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Stroke is one of the leading causes of death and the most common cause of disability in
adults. Remarkable advances in stroke research have been achieved during the past decades. Stroke fatalities have decreased significantly worldwide owing to improved
stroke care because of increased public awareness of stroke symptoms, improved acute
stroke therapy, and improved stroke prevention approaches. There are currently significant developments in new technologies with the potential to be used daily in clinical
practice in patients with stroke. In this review, we have selected and discussed some of
the key areas related to stroke, namely big data, artificial intelligence, precision medicine, medical devices, and stem cells.

INTRODUCTION

During the past decades, remarkable advances have been achieved in stroke research. In addi-

tion, there have been significant progresses in new technologies that could potentially be used
in everyday medical practices in patients with stroke. Indeed, the technological development
enabled not only changes in our daily lives but also many changes in medical care. In the past,

advances in the medical field were important for the diagnosis and treatment of diseases. The
recent notable technological development in non-medical fields has made it important to apply these recent progresses to the medial field and healthcare. With personal computers beThis is an Open Access article
distributed under the terms of the
Creative Commons Attribution
Non-Commercial License (http://
creativecommons.org/licenses/
by-nc/4.0/).

coming more affordable and popular, information and communication technology are revolu-

tionized. Similarly, the plummeting costs of genome sequencing have transformed biomedical
research and clinical practice. The President of the United States, Barack Obama, called for the
development of the ‘All of Us Research Program’ (formerly known as the ‘Precision Medicine

Initiative Program’) in January 2015. In addition, stem cell research is currently one of the most

exciting and fast-paced areas of biomedical research and development. Every year, the Massa-
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chusetts Institute of Technology and other leading institutions

have improved significantly [1,2]. Several new medications,

selected and discussed some of the key areas in stroke re-

and proved their efficacy in managing stroke. Furthermore,

SEARCH STRATEGIES AND SELECTION
CRITERIA

stroke risk factors, and to the improved identification of

published till June 2017. The following search terms were

fits-all’ treatment option for patients with stroke. A precise

select 10 to 20 areas of future medicine. In this review, we have

search.

surgical techniques, and other interventions were introduced

there has been a notable decline in the stroke incidence worldwide owing to the advancements in the control of traditional

non-traditional risk factors of stroke [3].

The historical advances in the stroke field comprise previous

We searched PubMed to identify research articles in English

efforts to segment patients with stroke. There is no ‘one-size-

used: “stroke,” “cerebral infarction,” “future medicine,” “pre-

classification of stroke is important because its etiological

cision medicine,” “artificial intelligence,” “big data,” and

mechanisms are far more diverse than those of other diseas-

“stem cells.” Additionally, we searched the references of se-

es such as coronary heart diseases. In addition, the individual

was generated on the basis of originality and relevance to the

aging the disease because the mechanisms of ischemic brain

lected relevant articles and reviews. The final reference list
review’s topic. Because of space limitations, individual technologies were not discussed in detail.

every strategy of stroke treatment, such as a time window of

ments in stroke research (Fig. 1). With advances in neuroimag-

ing and other diagnostic techniques, the diagnosis of stroke,
etiological evaluations and quantitation of the ischemic zone
Efforts for precision of stroke patients

Mechanisms of ischemic stroke
ㆍLarge arterial
ㆍSmall arterial
ㆍCardioembolic
ㆍOther causes

Target pathophysiology
ㆍOpening the vessels

ㆍTherapeutic target pathways
(stroke evolution)
ㆍTargeting patients for acute

therapies (IVT, EVT, HCT, etc.)

deed, the treatment of choice and the response to stroke
lection of optimal candidate patients has been considered in

To date, there have been several remarkable new develop-

Stroke subtype
ㆍIschemic vs. hemorrhagic

death and the ischemic zone vary greatly among patients. Intherapies may be greatly influenced by such factors. The se-

HISTORY OF MAJOR DISCOVERIES IN
STROKE RESEARCH

Stoke vs. mimics

characterization of patients with stroke is primordial in man-

3 to 4.5 hours for intravenous thrombolysis with tissue plasminogen activator [4,5], the presence of large vessel occlusion

but small core with good collaterals for endovascular therapy
[6-10], the degree of stenosis and instability of plaque for ca-

rotid revascularization [11,12], aggressiveness of antiplatelet
Major discoveries in history

Stroke syndromes (e.g., Braca’s aphasia)
Pneumoencephalography

Catheter angiographya)
Computed tomographya)
Antiplatelet agents (e.g., Aspirina))
Statinsa)
Vascular surgery (endarterectomy)
Stenting techniques
Warfarina)

Non-vitamin K oral anticoagulants
Tissue plasminogen activator
Stentriever
Neuroprotective agents (e.g., nitric oxidea))
Genome-wide association study
Magnetic resonance imaging (multimodal)a)
Serologic biomarkers (e.g., C-reactive protein)

1860s 1890s 1920s 1950s 1970s 1980s 1990s 2000s 2010 2015 Present

Fig. 1. History of major discoveries in the diagnosis and management of stroke. IVT, intravenous thrombolysis; EVT, endovascular therapy;
HCT, hemicraniectomy. a)The Nobel prize awarded.
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agents and statins for non-cardioembolic stroke [13-15], and

ers and patients is more important than unilateral education

dioembolic stroke (e.g., CHA2DS2-VASc score).

disease, public health plays an important role in the preven-

risk schemes for the use of oral anticoagulants to prevent car-

RECENT ADVANCES IN FUTURE MEDICINE IN THE STROKE FIELD

In this review, we selected five key emerging areas as the fu-

(bilateral communication). Fifth, stroke is a very common
tion and management of stroke, and related patient informa-

tion is being accumulated at a large scale (publicity). Finally,
for patients with severe neurological deficits, novel therapeutic strategies are needed (intractability).

ture stroke medicine, namely big data, precision medicine,

Big data

deed, these areas have recently gained increasing focus and

basis for national and international guidelines for the man-

artificial intelligence, medical devices, and stem cells. In-

have being extensively studied and applied in clinical management of stroke. Although reflecting different entities,

these areas are not independent of each other because when
one of those develops, the other areas merge and evolve
synergistically (Fig. 2).

These key focus areas of future medicine are particularly

helpful in the field of stroke, probably owing to the following
characteristics of stroke compared to other medical illnesses.

First, patients with stroke exhibit various clinical phenotypes
and prognosis, making the diagnosis and clinical prediction

difficult (heterogeneity). Second, stroke is associated with
various risk factors, both genetic and environmental, which

should be considered in stroke prevention (multifactorial).
Third, the pathophysiology and outcome of stroke are very
complex; thereby, necessitating integrative analysis of vari-

ous causative and surrogate biomarkers, i.e., molecular and
imaging studies (multi-level data). Fourth, in the treatment
process, the communication between health service provid-

Evidence from randomized controlled trials (RCTs) forms the
agement of patients with stroke. However, abundant and

strict enrollment criteria may limit the validity and applica-

bility of the results of RCTs to clinical practice. Recent studies

of antiplatelet therapy for non-cardioembolic stroke, non-vi-

tamin K oral anticoagulants for non-valvular atrial fibrilla-

tion, and surgical treatment for intracranial hemorrhage
showed that patients with stroke enrolled in RCTs are only

partially representative of patients in clinical practice [16-18].
Big data can be useful for confirming the results of RCTs in

the real world. For example, the blood pressure target supported by the results of a recent RCT (Systolic Blood Pressure
Intervention Trial [SPRINT], systolic blood pressure < 120
mm Hg) [19] is substantially lower than that recommended

in the 2014 hypertension guidelines developed by the panel

appointed to the 8th Joint Committee (150/90 mm Hg for patients ≥ 60 years and 140/90 mm Hg for younger patients or
patients with diabetes or chronic kidney disease) [20]. A big

data approach using a nationally representative sample in

Big data approach replacing large clinical trials
Big data

Data mining for hypothesis generation

Clinicogenomic big data
Personalized medicine
Development of new drug
Cell or organ-in dish/chip technology
Regenerative medicine
Development of new drug

AI-based decision making
Artificial
intelligence

Precision
medicine

Stem cells

Medical
devices

3D-bioprocess
Tissue-engineered scaffold

Multifunctional radiology

Mobile AI diagnostics
Real-time diagnostics
Wearable devices
Brain-computer interface
Robot assistance

Fig. 2. Five key areas of future medicine and related research field in stroke. AI, artificial intelligence; 3D, three-dimensional.
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Korea showed that the proportion of adults with hyperten-

ported that models of complex functions provided new in-

70.8% under the 2014 guidelines to 11.9% under the SPRINT

learning techniques with big data set of advanced neuroim-

sion satisfying the respective goals would decrease from

criteria. Furthermore, the 10-year predicted risk of cardiovas-

cular events differed significantly as well, and corresponded
to 6.15% in patients who met the SPRINT goals and 7.65% in

those who met the 2014 recommendation goals [21]. In addi-

tion, the application of existing big data, such as national

sights into brain-behavior relationships through machine

aging techniques in 41 ischemic stroke patients. However,
further studies with big data sets of functional neuroimaging
from a larger number of patients with stroke are still needed
for clinical application to patients with heterogeneity.

Machine learning is a subset of artificial intelligence. Ma-

health insurance data, can answer new questions in stroke

chine learning techniques such as medical imaging, bioinfor-

search [22]. However, it should be noted that bigger data

healthcare. The application of artificial intelligence in stroke

research, such as those related to vascular dementia redoes not necessarily mean better data because it may have

inherent limitations and biases. The value of big data will be
guaranteed by appropriate and efficient analytical methods.

Artificial intelligence

Data mining, also called knowledge discovery process, is the

computing process of discovering patterns in large datasets
involving methods at the intersection of machine learning,
statistics, and database systems. In addition to the knowl-

edge and experience of clinicians and the results of imaging

studies, the accuracy and efficiency of prediction, diagnosis/
classification, prognosis, and management of stroke can be

improved by the application of data mining techniques [2326]. Li and colleagues [24] identified predictive risk factors

for ischemic stroke/thromboembolism in atrial fibrillation by

matics, and public health have recently been applied in

research is increasing, particularly in the prediction of stroke

(e.g., risk factors [30] or fine particulate matter [PM2.5] [31])
and pervasive health monitoring using smart monitoring devices embedded in the living environment (e.g., real-time

monitoring with smartphone for adherence of oral anticoag-

ulants) [32]. Artificial intelligence can be particularly helpful
in decision making in every step of endovascular therapy for

acute ischemic stroke, including (1) clinical and imaging recognition of acute ischemic stroke in the ambulance or emergency room [33], and (2) outcome prediction after endovas-

cular therapy [34]. In addition, pathological brain detection
systems are being developed using magnetic resonance imaging and aim to assist neuroradiologists to make decisions
in the management of neurologic diseases [35].

It was estimated that the amount of medical information

using integrated machine learning and data mining ap-

available has been doubling every 5 years, and that only a

higher prediction performance than previous prediction

make diagnosis and treatment decisions is evidence-based.

proaches. They showed that this approach can achieve a
models for atrial fibrillation (such as CHA2DS2-VASc) [24].

Yoon and Gutierrez [26] showed that data mining is promising to discover new factors associated with post-stroke disability, such as exercise, employment and satisfaction of life.
Data sets could be not only clinical data but also omics (i.e.,
genomics, transcriptomics, proteomics, and metabolomics)
and neuroimaging data.

Understanding brain function is essential for predicting

functional outcome, investigating recovery mechanisms,
and promoting post-stroke functional recovery. So far, the

function of the human brain has been explored from a net-

work perspective with variable advanced neuroimaging

techniques such as functional magnetic resonance image,
transcranial magnetic stimulation, electroencephalography,

magnetoencephalography, and near-infrared spectroscopy
[27,28]. In this aspect, big data can be obtained in a relatively

few patients with stroke with multimodal structural and
functional neuroimaging technique. Kuceyeski et al. [29] re146

small percentage of the knowledge that physicians use to
In this context, artificial intelligence may assist physicians,

including vascular neurologists, in everyday medical decision-making. The cognitive system IBM watson (IBM, York-

town Heights, NY, USA) has the capacity to read 40 million
documents in 15 seconds, and its efficacy in assisting oncologists in treating cancer patients is currently being tested.

Medical devices

Mobile medical devices were used to measure vital signs,
heart rhythm, sleep pattern, and oxygen saturation, and to
monitor the patients’ behavior. Wearable devices that mea-

sure easily quantifiable data have been or are being developed to monitor in real time the patients’ compliance to

treatment or the status of risk-factor control. In patients with
embolic stroke of unknown source, prolonged monitoring of

the cardiac rhythm with implantable loop recorder or ambulatory electrocardiographic monitoring significantly im-

proved the detection of atrial fibrillation, thereby enabling
http://pfmjournal.org
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timely anticoagulation therapy [36,37]. In the near future,

common variants that are more frequent in patients with

place such invasive and burdensome devices. Digital contact

(case-control studies) or in responders for specific drugs

wearable sensors (i.e., skin or cloth-like structure) could relens for measuring glucose levels from tears (patented by

Google) could substitute blood sampling through venipunc-

ture. Various data from the body fluid can be obtained and
measured by point-of-care method and can be transferred to
physicians.

Advancements in robotics and neuroscience can promote

the improvement of functional impairment in patients with
stroke through therapeutic assisting robots [38]. Therapeutic

robot can improve the effects of stroke rehabilitation to pro-

specific subtypes of stroke than in healthy individuals
than non-responders (pharmacogenomics); thus, providing
GWAS-based genetic risk scores; (3) whole exome or genome

DNA sequencing, which identified rare causal variants that
may provide novel therapeutic targets and guidelines for

stroke diagnosis and medication; and (4) other multi-omics
studies (epigenome, transcriptome, proteome, metabolome,

etc.), such as gene expression profiling to differentiate diverse stroke etiologies and clinical outcomes [46-50].

The scientific statement of the American Heart Association

vide more intensive, longer, and more repetitive tasks with

summarized four areas that have been translated into clini-

the assisting robot can substitute the physical impairments

(still only modest evidence), pharmacogenomics (e.g., guide

more challenging and motivating components. In addition,
in stroke patients by providing the mechanical power with a
multi-sensor system [39,40].

Brain-computer interfaces (BCIs) can connect a human

brain and an external device without the need for human

sensory and motor system [41]. Because BCI can substitute

physical impairments such as motor and language functions,
it enables patients with stroke who exhibit motor impairments to control the electrical device, which could be a computer cursor and a wheelchair [42]. Furthermore, BCI has

been applied for motor neuromodulation purposes to induce
real-time feedback to patients with stroke and to reward con-

sistent production of neural features concordant with the
motor function [41,43].

The medical applications for three-dimensional (3D) print-

ing are expanding rapidly and are expected to revolutionize

the healthcare system [44]. A high level of design and manufacturing personalization of 3D printing can remedy the

shortcomings of the current orthoses in patients with stroke

[45]. Nevertheless, many trials with 3D printing are anticipated for patients with stroke.

Precision medicine

Precision medicine relies on biomarkers, and enables a better classification of patients with their disease risk, prognosis, and treatment response. Identification of causative genetic variants may provide new avenues for stroke prevention (pre-stroke) and new therapeutic targets (post-stroke).

Four types of genetic studies have been conducted in stroke

research: (1) single-gene mutation for rare stroke syndromes
such as cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL); (2) ge-

nome-wide association studies (GWAS), which identified
http://doi.org/10.23838/pfm.2017.00163

cal practice, including cardiovascular disease risk prediction

dosing of warfarin and clopidogrel), new drug development
(e.g., proprotein convertase subtilisin/kexin type 9 [PCSK9]

antagonists), and clinical actionability of genetic mutations
(identifying individuals at risk) [51]. Genetic findings are par-

ticularly useful because they have recently been used to trigger drug development. A typical example is the monoclonal

antibodies that inhibit PCSK9, which lowered the low density
lipoprotein cholesterol and reduced the risk of stroke and
cardiovascular events [52-54]. In addition, associations be-

tween genetic polymorphisms and functional outcomes have
been reported in patients with stroke [55-59]. Brain-derived
neurotrophic factor (BDNF) [55-57], apolipoprotein E [58],

dopamine-related gene polymorphisms [59] have been proposed as genetic biomarkers to predict the functional outcomes in patients with stroke. In addition, the BDNF genotype is related to the different responses to non-invasive

brain stimulation in patients with stroke [60]. Therefore, advancements in precision medicine could help design individual rehabilitation strategies for patients with stroke.

Notably, a recent, highly collaborative culture in genomic

research has accelerated new discoveries in genomic studies worldwide [61]. In particular, the Global Alliance for Genomics and Health (http://genomicsandhealth.org), the

1000 Genomes Project (http://www.internationalgenome.
org), ENCODE (ENCyclopedia Of DNA Elements, https://

www.encodeproject.org) Project, the Cancer Genome Atlas

(TCGA, https://cancergenome.nih.gov), and UK Biobank cohort (http://www.ukbiobank.ac.uk) are representative exam-

ples of such efforts. Recent noticeable effort has been made
to aggregate 123,136 whole exomes and 15,496 whole genomes in a publicly open database (gnomAD, genome Aggre-

gate Database, http://gnomad.broadinstitute.org) that can
147
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be easily accessed to determine frequencies per population

for variants of interest. The majority of such cohorts and databases offer public or controlled access to different levels

of stroke symptoms and improvement in acute stroke therapy and in stroke prevention.

It is likely that application of future medicine, such as ma-

(raw, pre-processed, analyzed, or summary statistics) of ge-

chine learning and precision medicine, will soon transform

scale genome-phenome data will accelerate our understand-

tive studies on the effectiveness of these new techniques are

nomic and clinical data. Indeed, sharing and integrating large

ing of the human complex diseases and the progress in human health.

Stem cells and regenerative medicine

Stem cell therapy is considered a potential regenerative strategy for patients with stroke who exhibit neurologic deficits.

With the current advances in stem cell research and the understanding of their mechanisms of action, several clinical
trials of stem cell therapy have been conducted in patients

with stroke since 2005. These include studies using mesenchymal stem cells, bone marrow mononuclear cells, and

neural stem/progenitor cells [62]. However, the results of
these RCTs showed that adult stem cell therapy was safe but
of modest efficacy; thereby, underscoring the need for new
stem cell therapy strategies [63]. Several currently ongoing

trials are examining the effects of allogeneic or manipulated
stem cells in patients with stroke [64-66].

The primary hurdles for current stem cell therapies include

the following: (1) the limited source of engraftable stem cells,
(2) the presence of optimal time window for stem cell thera-

pies, (3) the inherited limitation of the potential of adult stem

cells, and (4) the possible transplanted cell-mediated adverse effects, such as tumor formation or stroke [63]. Several

strategies have been revaluated in recent preclinical and
clinical studies in order to overcome these hurdles, such as

the off-the-shelf use of allogeneic stem cells to apply them at

the acute phase of stroke, ex vivo manipulations of stem cells
to enhance their efficacy, and cell-free paradigms using stem
-cell derived extracellular vesicles/secretome.

The efficacy of stem cell therapy will be improved not only

with the advances in the understanding of stem cell biology

but also with the advances in techniques, such as biotechnology and bioengineering, to modulate the characteristics
of stem cells. The 3D-bioprocess techniques are currently

used for large-scale production of stem cells, while tissue-engineered scaffold could enhance stem cell survival [67,68].

CONCLUSION

Stroke fatalities have decreased significantly worldwide owing to improved stroke care, including the public awareness
148

some sectors of the healthcare system. However, compara-

not currently available, especially regarding the effects on
health outcomes. The efficacy of these medical technologies
has not yet been validated. More data are required to confirm the effects of application of precision and future medicine on the quality of health care. In addition, there is still a

gap between bench and bed side. For future medicine to be

applied on patients with stroke, clinicians need to be prepared to match the fast pace of technology developments.

The Get with the Guidelines-Stroke registry, which evaluated

626,473 patients from 1,236 US hospitals, reported that electronic health records, which are an essential element in im-

proving healthcare, were not associated with higher-quality
care or better clinical outcomes in stroke [69]. Although there

have been suggestions that machine learning incorporating

multi-level data (genomics, omics, clinical, lifestyle, and environmental) will drive noticeable changes in health care

within a few years, the introduction of machine learning
technique in healthcare has not always been straightforward
or without unintended and adverse effects [70]. There may

be a problem in machine learning-based decision systems
when no sufficient clinical context is represented. This is par-

ticularly important if physicians lose the awareness of the
existence of clinical elements that are not included in the
clinical record.

Nevertheless, the future favors the prepared mind.
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