025) was significantly different between
both groups during follow-up. Post-hoc, they were higher in
responders for node strength in calcarine (MD £ SEM = —1.56
=+ 0.65, p = 0.026) and lingual (MD £ SEM = —1.503 =+ 0.427,
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p = 0.002). No significance was observed for brain network
measure centrality. However, centrality of intact middle occipital
at FU was lower than Pre in responders (p = 0.32, MD = —44).

Global Network Measures

Global network features are those that describe the state of
the whole brain, irrespective of region. We first calculated
the global clustering coefficient and global characteristic path
length, followed by two-way repeated ANOVA (two groups/three
time points). The p-value was corrected by the Tukey test
in post-hoc analysis. The only significant finding was that
global CC in FU was significantly lower than the Post (MD
£+ SEM = —0.0068 £ 0.0027, p = 0.05) in the high alpha
band (Figure 5A). This suggests that responders need fewer
connections to handle the neuronal synchronization in the
resting state.

Global Coherence for Responder and Non-responder
To investigate the long coherence fluctuation irrespective of
the stimulation protocols, a two-way repeated-measure ANOVA
was performed (three groups: control, responder, and non-
responder, and two time points: Pre and FU). The p-value was

adjusted for multiple comparisons by Tukey-Kramer test for
post-hoc analysis.

A main effect on coherence was observed between intact
occipital and lesion frontal in the alpha band (F(; 45y = 4.032,
p = 0.05) (Figure 5B). Post-hoc, the FU coherence between
the occipital IH and frontal LH was significantly lower than
baseline in responders (median & SEM = 0.0069 £ 0.003,
p 0.025), and an interaction effect was observed when
investigating the difference between the control and responders
during FU (F(p45 = 4.04, p = 0.024) in the alpha band.
Furthermore, at FU, the coherence between the occipital IH
and temporal TH was significantly higher in non-responders
when compared to controls (MD £ SEM = 0.0140 £ 0.0053,
p=10.030).

Correlation Between FOV and Brain Network
Measures

Pearson correlations were calculated to investigate the
relationship  between visual functionality measurements
(FOV: Figure 6 and HRP: Figure7) and node strength. We
observed significant correlations both in the lingual LH
(r_resFU —0.783, p = 0.007) and middle occipital IH
(r_resFU —0.725, p 0.018), where responders with
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higher FOV showed lower node strength in the delta band
and higher node strength in non-responders in lingual LH
(r_resFU 0.609, p 0.021) and middle occipital IH
(r_resFU = 0.573, p = 0.032). This suggests that in both
hemispheres, responders with higher FOV had lower delta
band strength, whereas non-responders had higher delta
band strength.

The same delta band pattern was also noted in both
hemisphere of calcarine (lesion hemisphere: r_nonresFU
0.608, p_nonresFU = 0.023, intact hemisphere: r_nonresFU
0.539, p_nonresFU = 0.047) in non-responders. Delta band node
strength was positively correlated with FOV in non-responders.
This may be one possible reason why non-responders failed to
improve their vision because of the delta band oscillation in
visual cortex.

High alpha-band node strength correlated significantly
with FOV in lingual IH (r_nonresFU —0.686, p
0.004) and middle frontal LH (r_nonresFU = —0.686, p =
0.007) in non-responders. This indicates that alpha-band
node strength decreases with higher FOV measure in
non-responders.

DISCUSSION

To study brain FCN reorganization following NIBS in
hemianopic stroke, we used graph theory to analyze the
local and global network features and how they correlate with

visual field recovery. The study’s aim was to find a stimulation
protocol for clinical use in stroke rehabilitation.

Behavioral Performance

We studied different visual field parameters (FOV and HRP),
which were already reported in detail elsewhere (35). For the
present study, FOV and HRP data were used to establish
correlations with FCN parameters (Figures 1D, 4A,B; Table 1).
As we showed, ACDC patients showed only a trend of an
improvement over baseline of FOV and faster RTs. In contrast,
AC and Sham patient at Post and FU showed a slower RT
and no change over baseline of the FOV. But the combined
tACS and tDCS enhanced visual performance compared to
baseline, which was not observed in the other two groups.
The output of observable behavior performance enhancement
of visual functions was ACDC >AC > Sham. Because only the
ACDC had improved visual performance, this raises the question
as to possible brain FCN reorganization in this group.

Local and Global Network Alteration After
NIBS

Neuroplasticity is a critical factor in many neurological
or neuropsychiatric diseases (29). Hence, modifying cortical
activities by NIBS might be a promising therapeutic approach
for clinical application (68). For example, tDCS shifts the
suprathreshold of the resting state membrane potentials toward
depolarization or hyperpolarization (69). Another approach is
tACS, which entrains the neural oscillation in a frequency- and
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FIGURE 5 | (A) Global clustering coefficient and CPL show no interaction or main effect for characteristics path length (two groups/three time points). But a main
effect was observed in the responders when comparing FU and POST, namely, a lower clustering coefficient. (B) The global coherence. From (B), we could see the
strength of the intact middle occipital increased, whereas the centrality decreased, which is very interesting; we may suggest that intact middle occipital gets rid of
redundant connections from various regions but enhanced the connection with intact temporal lobe, as the temporal lobe could help the vision loss patient to handle
the daily perception or movement identification. The long coherence between lesion frontal and intact occipital was observed significantly reduced at FU; the
coherence was lower than that in PRE in the alpha band. The coherence between the lesion temporal and lesion occipital was significantly changed; both the
responders and non-responders show higher coherence than the control subject.
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phase-specific manner (23) and induces an endogenous network
coupling or decoupling in a long-lasting manner (70, 71).
Vision loss in the blind is induced not only by primary
tissue damage but can also be interpreted by a breakdown
of synchronization in brain networks (72). Here, the intact
hemisphere hyperactivity may be a possible mechanism of
spontaneous compensation (73, 74), which may—or may not—
be beneficial for neuron rehabilitation. In fact, compensation
could be a possible barrier for recovery of the disturbed
balance between both hemispheres, because hyperactivity of
the intact hemisphere has the potential to inhibit the lesioned
hemisphere’s residual function (39, 40). We chose to test tDCS
protocols because they allow for lateralized anode and cathode
positioning tDCS protocols to modulate cortical imbalance
between excitation and inhibition (45). But we also studied
tACS, which allows manipulation of phase coherence between
distant brain regions. The long-lasting effects of tACS were not
only studied in optic nerve patients (see Introduction) but also
reported in cognitive tasks (19, 75-78). Based on the above,
the active tACS electrode was positioned at Fpz to entrain
intrinsic neuron oscillation with a frequency of 5 to 30 Hz.
These montages were tested in the present randomized and
sham-controlled clinic trial using a sequential approach of tDCS
followed by tACS.

Interhemispheric Balance After NIBS

Cortical network reorganization after an injury is a widely
recognized phenomenon (79). One study reported hemianopia
patients with damage on the left primary visual cortex who
showed greater activation on other lobes in the lesion hemisphere
and intact hemisphere associated with the visual cortex (80).
Another study showed that bilateral SMA activation was
increased after intensive rehabilitation of postural balance (81).
Yet, others suggested that plastic reorganization of cognitive
resources serves to compensate for impairment in stroke patients
during motor rehabilitation tasks (82). However, such studies of
cortical balance and recovery using EEG were not carried out
with hemianopic stroke patients. Most recently, another study
reported that vision restoration training can improve visual field
defects in chronic hemianopia and that this correlated with
functional brain network reorganization as measured by MRI
in precuneus, which may help quantify patient’s ability to direct
spatial attention (83). In the present study, we first applied the
cathodal tDCS over the intact visual hemisphere with the goal
to inhibit the increased excitability caused by brain network
reorganization after the stroke, which was then immediately
followed by tACS applied at Fpz to entrain oscillations for
both hemisphere. In the ACDC group, the middle and superior
occipital lobe of the lesion hemisphere had significantly higher
strength in Post and FU compared to baseline and showed
greater network strength in the intact middle occipital lobe.
An enhancement of the lesioned hemisphere in the ACDC
group was also observed in the superior occipital lobe. The
strength of both AC and sham group fell back to slightly
below the original level during follow-up. Both occipital lobes’
enhanced strength could demonstrate that interhemispheric
connections were more balanced in the ACDC group. Because

this correlated with visual performance in the ACDC group, this
observation is compatible with the hypothesis that postlesion
FCN plasticity reduces the imbalance between the lesioned and
the intact hemisphere. As we showed, the unique protocol
design of ACDC is able to modulate brain plasticity between the
lesion and intact hemisphere, where the continuous stimulation
can produce sustained and long-lasting neuronal modulation
of the brain’s neural networks. However, in stroke patients,
ACS alone is largely ineffective, except for a benefit of foveal
sensitivity (35).

The strength of calcarine_IH increased in the ACDC group,
whereas the other two groups did not show similar patterns.
The same change was also observed in the responder group.
The centrality of both calcarine_IH and lingual IH positively
correlated with the RT in Pre and correlated negatively with RT
both in Post and RT. This shows that the ACDC modulation
enhanced the efficiency of information transfer on these two
brain regions, which is associated with recovery of visual function
(faster RT).

Regarding the issue of global brain network modulation, a
lower CC was observed only in the ACDC group compared
to baseline, where ACDC reduced alpha-band whole-brain
connections. Our interpretation is that reduced connections
are a sign of greater efficiency of visual processing, where less
connectivity (greater processing efficiency) could comprise a
possible mechanism of visual recovery.

Correlation of Visually Guided Behavior and Global
Network FCN Measures

CPL is the average shortest path length in the network; a
lower CPL indicates that fewer intermediary nodes are needed
to transfer information between two unlinked nodes. In this
case, the efficacy within a network is considered to be high.
We found a significant positive correlation between the gray
dots’ RT and alpha-band CPL in the ACDC group at baseline,
which disappeared at follow-up. This suggests that vision
processing after ACDC modulation needs fewer nodes, i.e.,
fewer steps to process neural information. In the ACDC group,
a significant negative correlation was observed between the
number of white dots in HRP and CPL after treatment. This
also suggests that ACDC decreased the whole-brain alpha-
band CPL, and this was associated with an enlarged visual
field. In contrast, CPL shows a very low negative correlation
at FU. In summary, we suggest that ACDC can enhance
processing efficiency in the alpha band, which also contributes
to vision recovery.

Global Coherence After Brain Stimulation

The changes of the brain network in global coherence at both
Post and FU show that NIBS can trigger brain plasticity by
altering functional interaction between multiple brain regions.
Specifically, ACDC reduced the functional connectivity between
the lesion and the intact occipital lobe in the delta band and
enhanced the connectivity between the intact occipital and the
intact temporal lobe in the low beta band. In contrast, in the sham
and ACS groups, no significant network changes were observed.
Therefore, the combination of tACS and tDCS is apparently
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able to modulate neural plasticity by increasing the efficiency of
communication between remote regions of the brain, possibly by
improving interhemispheric balance.

The Challenge and Efficacy of Sham and AC Design
The design of a proper sham condition is one of the biggest
challenges in NIBS studies because NIBS can elicit cutaneous
sensations that gradually disappear due to habituation, and
tACS induces phosphene perception (47). We used 5-Hz
burst/min current bursts rather than “no stimulation” in the
Sham tACS group. The current level was ramped up for the
30s, then stopped, and at the end of the session ramped
down for another 30s in the sham tDCS group (45). In
this way, we ensured a comparable effect and duration of
cutaneous sensations for all the patients during stimulation
with this unique design. In the sham group, however, the
strength of temporal_mid_IH increased significantly after 10
days of stimulation and at follow-up returned back toward
baseline levels. This suggests that the sham condition was
not neutral but altered the strength, which might mean
that the temporal lobe is sensitive to slow burst current in
sham tACS, although no long-lasting effect was observed.
Yet, node strength in the occipital cortex did not change
after ACS.

Comparison of Responders and

Non-responders

Compared to non-responders, responders had less gray and more
white visual field sectors. This is in agreement with the hypothesis
that “areas of residual vision” (gray sectors) can be activated,
improving regions of partial vision (84). Most patients with
residual structures and functions spared by the damage have
such “gray” regions where function is neither completely lost
nor normal (85). The faster RT of white and gray regions of the
visual field demonstrates that visual processing was enhanced in
responders compared to baseline. Responders had significantly
higher FOV than non-responders, both after treatment and at
FU. This raises the question how the local and global brain
network compares between responders and non-responders,
irrespective of their NIBS treatment.

Local and Global Network in Responders

The total group of responders (ie., irrespective to which
group each patient belonged) showed significantly enhanced
strength in the low alpha band in the lingual and calcarine
lobe of both hemispheres, which non-responders did not. The
lingual gyrus located between the middle of the temporal lobe
and occipital lobe is relevant for complex visual processing
such as object shape and contour information (86, 87). The
calcarine sulcus is mainly involved in the primary visual cortex
(V1) with a role in early-stage visual processing, creating
a bottom-up saliency map from visual inputs to guide the
shifts of attention (88, 89). The strength enhancement in both
hemispheres could be a sign of compensation following the
occipital damage. Similarly, the strength of the middle occipital
region of the intact hemisphere was enhanced. We conclude that
the reorganization occurs in two hemispheres symmetrically as

a consequence of the occipital lobe. The correlation between
network strength and behavior performance indicates that the
delta band and alpha band play a vital role in vision recovery.
Possibly regions with less alpha and higher delta are less
responsive to the NIBS-induced oscillations, at least with regard
to behavior output.

While in the delta band of the lingual and calcarine node
non-responders had higher connection weights with higher
FOV values, responders had fewer connection weights with
higher FOV. Thus, delta band connectivity might play a critical
role in enhancing visual functions and be a possible recovery
biomarker of brain network reorganization. The same was noted
in the intact middle occipital lobe; in responders, better vision
was associated with lower delta band connectivity strength of
the intact middle occipital, whereas the non-responders had
higher node strength. The pattern is consistent with the neural
correlation between the intact and lesion occipital lobe in the
ACDC group: here, a lower coherence in the delta band between
two occipital lobes was associated with visual field parameter
improvement. Similarly, the global CC of the responder group
in FU was significantly decreased in high alpha band compared
to baseline. Thus, this finding also suggests that responders (with
better vision recovery) needed fewer whole-brain connections in
the high alpha band.

Correlation Between the FOV and Network Measures
In non-responders, greater visual acuity correlated with lower
strength and FOV in the alpha band, especially at the frontal
and lingual region. We also observed that the correlation
between intact occipital and lesioned frontal lobe was decreased
in responders. Thus, a local and global pattern of decreased
connections between the intact occipital cortex and the lesioned
frontal cortex signal seems to be a physiological correlate of
vision recovery, and it shows that the middle frontal lobe plays an
important role as a visual information-processing bridge, which
was weakened after ACDC treatment.

Coherence Between the Intact Occipital and Intact
Temporal Lobe

In responders, the FU coherence between intact occipital
and intact temporal lobe was significantly higher than at
baseline. It is known that the temporal lobe is responsible for
handling perception and movement identification. Therefore,
an enhanced connection between two lobes following NIBS
suggests that the intact temporal lobe adjusts the internal
information transmission state more rapidly. It may temporarily
disengage connections with other regions that are less important,
providing more support for the visual cortex to process visual
movement information. Centrality of the intact temporal
lobe demonstrates how much information is transferred
through this area. In responders, we noticed a trend of
local node enhancement in centrality and strength during
FU compared with baseline and control. In responders,
the centrality of Occipital mid IH remained unchanged
compared to baseline, whereas centrality of Temporal_mid_IH
increased. Considering the global coherence enhancement
between the intact occipital and intact temporal regions,
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this suggests that the communication between the intact
occipital and temporal lobe plays a critical role in visual
function enhancement, and it is this enhancement that seems to
be adaptive.

In summary, occipital damage following stroke creates
partial vision loss with brain network alteration in the delta
and alpha band, and ACDC, but not AC alone, improves
visual functions. As we now showed, brain network plasticity
patterns such as interhemispheric (im-) balance and long-
lasting plasticity were consistent with behavior performance in
the ACDC group. This demonstrates that modulating brain
network plasticity is a promising tool to induce vision recovery.
An analysis of responders vs. non-responders (irrespective
of the treatment they received) also helped us understand
NIBS effects, highlighting the role of a reduction of the
coherence between the LH and IH occipital lobes in the
delta band and a reduced high alpha-band coherence between
the frontal and occipital lobe; these two FCN patterns might
comprise biomarkers of vision recovery and shed light on
the role of coherence between intact occipital and intact
temporal regions. Future experiments are needed to confirm
this proposal.

Limitations

Our study has several limitations. First, the sample size per
group was relatively small, but recruitment problems to find
patients who met all inclusion and exclusion criteria were a
challenge. While finding significant effects despite a small sample
is suggestive, our results are not conclusive until a larger-sample
study is done. Another limitation is the low spatial resolution
of the EEG signals and a common fMRI template from MNI
when resourcing. A better resolution would be preferable with
individual head model for both patients and controls. Some
researchers reported that intraindividual variability in response
to tDCS and tACS was found (90-93). There are different possible
sources of outcome variability. First, the individual anatomy
varies between patients, which generates differences in electric
fields inside the brain (91). Even in a fixed stimulation montage
and intensity, there is substantial variability of spatial distribution
and strength considering individual anatomical differences (91).
In our study, the data were warped into MNI space during
source reconstruction. Some researchers argue that the standard
template would make the anatomy less precise especially in
the lesion area; however, because we used the same pipeline
and could still demonstrate consistent and interpretable results
from our brain network analysis, this limitation is acceptable
for an exploratory study. Second, there may be other systemic
factors (such as blood flow differences, hormonal or nutritional
influences) that may influence neurophysiological activity during
FU, and third, we recently observed that vision recovery following
ACS treatment in patients with optic nerve damage depends on
patients’ personality traits and stress history (94).

CONCLUSIONS

Our exploratory clinical trial of hemianopic stroke patients
showed that ACDC, but not ACS treatment, is able to induce

greater hemispheric balance of brain FCNs in the alpha band,
which correlates with vision recovery. In addition, ACDC
decreases delta band coherence between the lesioned and intact
occipital cortex and modifies the connections with other regions.
A lowered global clustering coefficient observed in responders
may be a physiological biomarker or mechanism of vision
recovery, in that the brain’s FCN can process visual information
more efficiently. Here, visual processing is achieved with lower
functional connectivity in the alpha band. In summary, brain
FCN reorganization is relevant for the postlesion response
and plasticity of the damaged visual system. This finding can
inspire our search for more effective stimulation protocols to
induce vision restoration in ways that are more effective and
more long-lasting.
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Background: Previously published retrospective series show a high prevalence of fecal
incontinence (FI) in stroke patients. We aimed to analyze in a prospective series the
current incidence of Fl in acute stroke in functionally independent patients and its
evolution over time and the patient characteristics associated with the appearance of
Fl in acute stroke.

Methods: We included consecutive patients with acute stroke admitted in our stroke
unit who fulfilled the following inclusion criteria: a first episode of stroke, aged >18
years, with no previous functional dependency [modified Rankin Scale (MRS) < 2] and
without previous known Fl. FI was assessed by a multidisciplinary trained team using
dedicated questionnaires at 72 + 24 h (acute phase) and at 90 + 15 days (chronic phase).
Demographic, medical history, clinical and stroke features, mortality, and mRS at 7 days
were collected.

Results: Three hundred fifty-nine (48.3%) of 749 patients (mean age 65.9 + 10, 64%
male, 84.1% ischemic) fulfilled the inclusion criteria and were prospectively included
during a 20-month period. FI was identified in 23 patients (6.4%) at 72 £+ 24h
and in 7 (1.9%) at 90 days + 15 days after stroke onset. FI was more frequent in
hemorrhagic strokes (18 vs. 5%, p 0.007) and in more severe strokes [median National
Institute of Health Stroke Scale (NIHSS) 18 (14-22) vs. 5 (3-13), p < 0.0001]. No
differences were found regarding age, sex, vascular risk factors, or other comorbidities,
or affected hemisphere. Patients with NIHSS >12 (AUC 0.81, 95% CI 0.71 to 0.89) had
a 17-fold increase for the risk of FI (OR 16.9, IC 95% 4.7-60.1) adjusted for covariates.
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Lucente et al.

New-Onset Fecal Incontinence in Acute Stroke

Conclusions: At present, the incidence of Fl in acute stroke patients without previous
functional dependency is lower than expected, with an association of a more severe and
hemorrhagic stroke. Due to its impact on the quality of life, it is necessary to deepen the
knowledge of the underlying mechanisms to address therapeutic strategies.

Keywords: fecal incontinence, acute stroke, incidence, acute, epidemiology

INTRODUCTION

Fecal incontinence (FI) is defined as an involuntary loss of
solid or liquid feces. It is a highly prevalent condition in the
general population, although its incidence and prevalence are
usually underestimated due to reluctance of patients to report
its symptoms (1). Large community-based studies have shown a
wide variability of rate of FI in the general population ranging
from 1 to 24% (2, 3). The maintenance of fecal continence is the
result of the integration of somatic pelvic motor coordination
and visceral and sensory functions. Therefore, FI may present
as a result of an anal sphincter dysfunction, an abnormal rectal
compliance, a decreased rectal sensation, or a combination of any
of those abnormalities (4, 5).

FI has been reported to be a common complication after
stroke. Previous studies have estimated an incidence from 10 to
40% (6-9) according to the time of assessment after stroke (6).
In one of the largest epidemiological studies, the prevalence of
post-stroke FI ranged from 30% within 10 days to 15% at 3 years
after stroke (6), whereas a prevalence of 5 to 6% was detected
in two more recent studies beyond the acute phase (10, 11).
Additionally, severe FI was reported in 5% of stroke survivors in a
large population-wide survey, a four-fold increase compared with
non-stroke patients (9).

FI in stroke patients has been associated with age,
diabetes mellitus, stroke severity, and other comorbidities
(6). Importantly, stroke patients with FI had higher risk of
short- and long-term mortality (6) and an increased need for
institutionalization and nursing support in the community
(10, 11), leading to a healthcare estimated costs of 55% higher
compared with stroke patients without FI (12). However, the
available published data about FI after stroke are mostly based
on studies conducted before the widespread use of intravenous
thrombolysis and especially, mechanical thrombectomy in
acute stroke treatment, and additionally, FI information has
been retrospectively collected through the use of general
questionnaires or non-specific clinical scales for FI diagnosis.

Remarkably, the general approach to stroke care has been
deeply changing over the last decades. The implementation of
dedicated stroke units managed by trained personnel, as well as
the focus on rehabilitation strategies, with its facilities and the
unequivocal benefit of reperfusion treatments have significantly
reduced stroke patient dependency (13). In this new scenario, the
aims of this study were to identify (1) the current incidence of
FI in acute stroke in previous functionally independent patients,
(2) the incidence of persistent FI in stroke patients beyond the
acute phase, and, (3) the patient characteristics associated with
the appearance of FI in acute stroke.

METHODS

We conducted a prospective observational study of consecutive
stroke patients admitted to our stroke unit from May 2018 to
December 2019.

Data Sample
Patients fulfilling the following criteria were included in the
study: age >18 years, first-ever anterior circulation stroke,
functionally independent patients defined as a modified Rankin
Scale (mRS) score <2, and absence of previous FI due to other
etiologies. Every included patient was prospectively screened for
the presence of new-onset fecal incontinence at 72 & 24 h (acute
phase) after stroke onset and at 90 & 15 days (chronic phase).
Out of 743 patients admitted to the stroke unit for a 20-month
period, 359 (48.3%) patients (mean age 65.2 &+ 10 years, 63.2%
male, and 86.2% ischemic stroke) fulfilled the inclusion criteria
and were included in the study. Figure 1 shows the flow chart of
the study and the reasons to exclude patients.

Fecal Incontinence Assessment

Data about fecal depositions are routinely collected by our
trained stroke unit nurses during hospitalization, and when
suspected, FI diagnosis was confirmed by a trained physician
both in the acute and chronic phase. FI was defined as
any involuntary leakage of feces according to the Rome IV
criteria (14), and patients were classified for the purpose of the
study in FI and No FI subgroups accordingly. At 3 months
follow-up, a dedicated questionnaire [the Wexner score (15)]
was administered by a trained surgeon. This questionnaire
investigates the presence of uncontrolled loss of gas, liquid, and
solid stools, if their presence requires the use of physical restraints
such as dressings or diapers and the impact on the quality and
sexual life. The score range from the minimum score = 0 which
means “perfect continence” to the maximum score = 20 points
which means “totally incontinent.”

Studied Variables
Demographic, previous functional status, vascular risk factors,
comorbidities, gastrointestinal tract diseases, history of

abdominal surgeries, and stroke characteristics were recorded in
a dedicated database. Abdominal surgeries and gastrointestinal
diseases were defined as any intervention or relevant pathology
involving the gastrointestinal tract previous to stroke.

Stroke severity was defined using the National Institute of
Health Stroke Scale (NTHSS) (16). Ischemic stroke etiology was
determined according to the Trial of ORG 10172 in acute stroke
treatment (TOAST) (17). Functional status was defined by the
modified Rankin Scale Score (mRS) at admission and discharge
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Screened Patients
N 743 Excluded
N 384
TIA 156
<72h > mRS>2 51
Previous Stroke 85
Stroke Mimic 8
Previous Fecal Incontinence 4
Enrolled
N 359
Fecal Continence
. N 336
Fecal Incontinence
N 23
Recovered Fecal Incontinence
3 Months N9
Death
N7
Y
Persistent Fecal Incontinence
N7
FIGURE 1 | FINISH study workflow. TIA, transient ischemic attack; mRS, modified Rankin Scale.

(18). Favorable functional outcome was defined as a mRS < 2 at
3 months.

The study protocol was approved by the local Ethics
Committee, and written informed consent was obtained from
patients or relatives.

Statistical Analysis

Descriptive analyses were obtained for all demographic and
clinical variables. Baseline characteristics between groups
(patients with FI and non-FI) were compared using X* test,
Fisher’s test, t-test, or Mann-Whitney’s U-test, as appropriate.
Logistic regression analysis was used to determine predictor
factors independently associated with the presence of FI in the
univariate analysis (p < 0.05) and variables previously related
to in other published articles. Receiver-operator characteristics
(ROC) curves were constructed by plotting basal NIHSS that
better predict the presence of FI, according to the best specificity
and sensitivity. Statistical significance was defined as two-sided
p-value < 0.05. All the statistical analyses were made using
SPSS statistical package vs. 22 (IBM Deutschland GmbH,
Ehningen, Germany).

RESULTS

FI was identified in 23 (6.4%) out of 359 included patients in the
acute phase. Of those, at 3 months, seven (30.4%) patients died

(three during hospitalization, four after discharge), nine (39.1%)
patients recovered FI, and seven (30.4%) patients had persistent
FI. Thus, 2% of the first-ever anterior circulation strokes and 44%
of stroke patients with FI in the acute phase had persistent FI
after stroke.

Patients Characteristics Associated With
Post-stroke Fecal Incontinence

Demographic and clinical data according to the presence of FI
are shown in Table 1.

Patients with FI had higher stroke severity [NIHSS 18 (14-
22) vs. 5 (3-13)] at admission compared with patients with fecal
continence. FI was more frequent in hemorrhagic stroke (12 vs.
5%) compared with ischemic stroke. No significant differences
were found in age, sex, vascular risk factors, history of abdominal
surgery, or other comorbidities, affected hemisphere, vessel
occlusion, intracranial hemorrhage location, or ischemic stroke
etiology between patients with and without FI. At discharge,
patients with FI had higher stroke severity, poor functional
outcome, and higher mortality rate compared with those without
FI (Table 1).

Independent Predictors of Post-stroke

Fecal Incontinence Appearance
A logistic regression model adjusted for age, sex, and affected
hemisphere showed that hemorrhagic stroke and NIHSS were
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TABLE 1 | Baseline clinical characteristics and functional outcome of fecal
incontinence and continence stroke patients.

Total sample Fecal Fecal P
N =359 incontinence continence
N=23 N = 336

Demographics and medical history

Gender, male 229 (64) 12 (52.1) 217 (64.5)  0.129

Age (years) 65.9 + 10 65.7 + 10 67.8 + 11 0.115

Smoking habit 90 (25.1) 5(21.7) 85 (25.3) 0.639

Alcohol abuse 25 (6.9) 0(0) 25 (7.4) 0.239

Hypertension 237 (66) 16 (69.5) 221 (65.8)  0.899

Diabetes 104 (29) 6 (26.1) 98 (29.2) 0.919

Hypercholesterolemia 194 (54) 12 (62.1) 182 (54.2) 0.766

Atrial Fibrillation 63 (17.5) 6 (26.1) 57 (16.7) 0.413

Heart disease 41 (11.4) 2 (8.6) 39 (11.6) 0.753

COPD 36 (10) 3(13) 33(9.8) 0.729

Chronic kidney failure 9(2.5) 0(0) 9(2.7) 1.000

Obesity 42 (11.7) 1(4.3 41 (12.2) 0.271

Urinary incontinence 0(0) 0(0) 0(0) 71.000

Abdominal surgery 28 (7.8) 3(13) 25 (7.4) 0.431

Gastrointestinal disease 18 (5) 1(4.9) 17 (4.2) 0.881

Clinical features

Ischemic stroke 302 (84.1) 16 (69.5) 286 (85.1)  0.008

Hemorrhagic stroke 57 (15.9) 7 (20.5) 50 (14.9)

Affected side 0.717
Left 200 (55.7) 16 (69.5) 184 (55.3)

Right 149 (41.5) 7 (30.4) 140 (42)
Bilateral 9(2.5) 0(0) 9(2.7)

Arterial occlusion N = 302 N=16 N = 286 0.500

No 86 (28.4) 3(18.7) 83 (29)
TICA 18 (5.9) 1(6.2) 17 (5.9)
ACM M1 158 (44) 6 (37.5) 152 (63.1)
ACM M2 25(8.2) 2(12.5) 23 (8)
TANDEM 8(2.6) 2(12.5) 6(2)

ACA 7(2.9) 2(12.5) 5(1.7)

Reperfusion treatment N = 302 N=16 N = 286 0.252
No 162 (53.6) 9 (56.2) 153 (53.1)

IV tPA 52 (17.2) 0(0) 52 (18.2)
EVT 49 (16.2) 4 (25) 45 (15.8)

IV tPA + EVT 41 (13.6) 3(18.8) 38 (13.9)

Intracranial hemorrhage N =57 N=7 N =50 0.102

location
Lobar 22 (38.6) 3(42.8) 19 (38)
Basal ganglia 33 (57.9) 4 (57.2) 29 (58)
Both 2 (3.5) 0(0) 2 (4)

TOAST classification N = 302 N=16 N = 286 0.152
Atherothrombotic 103 (34.1) 5(31.5) 98 (34.2)
Cardioembolic 100 (33.1) 8 (50) 92 (32.1)

Lacunar 45 (14.9) 0(0) 45 (15.7)
Undetermined 39 (12.9) 3(18.5) 36 (12.5)
Other causes 15 (5) 0(0) 15 (56.2)

NIHSS at baseline 6 [3-6] 18 [14-22] 5[3-13] <0.001

NIHSS at 7 days 2 [0-5] 13 [6-21] 2 [0-5] <0.001

mRS <2 at 7 days or 182 (50.6) 2(9) 180 (53.6) <0.001

discharge
(Continued)

TABLE 1 | Continued

Total sample Fecal Fecal P
N = 359 incontinence continence
N=23 N = 336
Mortality at 7 days or at 11 (3.1) 3(13) 8(2.7) 0.029

discharge

Numbers are expressed as mean + SD, median [quartiles] and number (percentages).
COPD, chronic obstructive pulmonary disease; heart disease, coronary heart disease or
heart failure; TICA, terminal internal carotid artery; MCA, middle cerebral artery; ACA,
anterior cerebral artery; Tpa, tissue plasminogen activator; EVT, endovascular treatment;
TOAST, Trial of ORG 10172 in acute stroke treatment; NIHSS, National Institute of Health
Stroke Scale; mRS, modified Rankin Score.

TABLE 2 | Multivariate analysis of factors associated with fecal incontinence (Fl)
during the acute stroke phase.

OR 95% IC p
Age 1.010 0.967-1.056 0.65
Female gender 2.308 0.876-6.084 0.091
Left side stroke 1.629 0.613-4.327 0.328
Hemorrhagic stroke 4.743 1.701-13.224 0.003
NIHSS admission >12 16.915 4.759-60.120 0.001

independently associated with the presence of FI in the acute
phase of stroke (Table 2). A further model adjusted for vascular
risk factors or other comorbidities as well did not modify the
effect (data not shown). A cut-off point of NTHSS >12 in the ROC
curve (AUC 0.81, 95% CI 0.71 to 0.89; p < 0.001) predicted the
presence of FI with a sensitivity of 84% and specificity of 75%.
Stroke patients with NIHSS> 12 had a 17-fold increase in the risk
of FI compared with those with NTHSS <12 (OR 16.9 IC 95% 4.7-
60.1) adjusted for covariates. Moreover, when we classified stroke
patients according to stroke severity in mild stroke (NIHSS < 6),
moderate stroke (NTHSS 7-15), and severe stroke (NIHSS>15)
(19), we found that the higher the stroke severity, the higher the
rate of FI in the acute phase and in the chronic phase (Figure 2).

Table 3 shows the patient and stroke characteristics associated
with persistent FI at 3 months. No differences were found in
clinical, demographic features, stroke subtype, baseline NIHSS,
and severity of FI measured by the Wexners score between
patients with persistent FI or recovered FI at 3 months.
Thus, no independent predictors of persistent FI beyond acute
stroke phase were identified in a logistic regression analysis
(data not shown).

DISCUSSION

Stroke patients may suffer different complications both during
the acute (such as neurological worsening or stroke recurrence,
seizure, infections) and the chronic phase (cognitive impairment,
depression, and emotional lability, among others) (20). Fecal
incontinence in stroke patients has been poorly investigated
during the last decade, probably due to a lack of interest of
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FIGURE 2 | Prevalence of fecal incontinence (Fl) in acute phase (gray bar) and
chronic phase (black bar) according to stroke severity (NIHSS) at admission.
Inside each bar % of Fl patients is shown.

neurologists and its main prevalence in long-term hospitalized
stroke patients. However, FI has a strong impact on a person
quality of life and on its caregiver (21).

The present study shows an incidence of 6% of FI in first-
ever functionally independent stroke patients during the acute
phase that decreases to 2% at 3 months. This rate is significantly
lower than expected and reported before. Brocklehurst et al. (22)
observed FI in 23% of patients immediately after stroke, which
diminished down to 16% after 2 weeks, and eventually to 8% at
1 year. The large registry of the Copenhagen Stroke study (23)
reported FI in 40% of stroke patients at hospital admission, in
18% at hospital discharge, and in 9% at 6 months. Of note, the
Harari et al. (6) study showed that the prevalence of FI was of
30% at 7 to 10 days, 11% at 3 months, 11% at 1 year and 15% at
3 years. Recently, Jacob et al. (24) showed that up to 6% of stroke
survivors presented FI at some point during the 10-year study
period in a large retrospective cohort. It is important to highlight
that these studies identified FI through the use of Barthel Index
scale or a customized questionnaire (9, 11), and no other specific
or dedicated scales, or clinical or electrophysiological assessments
were done to properly diagnose FI. We selected the Wexner score
(15) because it is a widely used scale in fecal incontinent patients,
usually employed by proctologists and gastroenterologists to
evaluate fecal incontinence and its severity. It has been widely
validated in FI assessment and it strongly correlates with FI
severity. Wexner score has been related to subjective perception
of FI and it could be self-assessed by patients. This fact and
the retrospective evaluation of some of these previous studies
could partly explain the difference in the incidence rates with
respect to our series, in which the patients were prospectively
assessed with scales designed to the detection of FI. In addition
and importantly, the improvement in stroke care through its
management in stroke units and the advancement in reperfusion
treatments, rehabilitation strategies, and patient and caregiver
education, have played an important role on the functional
outcome of stroke patients in the last decade (25), and it could

TABLE 3 | Baseline clinical characteristics of patients with persistent fecal
incontinence and recovered fecal incontinence at 90 days.

Total sample Persistent fecal Recovered fecal

N =16 Incontinence incontinence
N=7 N=9
Demographics and medical history
Gender, male 6 (37.5) 2 (28.5) 4 (44.4)
Age (years) 66.4+12.4 69.7 £10.7 62.7 £18.2
Smoker 3(18.7) 1(14.9) 2(22.2)
Alcohol abuse 0 (0) 0 (0) 0 (0)
Hypertension 6 (37.5) 1(14.3) 5 (65.5)
Diabetes 4 (25) 3(42.9) 1(11.1)
Hypercholesterolemia 6 (37.5) 3 (42.9) 3(33.3)
Atrial fibrillation 1(6.2 0(0) 1(11.1)
Heart disease 2(12.5) 2 (28.6) 0 (0)
COPD 1(6.2 1(14.9) 0(0)
Chronic kidney failure 0(0) 0(0) 0(0)
Obesity 1(6.2 1(18.9) 0(0)
Urinary incontinence 0(0) 0(0) 0(0)
Abdominal surgery 3(18.7) 2 (28.6) 1(11.1)
Gastrointestinal disease 1(6.2) 1(14.3) 0 (0)
Clinical features
Ischemic stroke 10 (62.5) 4 (57.1) 6 (66.7,
Hemorrhagic stroke 6 (37.5) 3(42.9) 3(33.3)
Side
Left 9(56.2) 4(57.1) 5 (55.6)
Right 7 (43.7) 3 (42.94) 4 (44.4)
Bilateral 0 (0) 0 (0) 0 (0)
Arterial occlusion N=10 N=4 N=6
No 1(10) 0(0) 1(16.7)
TICA 0(0) 0(0) 00
ACM M1 5 (50) 3(75) 2(33.3
ACM M2 1(10) 1(25) 00
TANDEM 1(10) 0(0) 1(16.7)
ACA 2 (20) 0(0) 2(33.3)
Hemorrhage localization N=6 N=3 N=3
Lobar 3 (50) 3 (100) 00
Basal ganglia 3 (50) 0(0) 3 (100)
Both 00 0(0) 00
TOAST classification N=10 N=4 N=6
Atherothrombotic 3 (30) 2 (50) 1(16.7)
Cardioembolic 5 (50) 1(25) 4 (66.7)
Lacunar 0 (0) 0 (0) 0(0)
Undetermined 2 (20) 1(25) 1(16.7)
Incomplete 0(0) 0(0) 00
NIHSS at baseline 18 [17-20] 18 [17-21] 19 [9-21]
Wexner Score 9[8-12] 10 [8-12] 9[8-13]

Numbers are expressed as mean + SD, median [quartiles] and number (proportion).
COPD, chronic obstructive pulmonary disease; heart disease, coronary heart disease or
heart failure; TICA, terminal internal carotid artery; MCA, middle cerebral artery; ACA,
anterior cerebral artery; tPA, tissue plasminogen activator; EVT, endovascular treatment;
TOAST, Trial of ORG 10172 in acute stroke treatment; NIHSS, National Institute of Health
Stroke Scale.

The p-values are not shown due to no statistical significance.

have strongly modified the incidence and the natural history of
fecal incontinence in acute stroke.

Moreover, It is known that the lack of mobility, the functional
dependence, and indeed, the use of multiple medications are risk
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factors to develop fecal incontinence (6, 10, 25, 26). One of the
pillars of stroke rehabilitation is the early mobilization and the
implementation of instrument use to improve the self-care and
autonomy of the patient, so, this approach could as well have
reduced the incidence of FI during the last years. Nevertheless,
30% of patients with FI detected during the acute phase in our
cohort died before 90-days follow-up evaluation, so we cannot
rule out a potential higher incidence of persistent FI after stroke
(up to 3.8% higher).

According to our results, the strongest independent predictor
to have FI was stroke severity at admission, since patients
with a severe stroke (NIHSS >12) have a 17-fold increase in
the probability of developing FI in the acute phase compared
with patients with NIHSS < 12 (Figure 2). Harari et al. (6)
already described the association between stroke severity and
FI although using only clinical features (neglect, dysphagia,
etc.) instead of a validated and widely used stroke scale for
severity assessment such as NIHSS (16). In our cohort, patients
suffering from a hemorrhagic stroke were five times more
likely to present FI during the acute phase compared with
patients with ischemic stroke, which was not previously found
associated with FI. The limited acute treatment strategies able to
modify the natural course and functional outcome of intracranial
hemorrhage and, as already described, the more severe disability
that usually implies hemorrhagic stroke compared with ischemic
stroke (27) [median NIHSS 20 (15-23) vs. 18 (14-22) in
hemorrhagic/ischemic stroke in our series], might explain the
higher incidence of FI in these patients. Interestingly, no
association has been found with vascular risk factors, deliveries,
and previous abdominal surgeries that have been already related
to FI (6). Although it could be due to the sample size, we infer that
this could strengthen the role of the acute stroke as the primary
cause of FI appearance.

To the best of our knowledge, this is the first study specifically
designed to prospectively investigate the appearance of FI using
a multidisciplinary approach. We implemented a comprehensive
protocol that allowed us to study our patients by means of the
stroke neurologist and the proctologist. We used the Wexner
scale instead of the Barthel index to quantify fecal incontinence
in the chronic phase that provides a deeper description of the FI
compared with the dichotomic item within the functional clinical
assessment of the Barthel Index. Our results show a moderate
severity of FI in our patients (Wexner score 9-10).

Remarkably, half of the incontinent patients in the acute
phase of stroke were still affected 3 months after stroke, although
no differences were found in clinical or demographic features
between those patients with persistent or recovered FI. Of note,
the severity of the FI diagnosed in the acute phase did not
correlate with its persistence at 3 months follow-up.

Interestingly, the cerebral mechanisms underlying the
appearance of FI in stroke patients are not completely
understood (28-31). The maintenance of fecal continence
is the result of a coordination of pelvic motor, visceral and
sensory functions; therefore, the loss of fecal continence may be
the result of an anal sphincter dysfunction, an abnormal rectal
compliance, a decrease rectal sensation, or a combination of
any of these abnormalities (5, 32, 33). We found that FI was

linked to a more severe stroke, with a probable large hemispheric
lesion, and contrarily, no association was found to stroke
lateralization. Until now, there is no knowledge about the precise
cortical area involved in the fecal continence (the “continence”
area), so, further anatomical and radiological functional studies
are needed.

The main strengths of this study are the high-quality
data due to the systematic and prospective data collection,
the multidisciplinary approach, the use of FI specific clinical
scales and stroke severity assessment. Thus, it has followed
a large sample of patients in an observational study in a
short period of time without differences in the acute stroke
care, recanalization techniques, and rehabilitation facilities for
a long time between patients. However, several limitations
have to be stated. First, our study was carried out in a
single comprehensive tertiary stroke center, so these results
might not be generalizable to other settings. Second, we
focused on the incidence of FI in the acute phase until 3
months after stroke. Consequently, we did not assess the
potential resolution or the new appearance of FI beyond
this period. Third, we excluded patients with previous stroke
and/or other gastrointestinal tract disease to select patients
in whom the acute stroke was the single cause of FI, a fact
that could contribute to rule out patients in whom FI was
multifactorial. Fourth, we did not specifically collect language
impairment or cognitive disturbance, which might have altered
the continence independently of the stroke; however, we included
only functionally independent patients (mRS < 2), able to live
alone and to carry on daily life activities by themselves. So,
we think that the cognitive impairment, if present, would have
been mild or very mild. Last, we also excluded patients with
vertebrobasilar stroke territory to minimize clinical heterogeneity
in the sample of patients, so a higher incidence of FI could have
been identified.

Sacral nerve stimulation is an established treatment for FI due
to several etiologies (34). Its neuromodulatory effect on cortical
areas would be promising for incontinent patients due to stroke
in addition with standard care based on rehabilitation.

Therefore, prospective randomized clinical studies analyzing
the real effect of neuromodulation for FI in stroke patients
are warranted.

CONCLUSION

At present, the incidence of persistent fecal incontinence reaches
2% of the previous functionally independent patients with a first
anterior circulation stroke, lower than expected and strongly
related to stroke severity. However, due to its impact on the
quality of life, it is necessary to deepen the knowledge of the
underlying mechanisms to address therapeutic strategies.
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Objectives: Transcranial magnetic stimulation, in particular continuous theta burst
(cTBS), has been proposed for stroke rehabilitation, based on the concept that inhibition
of the healthy hemisphere helps promote the recovery of the lesioned one. We aimed to
study its effects on cortical excitability, oscillatory patterns, and motor function, the main
aim being to identify potentially beneficial neurophysiological effects.

Materials and Methods: \We applied randomized real or placebo stimulation over
the unaffected primary motor cortex of 10 subacute (7 & 3 days) post-stroke patients.
Neurophysiological measurements were performed using electroencephalography and
electromyography. Motor function was assessed with the Wolf Motor Function Test. We
performed a repeated measure study with the recordings taken pre-, post-cTBS, and at
3 months’ follow-up.

Results: We investigated changes in motor rhythms during arm elevation and thumb
opposition tasks and found significant changes in beta power of the affected thumb’s
opposition, specifically after real cTBS. Our results are consistent with an excitatory
response (increase in event-related desynchronization) in the sensorimotor cortical
areas of the affected hemisphere, after stimulation. Neither peak-to-peak amplitude of
motor-evoked potentials nor motor performance were significantly altered.

Conclusions: Consistently with the theoretical prediction, this contralateral inhibitory
stimulation paradigm changes neurophysiology, leading to a significant excitatory
impact on the cortical oscillatory patterns of the contralateral hemisphere. These
proof-of-concept results provide evidence for the potential role of continuous TBS in the
neurorehabilitation of post-stroke patients. We suggest that these changes in ERS/ERD
patterns should be further explored in future phase llb/phase lll clinical trials, in larger
samples of poststroke patients.

Keywords: continuous theta burst stimulation, transcranial magnetic stimulation, neurophysiology, brain
oscillations, stroke, neurorehabilitation
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INTRODUCTION

Stroke is the third most frequent cause of death (1) and one of
the most prevalent causes of disability (2-4). Motor deficits occur
quite often in stroke and affect up to 75% of patients for several
months (3, 5-7). In spite of the available interventions, search for
alternative therapeutic solutions is an active research area (8, 9).

Transcranial magnetic stimulation (TMS) is under
investigation for this purpose, as a potential alternative for
the study, diagnosis, and treatment of various diseases given
its non-invasive nature with rare adverse effects (10, 11).
When applied in its repetitive form, it can produce effects
that last beyond the stimulation period (11, 12). Given these
effects it might act as a neuromodulatory tool, providing a
potential device to restore the balance of activity between
the hemispheres, through the modulation of plasticity. In
fact, following stroke, it has been postulated that the lesioned
hemisphere decreases its activity while the excitability of
the unaffected hemisphere becomes pathologically increased
(2, 13, 14). Hence, repetitive TMS can be applied to augment
the excitability of the stroke-affected hemisphere or to reduce
activity in the unaffected hemisphere, depending on stimulation
parameters (1, 2, 4, 13).

Although this technique is becoming popular, several issues
remain to be elucidated. These include response variability and
the still unknown mechanisms behind its application (12, 15).
One of the inhibitory protocols that are currently being studied
is continuous theta burst stimulation (cTBS), a recent form of
patterned TMS that consists of 3 pulses at 50 Hz repeated every
200 ms during 40 sec, inducing inhibitory effects that last up to
60 min (16, 17).

In our previous work in healthy individuals (18), we observed
that cTBS induced an unexpected inhibition in the contralateral
hemisphere during arm elevation, contradicting the ipsilateral
inhibition vs. contralateral disinhibition theory. We hypothesized
that this unexpected effect was a result of propagation of effects
from the stimulation site, which might have implications for
neurorehabilitation. However, it is still possible that such effects
only occur in the presence of two healthy hemispheres, and that
the theory still holds when one hemisphere is lesioned.

Here we aimed to study the impact of ¢TBS when applied
to the unaffected hemisphere of stroke patients. Cortical activity
was evaluated at rest to study the baseline physiological state
and during motor tasks, in which concerns brain oscillatory
patterns. When sensory information or motor output are absent,
there is an inhibition of cortical activity that is observed as an
increase in oscillatory activity (event-related synchronization,
ERS). In opposition, motor readiness induces an activation
observed as a decrease in brain rhythms, designated by event-
related desynchronization (ERD) in the mu and beta bands
(19-23). To accomplish our goals, we recorded brain activity
using electroencephalography (EEG) to analyze alpha, mu, and
beta rhythms, before (T0) and after (T1) one session of real
(experimental group: group E) or sham (control group: group C)
cTBS and at 3-months’ follow-up (T2, although at this time point
we did not expect a change). Moreover, we evaluated motor-
evoked potentials, using electromyography (EMG), and motor

function, with the Wolf Motor Function Test (WMFT), at the
same time points.

MATERIALS AND METHODS

We conducted this work in accordance with the Declaration of
Helsinki. It has the approval of the Ethics Committee of the
Faculty of Medicine of the University of Coimbra. All volunteers
gave their written informed consent after explanation of the study
procedures and objectives.

Study Design

This was a proof-of-concept study, wherein only a single-session
of ¢cTBS was applied. Patients were randomized in a 1:1 ratio
into an active intervention or a placebo group. Subjects allocated
to the experimental group (group E) received real continuous
theta burst stimulation, while patients who were included in the
control group (group C) underwent sham stimulation. Patients,
but not investigators, were blinded to group allocation.

Sample

Patients included in this study were recruited from the Neurology
Department of the Coimbra University Hospital and met the
following criteria: (1) age between 18 and 85 years, (2) first-ever
middle cerebral artery ischemic stroke, (3) cortico-subcortical
lesion, (4) time since stroke onset within 7 &= 3 days (subacute
phase), (5) upper-limb motor deficit, (6) modified Rankin Scale
previous to the stroke event <1, and (7) capability to understand
the tasks. We excluded subjects that (1) were clinically unstable;
had (2) cognitive impairment, (3) diagnosed dementia, (4)
history of epilepsy, (5) posterior or global aphasia, (6) neglect;
(7) were pregnant, or presented (8) drugs or alcohol abuse, or (9)
contraindications to transcranial magnetic stimulation.

Ten right-handed stroke patients that fulfilled the eligibility
criteria composed the sample. Clinical and demographic data
from the participants are detailed in Table 1.

All the patients who were admitted in this study underwent
a prior stroke evaluation protocol at the University Hospital,
which included the compilation of demographic information
and clinical history, the assessment of stroke severity with
the National Institutes of Health Stroke Scale, performed by
a neurologist, and neuroimaging investigation reviewed by
a neuroradiologist.

Magnetic Resonance Imaging (MRI)

We started by conducting formal neuroradiological evaluation
with structural magnetic resonance imaging to confirm lesion
location and characteristics. Data scans were collected on a
3.0 Tesla scanner (Magnetom TIM Trio, Siemens, Erlangen,
Germany), equipped with a phased array 12-channel birdcage
head coil (Siemens), at the Portuguese Brain Imaging Network
Facilities, in Coimbra. We acquired a 3D anatomical T1-weighted
MPRAGE (magnetization-prepared rapid acquisition gradient
echo) pulse sequence for each patient [repetition time (TR) =
2,530 ms, echo time (TE) = 3.42ms, inversion time (TI) =
1,100 ms, flip angle (FA) 7°, 176 single-shot slices, voxel size 1
x 1 x 1 mm?, field of view (FOV) 256 x 256 mm?].
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TABLE 1 | Clinical and demographic data of volunteers?.

Total of participants N = 10 GroupEN=5 GroupCN =5
Age (years; mean + SD) 67.10 £ 13.470 70.20 £ 8.701 64.00 £+ 17.564
Gender (female/male) 4/6 1/4 3/2
Handedness (points®; mean + SD) 36.00 £ 0.000 36.00 + 0.000 36.00 £+ 0.000
Time since stroke (days; mean + SD) 8.50 + 1.581 8.20 + 1.643 8.80 £ 1.643
Lesion side (right/left hemisphere) 4/6 3/2 1/4
NIHSS (mean =+ SD) 6.40 £+ 3.718 5.60 + 2.302 7.20 £ 4.919
Baseline WMFT log time (mean + SD) 2.14 + 0.651 2.25 +£0.729 2.04 + 0.627

Baseline WMFT FAS (points; mean + SD)

48.80 + 31.255

45.80 + 36.341 51.80 4 29.235

4FAS, functional ability scale; NIHSS, National Institutes of Health Stroke Scale; WMFT, wolf motor function test; Group E, experimental group, Group C, control group.
bAll patients scored the maximum (36 points) in an adapted Edinburgh Handedness Inventory questionnaire, which corresponded to being strongly right-handed.

Wolf Motor Function Test (WMFT)

The motor function of the affected upper-limb was evaluated
before (T0), after stimulation (T1), and at 3-months” follow-up
(T2), with the WMFT (24). The WMFT consists of an instrument
for the assessment of the upper extremity function, in stroke
patients. This test combines a series of motor tasks [detailed
in (24)], from simple to more complex movements, comprising
not only joint-specific but also total limb movements. Speed
and quality of the movement are both quantified to evaluate the
performance of the upper limb (24). In this work, each patient
performed 15 tasks with the affected upper extremity and the
performance times were recorded in seconds, with a maximum
of 120 s for each task; when the patient could not perform the
movement, the time was recorded as 120s. In addition, we
assessed the quality-of-the-movement with the functional ability
scale (FAS), where the subject was rated a “0” when the movement
was not performed and a “5” when the movement appeared to be
normal, with a maximum total of 75 points.

Electroencephalography (EEG)

The EEG methodology was similar to the one adopted in our
previous work in healthy volunteers (18). Briefly, we set up
a block-design task, with three conditions performed in the
following order: eyes opening/closure, arm movements, and
thumb movements. The first condition was composed by 9
blocks x 10s of eyes opening and 9 blocks x 10s of eyes
closure. For the arm movements, we had 18 blocks of 15s of
activity and another 18 blocks of 15s without motor activity.
The same design was used for the thumb opposition task. The
outcomes of the EEG were as follows: alpha power for the eyes
opening/closure condition; mu and beta ERD for the movement
conditions (arm elevation and thumb opposition tasks). We first
recorded cerebral activity at rest, asking the subject to open and
close the eyes nine times, keeping the eyes opened/closed for
10s each block, to evaluate the alpha power [8-13 Hz, (25)] as
a control outcome measure, in an area far from the stimulation
site. Then, we recorded brain activity with motor tasks, namely
90°-arm elevation and thumb opposition. We studied the 10—
12 and 15-25Hz frequency ranges to quantify mu and beta
rhythms, respectively (19, 25-28). Movements were repeated six
times with each upper limb and another six with both limbs

simultaneously, for 15 s each block and with a no motor activity
period between blocks with the same duration. “GO” and “STOP”
commands were used to instruct patients to begin and stop the
movement, respectively, and online triggers were inserted during
the recording. This procedure was implemented at TO0, T1, and
T2. One of the participants from the control group could not fully
perform the EEG protocol, being excluded from the EEG analysis.

The acquisition was performed with a 64-channel EEG cap
(QuickCap, Neuroscan, U.S.), using a SynAmps2 RT amplifier
and the Scan 4.5 software (Compumedics, Charlotte, NC).
We kept impedances below 10 k2, added a low-pass filter
at 200Hz and a high-pass filter at DC, and selected a 1,000-
Hz sampling rate. After data collection, we performed the
following data preprocessing and analysis steps [Scan 4.5 and
EEGLAB v.14.1.1b, (29)]. We filtered the signal from 1 to
45Hz and down-sampled data to 250Hz. We checked for
muscle artifacts and eliminated them. We referenced the data
to the average of the channels. After running Independent
Component Analysis (ICA), we removed components including
blinks and eye movements. For power quantification, custom
MATLAB (version R2017b, The MathWorks, U.S.) scripts were
implemented [adapted from our previous studies by Castelhano
et al. (30) and by Silva et al. (31)], as described in our
previous work in healthy participants (18). For quantification
purposes, the baseline was defined between —2,000 ms and 0
for the eyes closure and opening, and between —2,000 and
—1,500 ms, before movement, for the motor tasks. Alpha power
was quantified for the eyes conditions between —2,000 and
10,000 ms. Quantification of motor rhythms (mu and beta power)
was performed between —2,000 ms and 0 ms (pre-movement and
preparation) and from 0 to 4,000 ms (time-locked to the start of
the early phase of movement execution).

We used posterior electrodes to assess visual alpha for the eyes
opening/closure condition and central electrodes to study mu
and beta with motor tasks (arm elevation and thumb opposition).
The selection of the channels is detailed in Figure 1.

Electromyography (EMG)
For the recording of electromyographic signal, we first prepared
the skin in the areas wherein electrodes would be placed. Then,
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FIGURE 1 | Experimental design and procedures. Group E (Experimental) includes patients who received real stimulation, while in group C (Control) are those patients
who received sham stimulation. “Represents the stroke lesion site, which could be either left- or right-sided.

we placed Ag/AgCl electrodes with conductive paste, in a belly- X100 magnetic stimulator (MagVenture, Denmark). All the
tendon montage and used BIOPAC MP-150 system and EMG  participants were comfortably seated and wore earplugs during
100C amplifier (Biopac Systems, CA) to record motor-evoked  the experiment.

potentials (MEPs) on the abductor pollicis brevis (APB) muscle, For each hemisphere, we determined the intensity which
using the AcqKnowledge 4.2 software (Biopac Systems, CA) with ~ generated MEPs with a peak-to-peak amplitude ranging from
a 2.500-kHz sampling rate and a 1,000 gain. The peak-to-peak 0.5 to 1mV and gave 20 single pulses at 100% of the rest
amplitude of motor-evoked potentials was measured offline in  intensity determined for the respective hemisphere. Then, we
the same software. Motor-evoked potentials of the unaffected M1 =~ measured MEPs amplitude, using the same intensity before
were positive in all participants and we were able to find MEPs ~ (T0), 5min after the cTBS application (T1) and at 3-months’
of the affected M1 in all patients but three (one from the sham  follow-up (T2), to analyze changes in excitability. The c¢TBS

group and two from the real stimulation group). was applied over the motor hotspot of the primary motor
cortex of the unaffected hemisphere, at 45° to the sagittal
Transcranial Magnetic Stimulation (TMS) plane, as described in the literature (16, 17), with a total

Both single-pulse and continuous theta burst were administered ~ of 600 pulses in 40s. We defined active motor threshold
with a 70-mm figure-of-eight coil plugged into a MagPro  as being the minimum intensity that triggered at least one
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FIGURE 2 | EEG tasks: eyes opening + closure (top), arm elevation (middle), thumb opposition (bottom).

minimal muscle twitch on the hand out of three trials, during
an isometric contraction, and selected this measure as the
intensity for the cTBS protocol (18). We established this number
of trials for the active motor threshold definition in order
to minimize the discomfort and fatigue associated with the
voluntary contraction, since our patients were within the first
days after stroke and this task was highly demanding for them.
We performed sham stimulation by reducing the intensity to zero

level stimulation and using a sham noise generator. All patients
from both groups were naive to TMS and reported perceived
real stimulation.

Experimental design is illustrated in Figures1, 2. All
measurements performed after the cTBS, namely EMG, EEG,
and WMFT, were acquired within 1h, which is believed to
be the theoretical duration of the neurophysiological effects of
cTBS (17).
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Statistical Analysis

Statistical analysis was carried out on SPSS Statistics software
v.24 (IBM SPSS Statistics, IBM Corporation, Chicago, IL). For
all data, we adopted a 95% confidence interval. Differences
between experimental and control groups related to clinical
and demographic data were assessed by Mann-Whitney U-test,
for age, handedness, time-since-stroke onset, National Institutes
of Health Stroke Scale at admission, and WMFT baseline
measurements, and by the Fishers exact test, for gender and
lesion side. Friedman and Wilcoxon tests were computed to
evaluate changes in WMFT, MEPs’ amplitude, and mean power
of brain rhythms, throughout the three time points (T0, T1,
and T2).

RESULTS

Experimental and control groups were matched. They did not
differ significantly regarding age (U = 10.500, p = 0.730), gender
(p = 0.524), handedness assessed by Edinburgh Handedness
Inventory (32) (U = 12.500, p = 1.000), lesion side (p = 0.524),
time-since-stroke (U = 10.000, p = 1.000), score in the National
Institutes of Health Stroke Scale (U = 11.500, p = 0.881), or
WMET at baseline (log performance time: U = 10.000, p = 0.690;
FAS: U = 12.000, p = 0.952).

Magnetic Resonance Imaging

Magnetic resonance structural images were examined by a
neuroradiologist, who confirmed the presence of an ischemic
unilateral lesion and its location at the vascular territory of the
middle cerebral artery.

Wolf Motor Function Test

WMEFT log performance time, which included the duration for all
the 15 tasks performed with the affected upper extremity, showed
a non-significant reduction trend (Group E: x? = 4.800, p =
0.124; Group C: % = 0.500, p = 0.931). We observed marginally
significant score difference between pre- and post-intervention in
Group E (Z = —2.023, p = 0.063).

Changes in FAS for the same tasks were not significant
[experimental group (E): x% = 3.125, p = 0.259; control group:
X2 =2.286, p = 0.370].

Results from the WMFT are illustrated in Figure 3.

Motor-Evoked Potentials

Differences were not statistically significant at any time point,
concerning MEPs’ amplitude of the affected (experimental group:
x? = 4.667, p = 0.194; control group: x? = 4.000, p = 0.167) or
the unaffected hemisphere (experimental group: x> = 0.400, p
= 0.954; control group: x? = 0.667, p = 0.944), as observed in
Figure 4.

Electroencephalography

Regarding the thumb opposition task, we found a statistically
significant change of beta rhythm across the three assessment
points, in the pre-movement and preparation for movement
performed with the affected limb only in the real-stimulation
group (Group E: ¥2 = 6.400, p = 0.039, Figure 5; Group C:

X2 = 0.667, p = 0.944). Wilcoxon test detected, for this group,
a trend toward a decrease in beta rhythm between TO and T1,
when preparing for the task with the affected limb (Group E:
Z = —2.023, p = 0.063; Group C: Z = —1.461, p = 0.250).
For movements of the unaffected thumb or of both thumbs
simultaneously we did not detect significant changes (p > 0.05).
Concerning bilateral arm elevation, the Wilcoxon test
identified a trend toward a significant increase in beta power from
pre- to post-cTBS in the pre-movement and preparation (Group
E: Z = —2.023, p = 0.063; Group C: Z = —1.461, p = 0.250),
and at the early phase of movement execution (Group E: Z =
—2.023, p = 0.063; Group C: Z = 0.000, p = 1.000), only in the
experimental group. When assessing movements performed with
each arm individually (affected or unaffected), differences were
not observed following real or sham stimulation (p > 0.05).
Neither visual alpha (studied for the eyes condition) nor
mu rhythm (quantified for the motor tasks) were significantly
affected by the stimulation of M1 (p > 0.050 in both groups).

DISCUSSION

This interventional exploratory study is based on the hypothesis
that applying an inhibitory TMS protocol to the unaffected
hemisphere in stroke will release the lesioned hemisphere from
such inhibition. The predicted increase in excitability might
potentially help promote recovery (1, 2, 13).

Analyzing our findings, we observed that significant
neurophysiological effects were obtained indeed only for the
experimental group, post-cTBS, with no measure showing
statistical effects for participants who received placebo
stimulation. Even marginally significant effects were observed
only for the former group.

Regarding motor rhythms, the thumb opposition task
revealed significant differences across time measurements for
the beta band, only for the experimental group, in the pre-
movement and preparation for movements performed with the
affected hand. A trend toward a significant decrease in beta
power at T1, in Group E, was suggestive of an excitatory
response to the protocol (increase in ERD) (22, 23) from the
affected hemisphere, as expected. We also predicted to find
changes in the mu rhythm, but we did not. Regarding the
arm elevation task, we did not detect statistically significant
differences following the application of cTBS. We suggest that it
is possible that the effect was more pronounced in the thumb task
partially because we stimulated the hand representation M1 as a
motor hotspot. We also hypothesize that more complex thumb
movements potentiate stronger activation of the motor areas
(33) in the affected hemisphere, comparing with the unaffected
hemisphere or with a healthy brain, leading to better detectability
of TMS effects.

Interestingly, motor rhythms did not change significantly
during arm elevation or thumb opposition of the unaffected
limb alone, after stimulation, which indicates that the protocol
can have a larger impact in the hemisphere contralateral
to the stimulation thus potentially improving the lesioned
hemisphere functional status. This finding was supported
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FIGURE 3 | Scores in the Wolf Motor Function Test log performance time (left chart) and functional ability scale (right chart), throughout the three time points. Error
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FIGURE 4 | Non-significant changes in motor-evoked potentials of the affected (left chart) and unaffected (right chart) hemispheres. Error bars show +1 SE.
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by our results in healthy individuals, where we found a
significant impact of the cTBS protocol only on the contralateral
hemisphere (18).

There is nevertheless an important distinction with the effects
observed in healthy participants and subacute stroke patients,
concerning the main aim of this study, which was to identify
potentially beneficial neurophysiological effects. While in healthy
subjects we had observed a significant and paradoxical inhibition
of the contralateral hemisphere, for the arm elevation task, in
stroke patients we found instead significant excitation expected
from the above-mentioned conceptual framework, with thumb
opposition. This suggests that changes in cortical excitability in
response to distinct neuromodulation protocols may be task-
dependent and, more importantly, might be different in health
and in disease. We believe that this difference in the effects
of cTBS when applied to stroke patients, in comparison with
healthy controls, is due to the altered interhemispheric balance
following the stroke event, which completely changes underlying

physiology [as observed in a previous functional MRI study from
our group (34)]. The idea that TMS effects might be influenced
by the brain status, particularly the presence of a brain lesion, is
highly relevant for neurorehabilitation approaches and warrants
future studies to be conducted.

Visual alpha, quantified for the posterior electrodes, was not
significantly changed by cTBS over M1, as expected.

Electromyographic motor output showed no significant
differences in the peak-to-peak amplitude of motor-evoked
potentials after stimulation. We consider that this absence of
effect might be justified by distinct reasons, as reported and
detailed in our previous study in healthy participants (18).
Even though the intensity for the application of the cTBS
protocol is customarily defined as a function of the active motor
threshold, the voluntary contraction could possibly impact the
neuromodulation, rendering no effects for the motor-evoked
potentials (35, 36). Importantly, the large variability inherent
to the measurement of MEPs may have precluded significant
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changes to be observed. In fact, in opposition to MEPs, EEG
oscillations are not predicted to be influenced by remote events
such as spinal cord processes, and are thought to produce more
consistent responses (37, 38), which might help explain why we
have detected statistically significant effects of cTBS with EEG but
not with EMG.

We only found trends concerning behavioral data, evaluated
in this study by the WMFT of the affected upper extremity,
which may be due to the fact that this study mainly aimed at
a short-term physiological proof-of-concept in patients with a
recent episode of stroke, at a subacute stage. We propose that
more stimulation sessions would be needed to obtain significant
improvements in the motor function, detectable by the WMFT.

The main limitation of this study is the small sample size,
which requires the interpretation of the results to be cautious.
The involvement of patients in the first days following the stroke
event and the complexity of our study design that was highly
demanding in this subacute stage precluded us from including a
greater number of patients. Still, our findings provide preliminary
evidence on a possible neurophysiological mechanism of action
of TMS and, particularly, continuous theta burst stimulation,
which might have a great impact in the neurorehabilitation of
stroke patients, if supported by future studies conducted in a
larger sample of patients.

The neurophysiology of subacute post-stroke patients was
changed, consistently with the hypothesis that inhibitory ¢TBS
over the unaffected hemisphere leads to increased excitation
of the lesioned hemisphere. Continuous TBS may be useful
in stroke neurorehabilitation by altering the ERS/ERD pattern
and potentially improving the motor functions, when applied
for several sessions. The results from this preliminary work
encourage future clinical trials to study the neurophysiological
responses to transcranial magnetic stimulation, in particular
cTBS, in a specific disease context.

DATA AVAILABILITY STATEMENT

The raw data supporting the of this
article will be made available by the authors, without
undue reservation.

conclusions

REFERENCES

1. Yang W, Liu T-T, Song X-B, Zhang Y, Li Z-H, Cui Z-H, et al. Comparison
of different stimulation parameters of repetitive transcranial magnetic
stimulation for unilateral spatial neglect in stroke patients. ] Neurol Sci. (2015)
359:219-25. doi: 10.1016/j.jns.2015.08.1541

2. Du J, Tian L, Liu W, Hu J, Xu G, Ma M, et al. Effects of
repetitive transcranial magnetic stimulation on motor recovery and

motor cortex excitability in patients with stroke: a randomized
controlled trial. Eur ] Neurol. (2016) 23:1666-72. doi: 10.1111/ene.
13105

3. Abo M, Kakuda W, Momosaki R, Harashima H, Kojima M, Watanabe S, et
al. Randomized, multicenter, comparative study of NEURO versus CIMT in
poststroke patients with upper limb hemiparesis: the NEURO-VERIFY Study.
Int J Stroke. (2014) 9:607-12. doi: 10.1111/ijs.12100

4. Rastgoo M, Naghdi S, Nakhostin Ansari N, Olyaei G, Jalaei S, Forogh B, et
al. Effects of repetitive transcranial magnetic stimulation on lower extremity

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Comissio de Etica da Faculdade de Medicina da
Universidade de Coimbra. The patients/participants provided
their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

AUTHOR CONTRIBUTIONS

AD, RG, GCS, JS-F, FD, and MC-B researched literature and
conceived the study. MC-B was involved in gaining ethical
approval. MC-B and FD gained funding. AD, RG, GCS, and JS-F
were involved in participants’ recruitment. AD, RG, and ICD
acquired the data. AD, RG, JC, and MC-B made a substantial
contribution to data analysis and interpretation. AD wrote the
first draft of the manuscript. All authors revised the manuscript
critically for important intellectual content and approved the
version to be published.

FUNDING

This work was supported by Fundagdo Luso-Americana
para o Desenvolvimento [Prémio FLAD Life Sciences 2020]
and Portuguese Foundation for Science and Technology
(FCT), DSAIPA/DS/0041/2020, FCT-UID  /04950/2020,
BIGDATIMAGE, CENTRO-01-0145-FEDER-000016—Centro
2020 FEDER, COMPETE, PAC—MEDPERSYST POCI-01-0145-
FEDER-016428, and a MSCA—Marie Curie EU grant to FD and
MC-B (No. 708492).

ACKNOWLEDGMENTS

We want to thank the contributions from Ana Cristina Vidal
in study design and Filipe Palavra and Tania Marques in data
acquisition. We thank the Neurology Department C and Stroke
Unit from the Coimbra University Hospital and all patients for
their essential collaboration.

spasticity and motor function in stroke patients. Disabil Rehabil. (2016)
38:1918-26. doi: 10.3109/09638288.2015.1107780

5. Rose DK, Patten C, McGuirk TE, Lu X, Triggs WJ. Does inhibitory
repetitive transcranial magnetic stimulation augment functional task practice
to improve arm recovery in chronic stroke? Stroke Res Treat. (2014)
2014:305236. doi: 10.1155/2014/305236

6. Sasaki N, Mizutani S, Kakuda W, Abo M. Comparison of the effects of high-
and low-frequency repetitive transcranial magnetic stimulation on upper limb
hemiparesis in the early phase of stroke. J Stroke Cerebrovasc Dis. (2013)
22:413-8. doi: 10.1016/j.jstrokecerebrovasdis.2011.10.004

7. Wang CP, Tsai PY, Yang TE Yang KY, Wang CC. Differential effect
of conditioning sequences in coupling inhibitory/facilitatory repetitive
transcranial magnetic stimulation for poststroke motor recovery. CNS
Neurosci Ther. (2014) 20:355-63. doi: 10.1111/cns.12221

8. Higgins J, Koski L, Xie H. Combining rTMS and task-oriented training in
the rehabilitation of the arm after stroke: a pilot randomized controlled trial.
Stroke Res Treat. (2013) 2013:539146. doi: 10.1155/2013/539146

Frontiers in Neurology | www.frontiersin.org

65

November 2021 | Volume 12 | Article 749798


https://doi.org/10.1016/j.jns.2015.08.1541
https://doi.org/10.1111/ene.13105
https://doi.org/10.1111/ijs.12100
https://doi.org/10.3109/09638288.2015.1107780
https://doi.org/10.1155/2014/305236
https://doi.org/10.1016/j.jstrokecerebrovasdis.2011.10.004
https://doi.org/10.1111/cns.12221
https://doi.org/10.1155/2013/539146
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Dionisio et al.

cTBS on Subacute Stroke Neurorehabilitation

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Lidemann-Podubeckd ], Bésl K, Theilig S, Wiederer R, Nowak DA. The

effectiveness of 1Hz rTMS over the primary motor area of the unaffected
hemisphere to improve hand function after stroke depends on hemispheric
dominance. Brain Stimul. (2015) 8:823-30. doi: 10.1016/j.brs.2015.02.004
Chipchase L, Schabrun S, Cohen L, Hodges P, Ridding M, Rothwell
J, et al. A checklist for assessing the methodological quality of studies
using transcranial magnetic stimulation to study the motor system:
an international consensus study. Clin Neurophysiol. (2012) 123:1698-
704. doi: 10.1016/j.clinph.2012.05.003
Kobayashi M, Pascual-Leone A.
stimulation ~ in  neurology.  Lancet
56. doi: 10.1016/S1474-4422(03)00321-1
Heaton J]. Repetitive transcranial magnetic stimulation: a comparative trial
of low frequency treatments [thesis]. University of Otago, Dunedin, New
Zealand (2012).

Lin Y, Hu C, ChiJ, Lin L, Yen T, Lin Y, et al. Effects of repetitive transcranial
magnetic stimulation of the unaffected hemisphere leg motor area in patients
with subacute stroke and substantial leg impairment: a pilot study. ] Rehabil
Med. (2015) 47:305-10. doi: 10.2340/16501977-1943

Ameli M, Grefkes C, Kemper F Riegg FP, Rehme AK, Karbe H, et
al. Differential effects of high-frequency repetitive transcranial magnetic
stimulation over ipsilesional primary motor cortex in cortical and
subcortical middle cerebral artery stroke. Ann Neurol. (2009) 66:298-
309. doi: 10.1002/ana.21725

Dionisio A, Duarte IC, M, Castelo-Branco M. The
of repetitive transcranial magnetic stimulation for stroke
rehabilitation: a systematic review. ] Stroke Cerebrovasc Dis. (2018)
27:1-31. doi: 10.1016/j.jstrokecerebrovasdis.2017.09.008

Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta
burst stimulation of the human motor cortex. Neuron. (2005) 45:201-
6. doi: 10.1016/j.neuron.2004.12.033

Sandrini M, Umiltd C, Rusconi E. The
magnetic stimulation in cognitive neuroscience:
of methodological issues. Neurosci Biobehav Rev.
36. doi: 10.1016/j.neubiorev.2010.06.005

Dionisio A, Gouveia R, Duarte IC, Castelhano ], Duecker F, Castelo-Branco
M. Continuous theta burst stimulation increases contralateral mu and beta
rhythms with arm elevation: implications for neurorehabilitation. | Neural
Transm. (2020) 127:17-25. doi: 10.1007/s00702-019-02117-6

Pfurtscheller G, Lopes Da Silva FH. Event-related EEG/MEG synchronization
and desynchronization: basic principles. Clin Neurophysiol. (1999) 110:1842-
57. doi: 10.1016/S1388-2457(99)00141-8

Pfurtscheller G, Neuper C. Event-related synchronization of mu rhythm in
the EEG over the cortical hand area in man. Neurosci Lett. (1994) 174:93—
6. doi: 10.1016/0304-3940(94)90127-9

Pfurtscheller G, Stancak A, Neuper C. Event-related synchronization (ERS) in
the alpha band - An electrophysiological correlate of cortical idling: a review.
Int ] Psychophysiol. (1996) 24:39-46. doi: 10.1016/50167-8760(96)00066-9
Pfurtscheller G, Neuper C, Andrew C, Edlinger G. Foot and
hand area mu rhythms. Int ] Psychophysiol. (1997) 26:121-
35. doi: 10.1016/50167-8760(97)00760-5

Takemi M, Masakado Y, Liu M, Ushiba J. Event-related desynchronization
reflects downregulation of intracortical inhibition in human primary motor
cortex. ] Neurophysiol. (2013) 110:1158-66. doi: 10.1152/jn.01092.2012

Wolf SL, Catlin PA, Ellis M, Archer AL, Morgan B, Piacentino A. Assessing
Wolf Motor Function Test as outcome measure for research in patients after
stroke. Stroke. (2001) 32:1635-9. doi: 10.1161/01.STR.32.7.1635

Ilmoniemi RJ, Ki¢i¢ D. Methodology for combined TMS and EEG. Brain
Topogr. (2010) 22:233-48. doi: 10.1007/s10548-009-0123-4

Pfurtscheller G, Neuper C, Krausz G. Functional dissociation of lower and
upper frequency mu rhythms in relation to voluntary limb movement.

Transcranial
(2003)

magnetic

Neurol. 2:145-

Patricio
use

of transcranial
a new synthesis
(2011)  35:516-

use

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Clin  Neurophysiol. 111:1873-9. doi:
00428-4

Pineda J. The functional significance of mu rhythms: translating
“seeing” and “hearing” into “doing.” Res  Rev. (2005)
50:57-68. doi: 10.1016/j.brainresrev.2005.04.005

Ramos-Murguialday A, Birbaumer N. Brain oscillatory signatures of motor
tasks. ] Neurophysiol. (2015) 113:3663-82. doi: 10.1152/jn.00467.2013
Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of single-
trial EEG dynamics including independent component analysis. | Neurosci
Methods. (2004) 134:9-21. doi: 10.1016/j.jneumeth.2003.10.009

Castelhano J, Rebola J, Leitdo B, Rodriguez E, Castelo-Branco M. To perceive
or not perceive: the role of gamma-band activity in signaling object percepts.
PL0oS ONE. (2013) 8:e66363. doi: 10.1371/journal.pone.0066363

Silva G, Ribeiro MJ, Costa GN, Violante I, Ramos F, Saraiva J, et al. Peripheral
attentional targets under covert attention lead to paradoxically enhanced
alpha desynchronization in neurofibromatosis type 1. PLoS ONE. (2016)
11:¢148600. doi: 10.1371/journal.pone.0148600
Oldfield RC. The assessment and analysis
the  Edinburgh  inventory.  Neuropsychologia.
113. doi: 10.1016/0028-3932(71)90067-4

Tinazzi M, Farina S, Tamburin S, Facchini S, Fiaschi A, Restivo D,
et al. Task-dependent modulation of excitatory and inhibitory functions
within the human primary motor cortex. Exp Brain Res. (2003) 150:222-
9. doi: 10.1007/s00221-003-1448-y

Vidal AC, Banca P, Pascoal AG, Santo GC, Sargento-Freitas J, Gouveia
A, et al. Bilateral versus ipsilesional cortico-subcortical activity patterns
in stroke show hemispheric dependence. Int ] Stroke. (2017) 12:71-
83. doi: 10.1177/1747493016672087

Goldsworthy MR, Miiller-Dahlhaus F, Ridding MC, Ziemann U. Inter-
subject variability of LTD-like plasticity in human motor cortex: a
matter of preceding motor activation. Brain Stimul. (2014) 7:864-
70. doi: 10.1016/j.brs.2014.08.004

Opie GM, Vosnakis E, Ridding MC, Ziemann U, Semmler JG. Priming theta
burst stimulation enhances motor cortex plasticity in young but not old adults.
Brain Stimul. (2017) 10:298-304. doi: 10.1016/j.brs.2017.01.003

Lepage JE Saint-Amour D, Théoret H. EEG and neuronavigated single-
pulse TMS in the study of the observation/execution matching system: are
both techniques measuring the same process? J Neurosci Methods. (2008)
175:17-24. doi: 10.1016/j.jneumeth.2008.07.021

Rocchi L, Ibanez ], Benussi A, Hannah R, Rawji V, Casula E, et al. Variability
and predictors of response to continuous theta burst stimulation: a TMS-EEG
study. Front Neurosci. (2018) 12:400. doi: 10.3389/fnins.2018.00400

(2000) 10.1016/S1388-2457(00)

Brain

of  handedness:
(1971) 9:97-

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Dionisio, Gouveia, Castelhano, Duarte, Santo, Sargento-Freitas,
Duecker and Castelo-Branco. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org

66

November 2021 | Volume 12 | Article 749798


https://doi.org/10.1016/j.brs.2015.02.004
https://doi.org/10.1016/j.clinph.2012.05.003
https://doi.org/10.1016/S1474-4422(03)00321-1
https://doi.org/10.2340/16501977-1943
https://doi.org/10.1002/ana.21725
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.09.008
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neubiorev.2010.06.005
https://doi.org/10.1007/s00702-019-02117-6
https://doi.org/10.1016/S1388-2457(99)00141-8
https://doi.org/10.1016/0304-3940(94)90127-9
https://doi.org/10.1016/S0167-8760(96)00066-9
https://doi.org/10.1016/S0167-8760(97)00760-5
https://doi.org/10.1152/jn.01092.2012
https://doi.org/10.1161/01.STR.32.7.1635
https://doi.org/10.1007/s10548-009-0123-4
https://doi.org/10.1016/S1388-2457(00)00428-4
https://doi.org/10.1016/j.brainresrev.2005.04.005
https://doi.org/10.1152/jn.00467.2013
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1371/journal.pone.0066363
https://doi.org/10.1371/journal.pone.0148600
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1007/s00221-003-1448-y
https://doi.org/10.1177/1747493016672087
https://doi.org/10.1016/j.brs.2014.08.004
https://doi.org/10.1016/j.brs.2017.01.003
https://doi.org/10.1016/j.jneumeth.2008.07.021
https://doi.org/10.3389/fnins.2018.00400
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

l" frontiers
in Neurology

ORIGINAL RESEARCH
published: 08 November 2021
doi: 10.3389/fneur.2021.736684

OPEN ACCESS

Edited by:
Julie Bernharat,
The University of Melbourne, Australia

Reviewed by:

Hannah Tabitha Johns,

The University of Melbourne, Australia
Brynjar Fure,

Orebro University, Sweden

*Correspondence:
Tamar Abzhandadze
tamar.abzhandadze@gu.se

Specialty section:

This article was submitted to
Stroke,

a section of the journal
Frontiers in Neurology

Received: 05 July 2021
Accepted: 15 October 2021
Published: 08 November 2021

Citation:

E. Wurzinger H, Abzhandadze T,
Rafsten L and Sunnerhagen KS (2021)
Dependency in Activities of Daily
Living During the First Year After
Stroke. Front. Neurol. 12:736684.

doi: 10.3389/fneur.2021.736684

Check for
updates

Dependency in Activities of Daily
Living During the First Year After
Stroke

Hannah E. Wurzinger', Tamar Abzhandadze "#*, Lena Rafsten'? and
Katharina S. Sunnerhagen '

! Department of Clinical Neuroscience, Institute of Neuroscience and Physiology, Sahlgrenska Academy, University of
Gothenburg, Gothenburg, Sweden, ? Department of Occupational Therapy and Physiotherapy, Sahlgrenska University
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Background: Dependency in personal activities of daily living (ADL) is a common
short-term and long-term consequence of stroke and requires targeted rehabilitation. As
the duration of hospital stay has become shorter in recent decades, early identification
of patients who require rehabilitation has become vital. To our knowledge, no study has
investigated whether ADL dependency in the very early stages after admission to the
stroke unit can explain ADL dependency 3 and 12 months later. This knowledge would
facilitate planning for very early discharge and patient-centered rehabilitation.

Objective: This study evaluated whether ADL dependency within 2 days after stroke
could explain ADL dependency at 3 and 12 months after stroke.

Methods: This longitudinal cohort study included patients with stroke who were treated
at a stroke unit in the Sahigrenska University Hospital (Gothenburg, Sweden) between
May 2011 and March 2016. The primary independent variable was ADL dependency at
36-48 h after admission to the stroke unit, which was assessed using a Barthel Index (Bl)
score of <90. The dependent variables were self-reported personal ADL dependency at
3 and 12 months after stroke. Binary logistic regression analyses were performed.

Results: Of 366 eligible patients (58% male; median age 71 years), a majority (76%)
had mild stroke and 60% were ADL dependent 36-48 h after stroke. Univariable and
multivariable logistic regression analyses showed that patients who were dependent
within the first 2 days after stroke had higher odds for being dependent 3 months as
well as 12 months after stroke.

Conclusion: The results indicated that dependency in personal ADL during the first
2 days can explain dependency at 3- and 12-month post-stroke. Therefore, early ADL
assessments post-stroke can be used for understanding rehabilitation needs after stroke.

Keywords: activities of daily living, longitudinal studies, outcome assessment, stroke rehabilitation adherence,
prognosis, p-ADL, cross validation (CV), logistic regression
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INTRODUCTION

Cerebrovascular diseases are amongst the most prevalent causes
of disability (1). Although the age-adjusted rates of stroke
are decreasing, the total number of strokes are increasing
due to global population growth and aging populations (2,
3). Furthermore, the early stroke fatality rate is decreasing
(4), leading to an increasing number of stroke survivors with
stroke-related disability and years lived with disability (5). Early
rehabilitation is the key in reducing the burden of stroke-
related disability.

Activities of daily living refer to various tasks and activities
that people perform on daily basis (6). They can be grouped into
instrumental activities of daily living (e.g., shopping, paying the
bills) and personal activities of daily living (referred to as ADL
in this article e.g., eating, getting dressed). ADL dependency is a
common consequence post-stroke and persists in 35% of stroke
survivors during the first year after stroke (7). Increased disability
after stroke has been linked to various factors, including older
age (8), co-morbidity (8), impaired cognition (9), and stroke
severity at onset (10). However, patients with mild stroke can
also experience ADL dependency in everyday life (11) and have
unmet rehabilitation needs (12). Hence, prognosis cannot be
accurately estimated based on stroke severity alone.

Most of the recovery in ADL typically occurs within the
first 6 weeks after stroke and is related to initial stroke severity
(13, 14). In the later stages of stroke, there is generally no
decline or improvement in ADL (15, 16). Studies have shown
that patients with ADL dependency during the first week after
stroke are also dependent at 6 months and 3 years after stroke
(8, 17). However, the explanatory value of ADL assessment very
early after stroke has not been thoroughly investigated. This is
important as the length of stay in Swedish hospitals has decreased
in recent decades (18). The current median length of hospital
stay is 7 days (19). Patients with mild-to-moderate stroke can be
discharged shortly after admission, resulting in a limited period
for the assessment of rehabilitation needs and prognosis.

While very early ADL assessments are routinely performed in
stroke units, it is unclear how the results of these assessments
are related to long-term outcomes. The finding of a positive
association between very early ADL assessments and ADL ability
in the later stages of stroke would facilitate planning for patient-
centered rehabilitation and early hospital discharge. Therefore,
the present study evaluated whether ADL assessments within 2
days after admission to the stroke unit could explain dependency
in personal ADL 3 and 12 months after stroke.

MATERIALS AND METHODS
Study Design

This longitudinal cohort study evaluated data from a research
database of patients who were treated at one stroke unit in
the Sahlgrenska University Hospital (SU) between May 2011
and March 2016 (20, 21). The SU is the largest hospital in
western Sweden. It is a regional center for neurosurgery and
thrombectomy. The research database was linked to the Swedish
national stroke quality register, Riksstroke (22). Data pertaining

to acute care parameters and self-reported outcomes at 3 and
12 months after stroke were collected. A statistician affiliated
with the Riksstroke registry performed data linkage by using
each patient’s unique personal identification number. The data
used for the present study did not contain personal identification
numbers or other identifiable information.

The inclusion criteria comprised: confirmed stroke diagnosis
according to the World Health Organization criteria; age > 18
years; availability of ADL assessment results obtained within 36-
48h after admission to the stroke unit; and availability of the
completed Riksstroke acute form. Data from patients who passed
away during their hospital stay were not analyzed.

Ethics

The study complied with the Declaration of Helsinki and was
approved by the Gothenburg Regional Ethical Review Board
(http://www.epn.se/sv/goeteborg/om-naemnden/, reference
number: 042-11, amendment: T966-17). The Swedish Data
Protection Authority does not require informed consent for
research use of registry data. In addition, the Personal Data Act
(Swedish law #1998:204, issued April 29, 1998) allows medical
chart data to be collected for clinical research and quality control
purposes without written informed consent.

Data Availability Statement

According to the Swedish regulations (https://etikprovning.se/
for-forskare/ansvar/), complete data cannot be made publicly
available for ethical and legal reasons. However, researchers
can submit requests for data to the principal investigator
(contact: ks.sunnerhagen@neuro.gu.se).

Data Collection

Patients were screened for ADL dependency and cognitive
impairment by occupational therapists working at the stroke unit
at SU, within 36-48h after admission. Data pertaining to the
patients’ initial neurological status (as assessed by physicians)
and ischemic stroke classification were extracted from patients’
medical charts. The Riksstroke acute form, which was completed
by research nurses working at the stroke unit, was used to
collect data regarding medical treatments (thrombolysis and
thrombectomy), comorbidities, living conditions, and ADL
dependency before stroke. Self-reported outcomes at 3 and 12
months were collected from the Riksstroke self-administered
questionnaires that were sent to the patients.

Study Variables
The dependent variables comprised ability to perform personal
ADL at 3 and 12 months after stroke. This was evaluated
using self-administered patient questionnaires. Dependency in
personal ADL was considered present based on a response
indicating dependency in one or more of the following
activities: mobility, using the toilet, and getting dressed
or undressed.

The primary independent variable was ADL dependency,
which was assessed using the Barthel Index (BI) (23) at 36-48h
after stroke. The BI score ranges from 0 to 100, with a higher score
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FIGURE 1 | Directed acyclic graph showing factors that might confound the relationship between early and later ADL outcomes. Age, stroke severity, and cognitive
impairment were identified as the minimal sufficient adjustment set. ADL, activities of daily living; Bl, Barthel Index.
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indicating a higher level of ADL independence. ADL dependency
is defined by scores of <90 (24).

Neurological symptoms were evaluated at admission to SU.
The National Institutes of Health Stroke Scale (NIHSS) was
used. NIHSS is a stroke scale with scores ranging from 0
to 42, where 0 indicates no neurological deficits (25). Mild
stroke is identified based on scores of <3 (26). The Montreal
Cognitive Assessment (MoCA) was performed within 36-48 h
after admission to the stroke unit. The MoCA is a cognitive
screening instrument with scores ranging from 0 to 30; a
score of 30 indicates the absence of cognitive impairment
(27), while a score of <25 indicates the presence of cognitive
impairment (27). The following data were also collected:
age at stroke onset, smoking status, diabetes, hypertensive
treatment, accommodations and ADL dependency before the
stroke, discharge destination following discharge from the stroke
unit, length of hospital stay, and ischemic stroke classification
according to the Oxfordshire (Bamford) Community Stroke
Project classification system (28).

Statistics

The Mann-Whitney U-test for ordinal variables and Pearson’s
chi-squared test for nominal variables were used for drop-
out analyses (baseline vs. 3 months follow-up and baseline
vs. 12 months follow-up) and for comparing dependent
and independent patients 36-48h after admission to the
stroke unit. McNemar’s test was used to compare the
following four dichotomized variables: ADL dependency

before the stroke and 36-48 h, 3 months, and 12 months after
the stroke.

Binary logistic regression analyses were performed to
explain ADL dependency 3 and 12 months (coded as one)
after stroke. The independent variables were selected based
on previous studies (9, 29) and a discussion between the
authors, who have a broad range of experience with stroke
rehabilitation and research. The primary explanatory variable
was baseline ADL dependency. A directed acyclic graph
was used to select secondary explanatory variables (age,
stroke severity, and cognitive impairment) for the analysis
(Figure 1).

The assumptions of the binary logistic regression were
assessed by exploring multicollinearity between independent
variables with Spearman’s rank correlation test. Correlation
coeflicients between variables < 0.7 (30) were accepted for
inclusion in the regression model.

Univariable and multivariable binary regression models were
built for explaining dependency at 3 and 12 months after
stroke. In the univariable models, only the primary exploratory
variable, ADL, assessed with BI 36-48 h after stroke, was entered.
In the multivariable models, both primary and secondary
explanatory variables were entered (age, NIHSS, and MoCA,
full scores). The results on the variable level are reported
with odds ratio (OR), 95% confidence intervals (95% CI),
and p values.

For the full model, the analyses were performed as follows:

o The binary logistic regression model was fitted.
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o The Receiver Operating Characteristic (ROC) analysis was
performed with dependent variables as a state variable and
predicted probabilities as a test variable. The best threshold for
optimal sensitivity and specificity was identified by evaluating
the coordinates of the ROC curves.

o The regression model was fit again. We used the classification
threshold identified from the previous step. Sensitivity,
specificity, positive predictive value (PPV), negative predictive
value (NPV), and Youden’s index (Yi, [sensitivity (%) +
specificity (%) — 100]) of the model were reported.

o The AUC of the model was evaluated, AUC > 0.7 indicated a
very good fit (30).

Cross-validation. The 10-fold cross-validation was performed.
The dataset was divided into 10 folds. Each fold contained 90%

of the data and 10% of the data was set as a holdout set. The
cross-validation process was as follows:

o The model was fitted for a given 90% subset of data and
identified the best threshold for balancing of Yi (sensitivity +
specificity - 1).

o The threshold was further tested on the holdout set
(10%). Sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), and Yi of the model
were reported.

o The AUC of the model fitted on the holdout set was evaluated,
AUC > 0.7 indicated a very good fit of the model (30).

o All abovementioned steps were performed for each fold
separately and aggregated results were reported. Mean
and standard deviation (S.D.) were used for reporting

TABLE 1 | Baseline characteristics of the 366 patients.

Total Barthel index p-value
(n = 366)
<90 (n = 159) >95 (n = 207)
Female sex, n (%) 153 (42) 75 (47) 78 (38) 0.072
Age in years, mean (standard deviation) 69 (15) 75 (13) 64 (15) <0.001°
Living situation/condition pre-stroke, n (%)
Lives at home without help 334 (91) 134 (85) 200 (97) <0.0012
Independent in activities of daily living 354 (97) 151 (95) 203 (98) 0.10
Living alone 155 (42) 84 (53) 71 (34) <0.001?
Risk factors, n (%)
Diabetes 47 (13) 22 (14) 25(12) 0.622
Smoking 55 (16) 16 (11) 39 (20) 0.022
Previous stroke 64 (18) 32 (21) 32 (16) 0.23?2
Hypertensive treatment 184 (51) 91 (58) 93 (46) 0.022
Stroke type, n (%) 0.682
Hemorrhagic 32 (9) 15 (9) 17 (8)
Ischemic classification®, n (%)
Total anterior circulation 3(1) 2(1) 1(0.5)
Partial anterior circulation 54 (15) 29 (18) 25(12)
Posterior circulation syndrome 122 (33) 60 (38) 62 (30)
Lacunar syndrome 155 (42.3) 53 (39) 102 (49)
Treatments, yes, n (%)
Revascularization (Thrombolysis or/and thrombectomy) 81 (23) 39 (25) 42 (21) 0.33?
Thrombolysis 72 (20) 37 (23) 35 (17)
Thrombectomy 22 (6) 13(8) 9 (4)
Stroke-related outcomes, median (range[Q1-Q3])
National Institutes of Health Stroke Scale® 2(0-19[0-3)) 2(0-19[1-5]) 1(0-14[0-2)) <0.001°
Barthel Index® 95(10-100[80-100])
Montreal cognitive assessment® 24(3-30[20-27]) 22(4-30[18-25)) 25(3-30[23-27]) <0.001°
Length of hospital stay in days 7(0-43[4-11)) 10(1-43[5-17]) 5(0-20[4-8]) <0.001°
Discharge destination, n (%) <0.0012
Own home 317 (87) 122 (77) 195 (94)
Nursing home 15 (4) 1(7) 4(2)
Another acute clinic 9(2 4 (3) 5(2)
Geriatric/rehabilitation clinic 25 (7) 22 (14) 3(1)

apearson’s chi-squared test; ?Mann-Whitney U test; ¢According to the Oxfordshire Community Stroke Project classification system; Assessed at <24 h after admission; ¢Assessed
within 36-48 h after admission. Bold text indicates significant results. Data were missing for the following variables, diabetes (seven patients, 2%), smoking (20 patients, 5%), previous
stroke (eight patients, 2%), hypertensive treatment (seven patients, 2%), revascularization (seven patients, 2%), and National Institutes of Health Stroke Scale score (10 patients, 3%).
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the results, as cross-validation results cannot be assumed
as independent.

Analyses were performed using IBM SPSS (software version 26.0,
IBM Corp., Armonk, NY. The software license was provided
by the University of Gothenburg) and R software (R Core
Team, version 4.0.2, R Foundation for Statistical Computing,
Vienna, Austria. R can be downloaded free of charge at https://
cran.r-project.org/bin/windows/base/). The level of statistical
significance was set at a = 5%.

RESULTS
Study Sample

Baseline data were available for 366 patients (Figure 2), 3-month
outcome data were available for 325 patients, and 12-month
outcome data were available for 285 patients. There were no
significant differences between the groups with and without
outcome data in terms of sex, age, stroke severity, and BI scores.

The 366 patients with baseline data (42% female) had a median
age of 71 years (range 19-97 years) and typically had a mild
stroke (76%, NIHSS score of <3) (Table 1). Patients with early
ADL dependency (BI score of <90 within 36-48 h after stroke
unit admission) were more likely to be older (p < 0.001), have
experienced more severe strokes (p < 0.001), and have longer
hospital stays (p < 0.001) (Table 1).

Dependency in ADL was evaluated for 253 patients with
complete ADL data at four time points (Figure 3). Dependency
was observed before stroke in 2% of patients and in 42, 13, and
11% of patients at 36-48 h, 3 months, and 12 months after stroke,
respectively. The proportion of patients with ADL dependency
was significantly increased at 36-48 h after admission (vs. before
stroke, p < 0.001) and significantly lower at 3 months than at
36-48h (p < 0.001) (Figure 3).

Explaining ADL Dependency After 3
Months

Multicollinearity was not observed between the independent
variables. The univariable model showed that ADL, as assessed

366 patients with
baseline data

'3 deceased

38 did not return the
questionnaire at 3
month

,,,,,,,,,,,,,,

325 patients with
data at 3 months

v
12 did not return the
questionnaire at 3 months,
but did return the
questionnaire at 12 months

55didnotretun |
fffff the questionnaireat 12 |
month |

282 patients with
data at 12 months

>

FIGURE 2 | Study flowchart.

with BI within 36-48h after admission, was associated with
significantly increased odds of dependency after 3 months (OR:
0.96, 95% CI: 0.94-0.97. AUC of the model 0.76), (Table 2).
The multivariable model confirmed that ADL within 36—
48h after admission was associated with increased odds of
dependency after 3 months (OR: 0.96, 95 % CI: 0.94-0.98.
AUC of the model 0.80) (Table 2). Psychometric properties of
the models as well as cross-validated models are presented in
Table 2.

Explaining ADL Dependency After 12
Months

Multicollinearity was not observed between the independent
variables. The univariable model showed that ADL as assessed
with BI within 36-48h after admission was associated with
significantly increased odds of dependency after 12 months
(OR: 095, 95 % CI: 0.94-0.97. AUC of the model 0.77),
(Table 3). The multivariable model confirmed that ADL within
36-48 h after admission was associated with increased odds of
dependency after 12 months (OR: 0.96, 95 % CI: 0.94-0.98.
AUC of the model 0.80), (Table 3). Psychometric properties
of the models as well as cross-validated models are presented
in Table 3.

DISCUSSION

The results of this study indicated that dependency in ADL
within 36-48h after admission to the stroke unit could
explain dependency in personal ADL at 3 and 12 months
after stroke. These results are in line with previous findings
that patients with ADL dependency after stroke were more
likely to have long-term dependency (8, 31); nevertheless, these
prior studies did not conduct very early ADL assessments
after admission. A few studies have examined early ADL

p <0.001 p <0.001 p=0.05
I H :
250
200
i)
E’ 150 B Independent
g [ Dependent
- 100
z
50
0
N @ N N
9\@ Q9 @\‘0 G}@
o X X <
o« @ 2@ Q@
© &0 0 o0
? o & N
o 9 o
¢ < N\
o > N
” Personal activities of daily living
FIGURE 3 | Activities of daily living performance at four different time points.
Statistics, McNemar's test, P-values indicate statistical difference between
following time points, ADL dependency before the stroke and 36-48 h after
stroke, 36-48 h and 3 months after stroke, 3 and 12 months after the stroke.
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TABLE 2 | Explaining dependency in activities of daily living 3 months after stroke.

B coefficient OR (95% CI) P-value Sensitivity, % Specificity, % Positive predictive Negative predictive Yi AUC
value, % value, %
Univariable model 74.1(60.4-85.0) 64.1(57.9-69.9)  30.1(25.5-35.1) 92.2(88.2-94.9) 38.2 0.76(0.69-0.83)
ADL (BI, range 10-100p), per 5 gained points —-0.04 0.96(0.94-0.97) <0.001
Multivariable model 78.9(66.3-88.9) 72.4(66.5-77.8)  36.9(31.4-42.8) 94.4(90.8-96.6) 51.3  0.80(0.73-0.87)
ADL (BI, range 10-100p), per 5 gained points —0.04 0.96(0.94-0.98) <0.001
Cognitive function (MoCA, range 3-30p), per 1 gained point -0.10 0.91(0.85-0.97)  0.005
Stroke severity (NIHSS, range 0-19 p), per 1 gained point —0.03 0.97(0.87-1.07) 0.55
Age (range 19-97), per 1 gained year 0.08 1.03(1.00-1.07) 0.03

10 - fold cross-validation (90% training set and 10% testing set), mean + S.D.

Sensitivity Specificity  Positive predictive Negative predictive Yi AUC
value value
Univariable model 0.57 £0.10 0.81 £0.24 0.27 £ 0.07 0.94 £+ 0.06 0.38 0.76 £ 0.08
Multivariable Model 0.73+0.07 0.70+0.19 0.34 +£0.07 0.92 £ 0.05 0.43 0.79 £ 0.11

Y;, Youden'’s index (sensitivity (%) + specificity (%) — 100[or 1 for cross validated results]); ADL, personal activities of daily living; B, Barthel index, the score in Bl is increased with 5 points; MoCA, the Montreal Cognitive Assessment;
NIHSS, the national institutes of health stroke scale; Bl and MoCA were administered 36-48 h after admission to the stroke unit. NIHSS, hospital admission point; Bl and MoCA, a higher score indicates better outcome; NIHSS, a higher
score indicates worse outcome; The results of tuned univariable and multivariable logistic regression models and 10-fold cross validation performed per respective model.

TABLE 3 | Explaining dependency in personal activities of daily living 12 months after stroke.

B coefficient OR (95% Cl)  P-value Sensitivity, % Specificity, % Positive predictive Negative predictive Yi AUC
value, % value, %
Univariable model 78.6(63.2-89.7) 63.3(56.8-69.4)  27.5(23.2-32.3) 94.3(90.3-96.8) 419  0.77(0.70-0.85)
ADL (BI, range 10-100p), per 5 gained points —0.04 0.95(0.94-0.97) <0.001
Multivariable model 75.0(58.8-87.1) 71.9(65.6-77.6)  31.6(26.0-37.6) 94.3(90.6-96.6) 46.9  0.80(0.72-0.87)
ADL (BI, range 10-100p), per 5 gained points —0.04 0.96(0.94-0.98) <0.001
Cognitive function (MoCA, range 3-30p), per 1 gained point —0.06 0.94(0.87-1.01) 0.10
Stroke severity (NIHSS, range 0-19 p), per 1 gained point 0.03 1.03(0.92-1.15) 0.62
Age (range 19-97), per 1 gained year 0.04  1.04(1.01-1.08) 0.02

10 - fold cross-validation (90% training set and 10% testing set), mean + S.D.

Sensitivity Specificity  Positive predictive Negative predictive Yi AUC
value value
Univariable model 0.57 £0.15 0.70+£0.40 0.22 +£0.17 0.95 + 0.06 0.27 0.76 £ 0.11
Multivariable Model 0.70£0.09 0.69 £+ 0.32 0.29 £ 0.19 0.94 + 0.06 0.39 0.80 £ 0.12

The results of tuned univariable and muiltivariable logistic regression models and 10-fold cross validation performed per respective model. Y;, Youden'’s index (sensitivity (%) + specificity (%) — 100[or 1 for cross validated results]); ADL,
personal activities of daily living; Bl, Barthel index, the score in Bl is increased with 5 points; MoCA, the Montreal Cognitive Assessment; NIHSS, the national institutes of health stroke scale; Bl and MoCA were administered 36-48 h
after admission to the stroke unit. NIHSS, hospital admission point; Bl and MoCA, a higher score indicates better outcome; NIHSS, a higher score indicates worse outcome.
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assessments for explaining long-term dependency; while their
findings support our results, these studies evaluated patients
with more severe strokes and greater ADL dependency at
baseline (17, 32).

Performance and performance repertoire of activis of daily
living is formed during the lifetime. When it comes to personal
ADL, the performance becomes automatized during the lifetime,
as activities are performed on daily basis from the very early
age. This means that the cognitive and physical demanand
are different. Due to automatization, the cognitive demand on
personal ADL might be samwhat low, while physical demand still
remains high.

We found that cognitive impairment was a significant
explaining factor of ADL dependency 3 months after stroke,
which is consistent with prior reports (9, 33). Cognitive
impairment is a common sequalae after stroke and can
persist even after seemingly successful neurological recovery.
It can affect ADL performance, especially in the early
stages after stroke. However, cognitive functions may exhibit
long-term improvements (34), and patients may develop
compensatory strategies for managing ADL. Moreover, in
our study ADL comprised personal activities of daily living,
such as mobility, using the toilet, and getting dressed and
undressed. These tasks generally have low complexities as
performance has been mastered during the lifetime (35). Hence,
cognitive demand can be low. Taken altogether, these factors
may explain the lack of a significant relationship between
cognitive impairment and ADL dependency at 12 months
after stroke.

The present study also revealed that older age significantly
explained ADL dependency at 3 and 12 months after stroke;
this is supported by the results of previous studies (8, 10). This
relationship may be linked to typical age-related decreases in
physical ability, which are thought to be associated with both
aging and a higher number of comorbidities (36).

We found that stroke severity assessed with NIHSS did not
explain ADL dependency at 3 or 12 months; this conflicts with
previously reported results (10, 37). However, these studies had
substantially higher median stroke severity values, while patients
in our study had predominantly mild strokes (19). Thus, accurate
explanation of ADL dependency in the later stages after stroke
may not be possible if it is solely based on the NIHSS in
a population in which most strokes are mild (19). Moreover,
very early NIHSS might be an insignificant explanatory variable
for stroke-related outcomes, as many people experience good
neurological recovery after reperfusion treatment (38). In
addition, the results of the present study indicated that while
the proportion of patients with ADL dependency at 3 months
was significantly lower than that at baseline, there was no
significant difference between 3 and 12 months. This seems
to support the belief that recovery primarily occurs early after
stroke (13, 14).

The present study has several strengths and limitations. First,
we did not have access to complete data regarding all variables,
as we evaluated data from a national registry (22) and a research
database (20). Second, the dependent variables (ADL dependency
at 3 and 12 months after stroke) were based on self-reported

data, and non-responders were excluded from the regression
analyses. Although this exclusion may have resulted in selection
bias, drop-out analyses revealed no significant differences in
terms of baseline characteristics (e.g., age, sex, stroke severity,
and BI score). Moreover, excluded patients did not differ from
included patients in terms of age (according to the Swedish
dementia registry, the median and mean age at first dementia
diagnosis is 80 years). In addition, the severity of cognitive
impairment, as well as stroke severity was not that high in the
study sample. Therefore, there is a low probability that dropout
could be explained due to dementia. The BI was used to assess
ADL at baseline. While this tool is considered valid and reliable
for evaluating stroke patients, it may have a ceiling effect in
an acute care setting (39). In this study, four binary logistic
regression models were built. Sensitivity, Specificity, PPV, and
NPV were evaluated under cross-validation, where the threshold
value was selected to optimize Y;. The number of variables
in our logistic regression models were restricted by the fact
that our sample had low proportions of ADL dependency at 3
and 12 months, similarly to the general population of Swedish
stroke patients. A larger sample size might have permitted
more variables to be used in the models; however, variable
selection would be dependent on the algorithm of the binary
regression analyses. As variable selection was based on a directed
acyclic graph, which was based on clinical reasoning and prior
studies, the results of the present study would be of high
clinical relevance.

CONCLUSION

The results of this study indicated that ADL dependency
within the first 2 days after stroke may explain dependency in
personal ADL 3 and 12 months later in a group of Swedish
patients. These results, in addition to stroke severity and ADL
at discharge, may help to increase understanding regarding
rehabilitation needs and follow-up for patients with minor
strokes, as their hospital stays have typically become shorter
in recent decades. The external validation of the study results
is recommended.
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INTRODUCTION

The recovery of the patient is the goal of the neuroscientists after a stroke. To achieve this recovery,
there is a crucial need for increasing the understanding of the pathophysiological mechanisms that
spontaneously engage early after stroke, which involve excitotoxicity, free radical damage, increased
glutamate concentrations, and inflammation, leading to cell death. To assume that only neurons are
vulnerable to these pathophysiological responses is simplistic. Stroke affects all components of the
neurovascular unit, which consists of endothelial cells, pericytes, neurons, glial cells, white matter
fiber tracts, myelin, and extracellular matrix proteins. It is, therefore, important to focus on brain
protection as a whole rather than neuroprotection in isolation (1).

In the last 50 years, we have gained significant insights into the molecular mechanisms of
recovery after stroke, in addition to the damage mechanisms. Due to its plasticity, the brain has the
ability to reorganize its function and structure, which involves processes of self-protection and self-
repair. Brain plasticity is a very complex process that involves adaptive structural and functional
changes in the brain, including neurogenesis, synaptogenesis, angiogenesis, oligodendrogenesis,
and astrogliosis modulation, and promotes collateral circulation, processes that begin immediately
after stroke (2-4). Such is the self-repair ability brain that the stroke-induced neurogenesis is not
only limited to the subventricular zone and hippocampal dentate gyrus. It has also been revealed
that several additional areas of the brain promote mammalian adult neurogenesis, which include
the hypothalamus, striatum, substantia nigra, cortex, and amygdala (5). The neural stem cells of
the neurogenic areas generate new neural cells that migrate to the lesion site and become mature
neurons, orchestrating neurological repair through nerve repair, neuron polarization, axonal
sprouting and pruning, neurite outgrowth, and myelin repair, promoting post-stroke recovery (4).
However, in the unfavorable microenvironment that occurs in the lesion, most new cells do not
survive (4). Given that this self-repair capacity is limited, there has been a growing interest in
the potential for brain plasticity-inducing interventions to enhance post-stroke recovery through
rehabilitation, trophic factors, cell therapy, and extracellular vesicles. These therapeutic approaches
currently hold great promise by targeting the mechanisms involved in brain plasticity (2, 6-8)
(Figure 1). The beneficial effects of rehabilitation therapies in stroke recovery are well-known (9),
although there are still certain aspects to be clarified, such as the optimal time to start rehabilitation,
as well as its intensity and duration. Other approaches that involve brain stimulation, such as
transcranial magnetic and electrical stimulation, can enhance recovery and post-stroke plasticity
(10), and innovations with exoskeletons and brain-machine interfaces (11) have opened up new
research lines. However, we would like to focus on other novel and promising strategies, such as
the administration of trophic factors, stem cells, and extracellular vesicles.
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FIGURE 1 | Mesenchymal stem cell and extracellular vesicles-induced brain repair process after stroke. Mesenchymal stem cells and extracellular vesicles
administration-induced brain plasticity that involves adaptive structural and functional changes, including angiogenesis, axonal sprouting, synaptogenesis,
neurogenesis, oligodendrogenesis, and inflammation modulation after stroke. SYP, synaptophysin; DCX, doublecortin; NeuN, neuronal nuclear protein; MOG,
myelin-oligodendrocyte glycoprotein; MBP, myelin basic protein; IL, interleukin; GFAP, glial fibrillary acidic protein; IBA, ionized calcium-binding adapter molecule; TNF,
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TROPHIC FACTORS AS THERAPEUTIC
STRATEGY TO PROMOTE BRAIN
PLASTICITY

In recent years, trophic factors have generated a great deal of
interest in the clinical context, given that their administration
is not restricted to a narrow therapeutic window. Several
trophic  factors, including erythropoietin, brain-derived
neurotrophic factor, granulocyte-colony-stimulating factor,
vascular endothelial growth factor, fibroblast growth factor,
epidermal growth factor, and heparin-binding epidermal growth
factor, have anti-inflammatory and anti-excitotoxic protective
properties and have demonstrated efficacy in promoting
neurogenesis and angiogenesis, stimulating progenitor cell
proliferation, preventing blood-brain barrier (BBB) disruption
and ultimately promoting functional recovery in experimental
stroke models (12-15). However, a number of these approaches

were lost in translation from a bench to a bedside (14, 15), while
others have not yet been tested in clinical trials.

CELL THERAPY: THE FACTORY OF
TROPHIC FACTORS AND KEY
MOLECULES TO IMPROVE RECOVERY

But why settle for administering a single factor when we can
administer the whole arsenal? This is where stem cell therapy
plays an important role. Stem cells can secrete various trophic
factors and key molecules, promote brain plasticity, and reduce
overall inflammation. In particular, mesenchymal stem cells
(MSCs) from bone marrow or adipose tissue have demonstrated
efficacy in experimental animal stroke models (16-23). These
positive findings are translated to clinical trials, where MSCs
and other cells (such as bone marrow mononuclear cells) have
demonstrated safety in patients with stroke (24-30) and even
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efficacy in promoting improvement in white matter injuries at
1 year (31). Perhaps, one of the most stimulating findings in
stem cell translational research is the discovery of an abundant
quantity of MSCs within adipose tissue. Adipose tissue-derived
MSCs (AD-MSCs) are of special interest, not only due to their
abundance but also their relative ease of obtention through
procedures such as liposuction and abdominoplasty, which
obviate the ethical concerns with embryonic MSCs. Due to
immunoprivileged characteristics of this cell type, allogeneic
administration is possible, in our opinion (32). Treatment can,
therefore, be administered at an early stage, which is crucial for a
disease where delays result in irrevocable loss of brain function.
The administration of AD-MSCs in the acute phase could inhibit
the aforementioned pathophysiological mechanisms that are
activated early after stroke, thereby participating not only in
the repair processes of the neurovascular unit but also in its
protection. In terms of clinical feasibility, the intravenous route
for delivering AD-MSC:s is attractive, given its low invasiveness,
low risk, and greater comfort for the patient. Using this route,
AD-MSCs are unable to reach the brain due to their lack of
ability in crossing the BBB; however, they exert their beneficial
therapeutic actions by delivering their secretome from the
peripheral organs where they are confined (19). MSCs exert
their action by the release of key molecules or extracellular
vesicles (EVs) by paracrine effects (33), rather than through
differentiation to replace damaged neurons (16, 18).

EXTRACELLULAR VESICLES: THE NOVEL
STRATEGY TO ENHANCE BRAIN
RECOVERY

Extracellular vesicles are released from all cell types, harbor
important molecules such as proteins, DNA, lipids, mRNAs, and
microRNAs, and participate in cell-to-cell communication. EVs
can act as an active principle promoting several mechanisms
of recovery after stroke, including brain plasticity. It has been
shown that the intravenous administration of MSC-derived EV's
promotes functional recovery and brain plasticity in an ischemic
stroke rat model (34-37). Moreover, our group found that
an intravenous administration of EVs-improved outcomes by
promoting the processes involved in white matter repair in
subcortical stroke in rats (35). Other authors have also shown
that EVs induce higher axonal density and neurite remodeling
(34), new formation of endothelial cells (36), sprouting of new
capillaries, and higher endothelial integrity (37). MSC-derived
EVs are, therefore, a promising approach for repairing the
components of the neurovascular unit to promote overall post-
stroke recovery (38, 39).

MSC-derived EVs are able to go one step farther than MSCs
as a therapeutic strategy, given that MSC-EV's can cross the BBB,
resolve cell-related problems, such as immune compatibility,
tumor formation, and vascular occlusion, and can be stored
in hospital settings without the need for toxic cryopreservative
agents, offering an approach for acute ischemic stroke. Due to
their small size, MSC-EVs can be saved from phagocytosis by
macrophages. In addition, selective manipulation of their cargo

by bioengineering can lead to individualized medicine (40, 41).
There is, currently, only one ongoing clinical trial aimed at
assaying the efficacy of the allogeneic administration of MSC-
derived EVs enriched by miR-124 for improving the recovery of
patients with acute ischemic stroke, registered in clinicaltrials.gov
(Identifier: NCT03384433). A previous study using an animal
model of stroke demonstrated that the administration of EVs
loaded with miR-124 promoted cortical neural progenitors and
neurogenesis (42). These functions of the microRNA content
of EVs make them important not only as treatment but also
as biomarkers. We showed that circulating EVs from patients
with stroke contain miRNA and proteins related to risk factors
and etiology, post-ischemic immune response, endogenous
protection, and angiogenesis (43). We also observed differences
in the levels of the microRNA content of EVs according to the
topography of the stroke (subcortical and cortical-subcortical
ischemic stroke) and related to improved recovery after stroke
(44). Given the progress of research on EVs, further information
on brain-derived EVs under stroke conditions is necessary (45).
The content of EV's can be used as biomarkers that improve our
understanding of the mechanisms by which EVs act in stroke to
help develop new therapeutic strategies and find new molecular
targets for this neurological disease.

DISCUSSION

The experimental studies in animal model and clinical trials have
indicated that intravenously administered MSC therapy seems
to be a promising therapeutic strategy after stroke (16-23, 26—
28, 30). However, there are still some unresolved issues that have
to be investigated such as the most appropriate administration
timing, the doses required for successful recovery (46), and the
dose regimen (single-dose or repeat-doses) that reach the higher
threshold of brain repair after stroke. Likewise, the limitations of
cell therapy will be determined by the results of clinical trials.

Moreover, MSC-derived EVs have some important advantages
that can be exploited when translating a therapeutic strategy
for stroke. EVs provide a great feature as a drug delivery
system, given their ability to cross the BBB (40). Thanks to the
development of delivery system technolog