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Preface

Stroke is among the leading causes of morbidity and mortality globally and its
incidence is on the rise. It is increasingly recognized that an understanding of various
clinical presentations among clinicians and other stakeholders is extremely important
to achieve better outcomes in stroke patients. Apart from the obvious clinical defi-
cits, the subtle signs and clinical symptoms of stroke, including acute dizziness and
vertigo, may provide a clue about ischemic events involving the brain. Because of the
subtlety of stroke’ clinical presentation, it is challenging to diagnose in clinics as well
as in emergency departments. This book provides a practical approach and a summary
of recommendations for the management of stroke patients. A detailed history and
clinical examinations are the mainstays of stroke diagnosis followed by a CT scan,
which is the initial investigation of choice in most settings. CT can be followed by
MRI, particularly diffusion-weighted (DWI) sequences and other investigations, to
assess the cerebral cranial vasculature and formulate a management strategy. Overall,
the diagnosis and management of stroke require multimodal strategies and a mul-
tidisciplinary approach to make the diagnosis and deliver optimal treatment, which
will include medical as well as surgical management in select cases. The book helps to
understand and explore current advances, including the identification of the molecu-
lar characteristics that determine the malignant phenotype that may further help to
develop effective management strategies, including immunotherapy. There is a scope
for future research where global leaders can come together to develop affordable,
sustainable, and uniformly available options to prevent as well as manage stroke.

Amit Agrawal

Department of Neurosurgery,

All India Institute of Medical Sciences,
Bhopal, India






Chapter1

Introductory Chapter:
Neurosurgical Management of
Intracerebral Hemorrhage

Luis Rafael Moscote-Salazar, Md. Moshiur Rahman
and Amit Agrawal

1. Introduction

Primary spontaneous intracerebral haemorrhage (SICH) can lead to fatal outcomes
and in survivors can be cause of significant morbidity and long-term disability [1]. In
up to 90% patient’s arterial hypertension or amyloid angiopathy gas been attributed as
the cause of bleeding [2]. Important points to differentiate primary SICH from second-
ary SICH include primary SICH usually involve basal ganglia, thalamus in patients
with history of hypertension [2-5]. The increase in life expectancy and increase in
aging population it can be anticipated the burden of SICH shall continue to increase
[6, 7] with an increase in overall lifetime cost for management of these patients [8].
The role of neurosurgical intervention and available options in the management of
spontaneous SICH is not only increasing but also able to improve overall outcomes. We
exclude the discussion for the management of spontaneous cerebellar hematomas as
these are special subtypes have relative better clinical outcome [2].

2. Clinical characteristics

Each patient needs to evaluated in details including details clinical history and
clinical examination particularly neurological deficits and extent of the deficits [2].
Clinical characteristics of the SICH depends on the size, location of the bleed pres-
ence or absence of hydrocephalus. General manifestations include sign of raised intra-
cranial pressure i.e., headache, vomiting, seizures, and altered levels of consciousness
(including coma in severe cases) [2]. The two common risk factors for SICH include
systemic arterial hypertension and cerebral amyloid angiopathy [9, 10].

3. Diagnosis

Primary SICH needs to be differentiated from other causes of haemorrhagesi.e.,
from secondary SICH (for example traumatic ICH, tumours with haemorrhage, vas-
cular malformations, and pharmacological causes of SICH) [2]. Whenever a SICH is
suspected, CT scan brain will provide the details regarding presence of blood includ-
ing its location with sensitivity of more than 95%, in some patients [11, 12] CT scan
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may not show the blood, in these cases MR can help in finding the blood particularly
with T2* and proton weighted sequences [12, 13]. In cases where a secondary cause
of intracerebral haemorrhage is suspected CT and MR can be supplemented with
MR-angiography, CT-angiography, or if necessary conventional digital subtraction
angiography [11].

4. Management

Management may range from medical management and observation alone to
aggressive surgical intervention that may include evacuation of the hematoma and/
or decompressive craniectomy [14-26]. Standard conservative management and
management of patient who is a candidate for surgery include stabilization of airway,
breathing, circulation stabilization, control of blood pressure followed by measures
to reduce intracranial pressure either anti-oedema measures or surgical evacuation of
the hematoma and prevention of secondary complications (pneumonia, DVT, urinary
tract infection, pressure ulcers) [27]. For example, surgery may not be advisable in
patients with large thalamic haemorrhages or haemorrhages extending into the brain
stem in a patient who has poor neurological grade [2].

5. Surgical management

In addition to medical management options, a range of several invasive neuro-
surgical approaches have been described for clot removal and to reduce mass effect.
These approached include open craniotomy to evacuate hematoma with or without
decompressive craniectomy, image-guided stereotactic endoscopic aspiration,
minimally invasive methods for thrombolysis and placement of external ventricular
drainage (in cases of intraventricular extension of the clot of associated hydrocepha-
lus) have been described [27]. Decision to perform surgery can be influenced by the
facilities available, expertise and patient related factors, the surgical options include
open craniotomy and evacuation of the hematoma, endoscopic evacuation of the
hematoma, stereotactic evacuation of the hematoma, CSF diversion procedures like
EVD of VP shunt if there in extension into the ventricles or associated obstructive
hydrocephalus.

6. Scope of neurosurgical intervention

The role of neurosurgical interventions has been expanding in the management
of SICH however there are many challenges ahead and many questions needs to be
answered. For example, any follow up intervention cannot reverse the primary injury
[27] but at the same time it can help to minimize secondary injury. Evacuating the
hematoma can be a lifesaving procedure, however there is a need to further under-
stand how can we improve the overall quality of life of the survivors. The decision
to perform surgical evacuation can be weighed in a case-to-case basis. For examples
Reichart [2].

* Small haemorrhages involving basal ganglia with minimal or absent neurological
deficits can be managed conservatively
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* Inlarge hematomas where a whole hemisphere is involved, patient is an elderly
with poor neurological grade, surgery may be lifesaving but prognosis remains
poor hence surgery may not be advisable

* Conscious patients with hematomas between 30 and 50 ml, deep location and
without mass effect can be managed conservatively. However, if secondary
neurological deterioration occurs and the volume of hematoma increases and
size may be of 50-60 ml, open craniotomy and evacuating of the hematoma can
be considered

* Young patients with a moderate or large lobar haemorrhage who are clinically
deteriorating may need surgical intervention

* SICH associated with a structural lesion such as an aneurysm, arteriovenous
malformation or cavernous angioma may need surgical intervention.

7. Challenges

Although recent advancements both in terms of medical and surgical manage-
ment of these patients have resulted in improved survivals however overall functional
outcomes remains compromised [27-34]. Many studies have explored the role of
surgery in the management of spontaneous intracerebral hematomas [35]. However,
the generalization of the results and management of individual patients remains both
controversial and challenging.

8. Conclusions

There is a need for evidence-based algorithms which can better address manage-
ment options as well as overall functional outcomes of these patients, where the
individual patient regain functional independence as well as can be integrated into
the society. As investigators, in addition to the development of post event manage-
ment protocols and factors facilitating the neuronal recovery, but also to focus on
techniques those can detect high risk patients to develop SICH and strategies like risk
factor modifications to prevent episodes of SICH which can potentially be fatal or can
leave the patients with severe disability.
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Chapter?2

Perspective Chapter: Clinical
Standard of a Geriatric Patient as

a Virtual Target for Correction of
Pharmacotherapy of Hypertension
and Stroke in the Elderly

Aleksandr Urakov, Aleksandr Samovodov and Varvara Sokolova

Abstract

One of the unresolved geriatric problems in neuropharmacology remains the lack
of specifically designed drugs and therapeutic and preventive measures for older
adults with hypertension and/or stroke. In particular, there are no standards for
virtual geriatric patients aged 65-70 years, 70-90 years, and over 90 years, as well
as courses of pharmacotherapy for diseases in them. The fact is that modern drugs
and standards of their use in the treatment of diseases are still traditionally focused
on a virtual object, which represents a person of mature age weighing about 70 kg.
Therefore, it is proposed to develop clinical standards appropriate for three groups
of geriatric patients. The main characteristics of health status, hypertension and
rehabilitation of elderly people after a stroke, as well as the peculiarities of pharma-
codynamics and pharmacokinetics of drugs are given. It is hoped that the use of such
virtual targets will optimize the adjustment of treatment of hypertension and stroke
in elderly people and will reduce drug complications and polypragmasy.

Keywords: drug, course pharmacotherapy, polypragmasy, complications, elderly
person, longevity, safety

1. Introduction

In recent decades, most countries of the world have experienced an “aging” of
society, as, on the one hand, the number of elderly people has increased and, on the
other hand, the number of children and youth has decreased. The reason for this
phenomenon was the increase in the average life expectancy of people with a simulta-
neous decrease in their birth rate [1]. The significant increase in the number of elderly
patients has led to an increase in the role of geriatric problems in health care and, in
particular, in neurology, pharmacology, and pharmacy. The fact is that medicine,
as an art of healing, was formed in a period when the bulk of patients consisted of
people of young and mature age, because at that time, the average life expectancy of
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people did not exceed 30 years [2]. Moreover, patients over the age of 65 were a rarity
for the bulk of physicians at the time the foundations of medicine were formed.

That is why the extant basics of therapeutic and surgical treatment of diseases
mainly reflect the experience of successful medical treatment of people of young and
mature age, but not of the elderly or long-lived. This is clearly demonstrated by the
main mysteries of healing, which are reflected in the two most famous aphorisms of
Hippocrates [3]:

1.Do no harm (lat. Noli nocere).
2.The doctor treats, nature heals (Lat. Medicus curat, natura sanat).

The essence of these aphorisms boils down to the following: despite the fact that
the doctor prescribes treatment, it is still not the doctor who heals the patient, but
nature that sustains his vitality. No one today is likely to argue that these aphorisms
reflect the basic mysteries of healing, not of the elderly and the long-lived, but of the
young and the mature. Today, they are guided equally by doctors who are adherents of
traditional medicine and all sorts of “healers” and herbalists, relying on the methods
of nontraditional and folk medicine [4]. Consequently, the extant medical standards
of diagnosis and treatment of sick people reflect the state of health and readiness for
self-recovery of people of young and mature age.

Analysis of the content of ancient medical treatises, including Hippocratic writ-
ings, convinces us that these standards reflect the experience of doctoring not all
sick people, but only those of them who voluntarily sought medical care themselves,
knowing that they would have to pay for it, and who were able to pay for the costs
associated with diagnosis and treatment. In addition, it is important to emphasize that
these medical diagnostic standards were developed without the use of most modern
diagnostic technologies, and treatment standards did not include modern medications
and technologies for their use [5]. In addition, the medical canons discussed were
mostly relevant only to patients who believed in God, in the miraculous power of the
healer they chose and the medicine they prescribed. At the same time, it is clear to us
today that the healer himself successfully healed mostly people no older than 65 years
of age, but people of young and mature age. Today, it is unlikely that anyone would
argue with the fact that people of young and mature age fell ill, as a rule, by accident,
and their illness was a short-term phenomenon. Obviously, the biblical truth that
Christ healed many sick people, especially those who believed in him, applies to
patients of young and mature age rather than to the elderly and long-lived [6, 7].

Therefore, diagnostic and therapeutic standards that have survived unchanged
are suitable mainly for the treatment of people of young and mature age, and are of
little use in the treatment of elderly patients. The fact is that aging leads to decrease
of physical and mental activity of a human being, depletes reserves of all organs and
systems of human body, and finally decreases disease resistance. Moreover, physical
health, typical for a person of young and mature age, is not typical for patients older
than 65. But as a person ages, it is natural that frailty and exhaustion progress, and
diseases begin to take on a prolonged character. It is a bitter truth that man is mortal,
and death is more likely in old age than in adulthood and youth.

A striking sign of old age in humans and animals is the wear of teeth, increased
hardness of skeletal muscles, thickening of the walls of blood vessels, the appearance of
cholesterol plaques in blood vessels, increased blood pressure, impaired blood supply to
the brain and heart, as well as malignant neoplasms in various organs [8, 9]. Earlier the

10



Perspective Chapter: Clinical Standard of a Geriatric Patient as a Virtual Target for Correction...
DOI: http://dx.doi.org/10.5772/intechopen.110671

above mentioned manifestations of old age were rarely encountered in medical practice
due to the fact that very few people lived to old age. Nowadays, due to the continuing
“aging” of society, these manifestations of old age are more frequent and therefore
require their resolution more often. It is becoming more and more evident that it is very
important to be able to treat this or that disease not so much in people of young and
mature age, but in the elderly and in long-lived people. At the same time, the progress
of geriatric medicine is hindered by the absence of special “geriatric” drugs and medi-
cal standards for diagnosis and treatment of such “manifestations” of old age such as
adentia, hypertension, stroke, ischemic heart disease, and myocardial infarction.

2. The modern virtual average patient as the medical standard mature
patient without hypertension and stroke

Despite the fact that the modern practice of neurologists has replaced young and
mature patients with elderly patients, “geriatric” standards of care have not yet been
developed. Under these circumstances, when providing medical care to patients over
the age of 65, physicians apply the same medical standard that they do when treat-
ing young and mature patients. It is true that doctors have remembered since college
that the pharmacodynamics and pharmacokinetics of all medications depend on the
health status, gender, and age of patients, so these factors must be taken into account.
However, the existing medical standards inhibit the initiative of physicians because it
does not contain specific recommendations for adjusting the diagnosis and treatment
of elderly patients and long-livers with, in particular, hypertension and stroke [10, 11].

Nevertheless, when treating hypertension and stroke in the elderly, each neurolo-
gist compares the anatomical and functional features of each elderly patient with
the features of a virtual average (“standard”) patient of young and mature age. In
doing so, the physician seeks to identify the difference between them independently
in order to use it to “geriatricize” the treatment of the disease in the elderly patient.
These skills are very important because currently they are the only ones that can help
the physician find a successful solution to most of the geriatric problems that have
accumulated in the medical-pharmaceutical field.

It is no secret that throughout the history of medicine and drug-making, the role
of the average statistical patient has implied an average (virtual) person who was of
average age (ranging from 18 to 65 years) [2, 12, 13]. In other words, it was not a per-
son of advanced age by modern standards. Also implicit was the following: Although
each patient represented either a man or a woman of childbearing age, the virtual
standard person was assumed to represent something statistically average between a
man and a woman (figuratively speaking, this patient represented the “middle” sex).
Therefore, the role of this subject was not a girl and/or a woman during menstrual
bleeding, fertilization, pregnancy, childbirth, and/or lactation.

To this we should add that in the opinion of pharmacists and healers, a standard
virtual patient had an average statistical body structure, an average statistical state
of health, and could unexpectedly “fall ill” and relatively quickly improve his health
himself, more precisely—without doctors and without using traditional (or nontradi-
tional) medicines. It was implied that the virtual standard patient had normal blood
pressure, and also did not have a stroke, did not die either before or in the process of
healing (i.e., conventionally speaking, lived “forever”). It was also assumed that the
virtual standard patient had a body weight of about 70 kg, was not an alcoholic, drug
addict, or substance abuser, had never previously taken any medications, had no drug
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addiction and led a daytime lifestyle, and ordinary diseases plagued him only during
his waking period (namely, during the day) [7, 14].

On this basis, all generally accepted diagnostic and treatment standards (includ-
ing pharmacological, pharmaceutical, and neurological technologies (diagnostic and
treatment methods)), devices (medical instruments and devices), and means (drugs)
are still not directly relevant to each specific person (patient) and not in each specific
moment of his life. In particular, modern pharmacological, pharmaceutical, and
neurological standards are relatively directly relevant only to those people of young
and mature age (patients) who by the characteristics of their anatomo-functional
state come close to the similar state of the virtual average patient currently accepted
as a standard (conventional norm).

Thus, the main characteristics of the anatomical-functional state of the modern
statistical average standard patient can be described by the following main indicators
of his “nature”: average age, average sex, average weight, and average state of health.

From this “rule,” in particular, it follows that modern tablets of medicines are pro-
duced by pharmaceutical companies around the world with such mechanical, physical,
chemical, and other properties, which are optimal for enteral administration in condi-
tionally healthy people aged 18-65 years, who have intact chewing and speech apparatus
and gastrointestinal tract. However, no one denies that modern drug tablets are prepared
by pressing dry powders, so they are essentially quite strong artificial stones with vary-
ing hardness, which, by the way, is not controlled worldwide [15]. In this regard, it is no
coincidence that pills, which are considered of high quality today, can cause local damage
to the teeth, gums, and stomach walls not only in some patients, but also in healthy
people. In this regard, there is reason to remind ourselves that man is not a bird. Humans
are designed to swallow elastic, soft, and slippery chewing lumps, not hard stones [16].

Despite these paradoxes, tablets continue to be the top-selling drug among other
dosage forms worldwide for the treatment of many diseases in people of all age
groups, including the treatment of hypertension and stroke.

Under these conditions, in the complete absence of drugs produced in the form
of special “geriatric” tablets, neurologists have no choice but to prescribe drugs to all
elderly people in the form of the most common tablets, regardless of whether patients
have teeth, dental prostheses, as well as the condition of the chewing and speech
system and the gastrointestinal tract. At the same time, all physicians are informed
that prescribing modern tablet medications strictly according to the accompanying
“Instructions for Use” is correct only when treating people of young and mature
age. Therefore, when prescribing medications in such “tablets” for the elderly and
seniors, adjustments to the quality of the tablets, changes in the dose of the drugs they
contain, and the technology of their enteral administration are required. However,
pharmacological handbooks, instructions, and medication guidelines do not provide
specific recommendations for turning “adult” pills into “geriatric” pills [17, 18]. The
lack of precise instructions for neurologists on how to turn “adult” pills into “geriat-
ric” pills does not optimize pharmacotherapy for diseases of the elderly, including the
treatment of hypertension and stroke.

3. Basic geriatric syndromes and diseases—their importance in the
treatment of hypertension and stroke in the elderly

The lack of “geriatric” drugs specifically designed to treat hypertension and stroke
in elderly patients, as well as the progressive depletion of adaptation reserves to many
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diseases that occur with aging, predetermines the inevitable protracted nature of
pathology and low efficiency of natural and/or medical rehabilitation of patients.
Nevertheless, sometimes the patient’s organism can retain some part of reserves and
protective forces, which, for various reasons, are not involved in rehabilitation, but
with the participation of a doctor can be used for this purpose. That is why in order

to really improve the results of treatment of all patients, regardless of their age, all
doctors must strive to unlock all available adaptation reserves of each patient to the
fullest extent possible. That is why it is advisable to bring together as soon as possible
all the accumulated positive experience in the treatment of hypertension and stroke in
elderly and long-lived patients.

There is no doubt that elderly patients differ from young and mature patients in
less reactivity of the body and a longer period of illness and rehabilitation after an
illness. With increasing age, the reactivity of the body and the severity of its response
not only to disease but also to drugs decreases. At the same time, aging leads to a
decrease in the quality of life of people. Instead of the former curiosity, initiative
desire to learn and succeed in learning observed in young years, in old age, people’s
craving for cognitive activity decreases. At the same time, such geriatric syndromes
as senile asthenia, sarcopenia, depression, delirium, decreased skeletal-muscular
mobility, and increased bone fragility, urinary incontinence, sensory deficits, oral
disabilities (masticatory-speech apparatus dysfunction) develop [19-22].

It so happened that neurologists encountered difficulty in solving geriatric
problems earlier than physicians in other specialties. This is explained by the fact
that the increase in the average life expectancy of people first created the problem
of high mortality and disability, which was caused by the increasing frequency of
cardiovascular diseases. That is why neurology, cardiology, angiology, hematology,
laboratory diagnostics, resuscitation, and anesthesiology and other allied medical
specialties, including pharmacology and pharmacy, were developed at a rapid pace
to address the above geriatric problems at that time. As a result, significant advances
have been made in the prevention and medical treatment of hypertension, strokes,
coronary heart disease, thrombosis, cardiopulmonary failure, and hypoxic cortical
cell damage [23].

Only then, among other problems related to complications arising in the elderly
from cardiovascular diseases, did the problems of rehabilitation of patients related to
their musculoskeletal disorders begin to be developed. At the same time, the founda-
tions for solving these geriatric problems were laid not in pharmacy and pharmacol-
ogy, but in neurology. The fact is that initially, similar problems (paresis, paralysis,
and even strokes) were often encountered in the practice of neurologists because
they arose due to congenital, traumatic, ischemic, and/or hypoxic lesions of the brain
cells in patients of young and mature age. In particular, thanks to neurologists, it has
been conclusively proven that speech disorders are often a consequence not just of
“old age,” hypertension, and/or stroke, but rather of co-morbidities such as ischemic
heart disease, diabetes, chronic lung, liver and kidney inflammation, and neurosurgi-
cal interventions. It has been shown that speech disorders can cause ischemic and/
or hypoxic brain disorders, which, in turn, can manifest as aphasia and dysarthria,
often combined with pathology of other higher mental functions (various types of
agnosia and apraxia), impaired swallowing function, and motor and mental disorders
(depression, severe neurotic states, and suicidal thoughts) [24-27]. Due to the efforts
of neurologists and cardiologists, in recent years, some medications, in particular
oral anticoagulants, have been additionally included in the list of causes of disability
associated with provoking stroke, thrombosis, and bleeding [28].
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Neurologists, through their established practice of collaborating with speech-lan-
guage pathologists and physical therapists, have thoroughly investigated the effective-
ness of various rehabilitation options for older patients with hypertension and stroke.
The results they obtained allowed them to highlight the most effective methods and
procedures. In particular, based on the experience of comprehensive rehabilitation
of the masticatory-speech apparatus impaired in patients as a result of stroke and
craniocerebral trauma, neurologists gave preference to the method of restorative
training of patients [29-31].

It is noteworthy that aphasia, dysarthria, articulatory apraxia, speech, and swal-
lowing disorders, encountered in the practice of neurologists when treating patients
of young and mature age, were the consequence of local irreversible damage to the
brain areas. And, as we know, dead brain cells do not regenerate. Today, however,
it is becoming clear that rehabilitation based on teaching (training) of patients can
accelerate the recovery of lost nervous system functions resulting from the death of
some brain cells. The fact is that as a result of specially designed regular training, liv-
ing neurons can take over the function of the damaged parts of the brain. Studies have
shown that such training can often restore speech and swallowing function in patients
of different ages. Therefore, the rehabilitation of the masticatory-speech apparatus of
elderly patients can indeed be improved with restorative training, but not as quickly
as one would like. Practice has shown that tangible rehabilitation success comes not
earlier than after 3 to 6 weeks of regular training [32-36].

In parallel, neurologists have investigated the possibility of accelerating the
process of rehabilitation of the masticatory-speech apparatus of elderly and senile
patients with the help of medications. However, there was no convincing evidence of
a significant increase in the effectiveness of the restorative teaching method. These
results suggest that it is the method of restorative teaching that can be considered
today as the basis of medical technology for the rehabilitation of the masticatory-
speech apparatus in elderly patients who have suffered a stroke. Such “logopedic”
rehabilitation can be based on regular (daily) theoretical and practical lessons with
patients lasting 10-40 minutes each. Rehabilitation measures developed and tested in
clinical practice include medication support, therapeutic gymnastics, speech therapy
classes, massage, neuropsychological correction, and psychotherapeutic care. It is
important to note that the success of these measures was achieved without the use of
special “geriatric” medications.

In this case, it is implied that medical support for rehabilitation measures is
reduced to the common course pharmacotherapy of the main and/or concomitant
diseases, which may not refer only to neurological diseases. In turn, it is implied that
pharmacotherapy of each disease should be carried out in accordance with the medi-
cal standard.

Stroke is one of the main diseases in elderly patients with rehabilitation measures
aimed at restoring the function of the masticatory-speech apparatus. Since the cause
of stroke may be craniocerebral trauma, hypertensive crisis, or cerebral vascular
thrombosis, it is implied that medication support for speech rehabilitation of the
masticatory-speech apparatus should be adjusted in full compliance with the available
medication standards for craniocerebral trauma, hypertension, or hypercoagulation
syndrome (or thromboembolic disease). In turn, comorbidities in patients of age and
longevity can often be diabetes mellitus, chronic bronchitis, bronchial asthma, coro-
navirus infection, and some other diseases [37, 38]. Therefore, it is self-evident that
in such cases, the medical support of the ongoing rehabilitation of the masticatory-
speech apparatus should be adjusted (supplemented with drugs) in accordance with
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the standard of course pharmacotherapy of the relevant diseases and their complica-
tions (such as diabetic foot, airway obstruction, pulmonary emphysema, bilateral
atypical pneumonia).

Consequently, the aging of the elderly person is most often manifested and/or
accompanied by certain geriatric syndromes, which are mainly of a psychoneurologi-
cal nature. Regardless of this, older people may often have concomitant diseases of
various organs and systems of somatic nature. Therefore, medication support for
stroke rehabilitation in the elderly cannot be standard and absolutely the same for all
patients. In addition, it cannot be a monotherapy (therapy with a single drug). Proper
medication support for stroke rehabilitation for each elderly patient must always
be an original combination pharmacotherapy regimen in which the drugs must be
carefully selected to take into account all the geriatric syndromes and illnesses of each
individual patient.

4. Peculiarities of choice and prescription of drugs for the elderly in
rehabilitation after stroke: Prevention of polypragmasy and its
consequences

One of the unresolved geriatric problems in neurology remains the lack of “geri-
atric” medications and rehabilitation therapeutic and preventive measures designed
exclusively for the elderly people and long-livers who have had a stroke. The lack of
clinical standards for average patients of appropriate age groups (65-70, 70-90, and
over 90 years old), geriatric medications, and geriatric regimens for course pharma-
cotherapy (drug support) of their rehabilitation after a stroke does not contribute to
solving problems of geriatric neurology, especially in the treatment of hypertension
and stroke.

Despite the unresolved geriatric problems, it is currently neurologists who are
involved in the rehabilitation of elderly patients after stroke, as patients have tra-
ditionally sought medical care from neurologists for 160 years for this pathology.

In this situation, doctors are forced to choose and prescribe medications for elderly
and senile neurological patients on their own, doing so at their own risk. The fact

is that neurologists have no right to refuse treatment to the elderly and long-term
residents. Moreover, until today, all doctors are obliged to treat young, mature, and
elderly patients equally, namely, in strict compliance with the medical standard, using
traditional medications for this purpose.

However, when treating elderly people and long-livers (as opposed to young and
mature patients), physicians need to combine medications more often, because elderly
patients are more likely to have comorbidities. Because of this, physicians often have
to use additional pharmacotherapy regimens. In particular, rehabilitation of elderly
people after a stroke is often carried out against the background of geriatric syndromes
of neuropsychiatric nature and diseases of various organs and systems of somatic
nature. Moreover, aging of elderly patients reduces their reactivity, disease resistance,
sensitivity to drugs, and the ability to inactivate the administered drugs [39, 40].

In these circumstances, to improve the effectiveness of pharmacotherapy and
rehabilitation of geriatric patients, physicians are often forced to increase single,
daily, and course doses of drugs, use new drugs and new drug combinations, expand
the list of combined drugs and prescribe longer courses of pharmacotherapy. All this
increases the risk of polypragmasy, side effects, drug complications, and poisoning;
that is, it reduces the safety of drug therapy [39, 41, 42].
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Many factors make this problem difficult to solve. First, an increase in the age of
patients reduces their sensitivity to drugs (reduces the strength of the effect of drugs
on the human body). This is caused, on the one hand, by a decrease in the reactivity
of the organism as it ages, and on the other hand, by the development of addiction
to drugs. At the same time, the decrease in the reactivity of the organism is universal
and applies equally to many influences, including many drugs (also almost equally).
Addiction to drugs is strictly individual in nature because it develops only in those
patients who have previously used drugs for long courses. Moreover, in the case where
drugs were used rarely, not regularly, and in short courses in adulthood, the use of
drugs in old age may show no or very weak habituation to them, which may not be
essential for the choice and prescription of drugs in the treatment of stroke in old
age. In the other case, when drugs have been used frequently, regularly, and in long
courses in adulthood, the use of drugs in old age may manifest itself by the presence
of a strong habituation to them, which may deprive the action of these drugs or their
analogues in the doses taken, but maintain their pharmacological activity when the
single and/or daily doses are increased. It may be quite different when a person has
been taking drugs at a young and/or mature age on a regular basis and for several
months or years. The thing is that in this case, a person may develop drug addic-
tion (drug disease) which is characterized by perversion of the effects of drug and
development of withdrawal syndrome when the drug is withdrawn. The fact that
the patient has drug dependence is confirmed by the development of withdrawal
syndrome in the field of drug use cessation [28]. The presence of a patient’s drug
dependence requires a neurologist to consult a narcologist.

Second, as a rule, an increase in the age of patients is accompanied by a decrease
in the intensity of their metabolism and inactivation of biologically active substances,
including drugs. Therefore, with increasing age, the half-life of drugs (drug elimi-
nation half-life) usually increases in the elderly, the value of which is commonly
indicated by the symbol Ty,. By the way, in some elderly patients and in long-livers,
the intensity of drug neutralization may be decreased not only because of the reduced
intensity of general metabolism, but also because of the probable inhibition of the
functional activity of the liver and kidneys. Therefore, to preserve the safety of course
pharmacotherapy (to prevent chronic poisoning, i.e., to prevent overdose) in elderly
patients, it is advisable to prescribe medications less frequently than indicated in the
instructions for use of drugs, as these “instructions” currently apply only to patients
of young and mature age. In addition, elderly patients are highly likely to have
underlying or overt cardiovascular, liver, and kidney diseases. These diseases may be
additional factors in slowing down the metabolism, inactivation, and/or excretion
of drugs (and their metabolites) from the body [43, 44]. Therefore, the presence of
hepatic, renal, and/or cardiovascular insufficiency in some patients contributes to
an additional prolongation of the period of many drugs in the body, increasing the
probability of their accumulation and overdose development during a long-course
pharmacotherapy carried out with standard single doses and time intervals between
their injections during drug rehabilitation of older patients who have had a stroke.

Third, the prescription of several drugs from different pharmacological groups to
elderly patients simultaneously in the presence of geriatric syndromes of neuropsy-
chiatric nature and diseases of various organs and systems of somatic nature prede-
termines the creation of an incredible multitude of combinations of different drugs
with each other. The fact is that an average statistical patient today receives in differ-
ent countries of the world during an average statistical course of pharmacotherapy
7-14 drugs. Moreover, more than half of them are prescribed simultaneously with
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each other [14]. At the same time, some of them are a ready combination of several
drugs. At the same time, the characteristics of the pharmacodynamics and pharma-
cokinetics of the drugs in their combinations remain a mystery to most physicians
in almost all specialties. Nevertheless, this unique information can be found by any
physician if he opens the “white” book of pharmacology.

In this regard, a doctor who organizes medication support for rehabilitation of
elderly stroke patients is likened to a kind of conductor of a drug orchestra, which
under the doctor’s control can play a certain “tune” in the patient’s body. At the same
time, the desired “sound” of the drug orchestra occurs only when each musician (in
this case, when the effect of each drug is skillfully managed) plays skillfully. However,
the mechanism of action of all possible combinations in the organism of an elderly
patient is not described [7, 14, 18]. Therefore, a highly qualified physician and his
ability to think philosophically are very important because only this can give the
physician an understanding of the essence of combination pharmacotherapy. Only
a philosopher doctor can manage the pharmacodynamics and pharmacokinetics of
drugs when they are combined in the body of a particular elderly patient. The fact is
that in a physician-uncontrolled drug combination, no drugs, even the best ones, will
ever ‘play’ a good tune together and produce nothing but “noise” [14].

In daily therapeutic practice, most doctors who combine drugs fear side effects,
complications, and overdose the most. The fact is that as a student, every doctor
remembers Paracelsus’ winged dictum “All things are poisons, for there is nothing
without poisonous qualities. It is only the dose which makes a thing poisonous. This
means that all things are poisons, for there is nothing without poisonous qualities.
Only the dose makes a thing poisonous” [45]. A wise physician, therefore, when com-
bining remedies, limits his choice to mildly and moderately active agents and their
small doses, fearing as fire the remedies related to strongly active agents and poisons.

It has been reported that when it is necessary to use potent drugs for combination
pharmacotherapy, in order to avoid complications and overdose, they should be used
only in very low doses, namely in doses that are 1/10 to 1/20 of their usual therapeutic
dose or even less [7, 14].

Nevertheless, the physician should always remember that the conditions of
interaction of each drug with the body of each patient may change at any time of
the pharmacotherapy. The most variable interaction factors are the patient’s psy-
choemotional state, the value of temperature, humidity, ambient air, oxygen content
in the breathing gas, total and local body temperature of the patient, the value of
atmospheric pressure, the degree of illumination of the patient, his waking or sleep-
ing state, and time of day. Moreover, the physician should assume that the conditions
of interaction of drugs with the body of an elderly patient who has had a stroke will
change the more likely and more significantly the longer the course of the ongoing
pharmacotherapy will be.

5. Conclusion

In recent decades, in most countries of the world, the birth rate has decreased and
life expectancy has increased significantly. Long-livers have appeared. In connection
with this, the proportion of elderly people in society has increased, which has gener-
ally worsened the state of health in society, since the elderly fall ill more often than
people of young and mature age. Hardly anyone would dispute the fact that aging
leads to progressive “wear and tear” of the body, the fading of physical and mental
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activity, the depletion of the reserves of all organs and systems, and reduced resis-
tance to disease. In this regard, older people are more often ill not only with diseases
that occur at a young and mature age, but also with diseases caused by the aging (wear
and tear) of the body. Therefore, elderly people and long-livers seek medical attention
more often, and their diseases are prolonged and often combined with each other.
Moreover, as the age of the elderly increases, their resistance to disease weakens. That
is why the World Health Organization (WHO) recommends that physicians not only
identify the elderly, but also divide them into three groups: patients aged 65-70 years,
70-90 years, and patients over 90 years (long-livers) [46].

These days, the health care system is not fully prepared to provide medical care to
the elderly in all of these age groups. The fact is that the medical knowledge accumu-
lated in the past and the established traditions of treating diseases (medical standards
and medications) are oriented toward patients of young and mature age and are not
oriented toward the elderly and long-term residents. Nevertheless, when treating the
elderly, physicians are forced to use the same medical standards and medications as
when treating the young and mature, because other medical standards and medica-
tions have not yet been developed.

Doctors know that diseases occur differently in older adults than in those who are
young and mature, so doctors are prepared to make adjustments to their treatment,
which should be the greater, the older the patient’s age over 65. Physicians also know
that traditional medical standards and medications are intended for use by patients
of average age (18-65), average weight (weighing about 70 pounds), average gender,
and average health (having sufficient reserves to recover independently from illnesses
that occur by chance). This is the object recognized as the average patient today.
Therefore, when treating an elderly patient, the doctor compares the anatomico-phys-
iological features of his or her body condition with the corresponding parameters of
the virtual (average) patient. If there is no significant difference, the doctor uses the
medical standard without adjusting it, and if there is a significant difference, the doc-
tor makes appropriate adjustments to the medical standard using special knowledge,
the status of “treating physician,” and the patient’s legal right to informed consent.

However, not all physicians and not all cases manage to solve geriatric problems
equally independently. The greatest difficulties in treating elderly patients arise for
neurologists in the treatment of hypertension and stroke. It turns out that not only do
neurologists lack appropriate geriatric medical standards and medications, but they
also lack precise instructions on how to turn existing medical standards and medica-
tions into “geriatric” ones, especially when long-term rehabilitation of patients after a
stroke is necessary.

Stroke is one of the most difficult diseases to treat in elderly patients. The fact is
that in elderly patients, stroke and its consequences are often a consequence not only
of hypertension, but also of such comorbidities as thromboembolic disease, coronary
heart disease, diabetes mellitus, chronic pneumonia, liver, kidney, as well as neurosur-
gical intervention and course pharmacotherapy with oral anticoagulants. It has been
shown that in stroke patients, the recovery of the lost functions of the nervous system
can be accelerated by rehabilitation based on the training (coaching) of patients. For
this purpose, special “speech therapy” rehabilitation measures were developed, includ-
ing medication support, therapeutic gymnastics, massage, speech therapy classes,
neuropsychological correction, and psychotherapeutic assistance. At the same time,
medication support for the above rehabilitation measures in geriatric neurology was
reduced to the common course pharmacotherapy not only for hypertension, but also
for other comorbidities. As a result, the recommended drug support turned out to be
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essentially a combined pharmacotherapy of several diseases simultaneously. Moreover,
today, this pharmacotherapy can be implemented in patients of all age groups only
using the most common drugs, since there are no specially developed “geriatric” drugs.

It turned out that according to the established practice, neurologists are obliged to
treat patients of young, mature, and elderly age according to a single medical stan-
dard, which relies exclusively on a diagnosis made without regard to the patient’s age,
and provides treatment of diseases through the use of traditional medications only.
Because aging reduces the body’s reactivity, resistance to disease, sensitivity to drugs,
and ability to inactivate the drugs administered, when treating hypertension and/or
stroke in the elderly, the physician in these circumstances is unwittingly in the role of
an experimenter. The fact is that in these conditions, it is the neurologist who is forced
to independently combine different medications and evaluate their effectiveness,
because ready-made combined geriatric medications for the elderly and long-term
patients have not yet been developed. The complexity of such a clinical trial is due to
the fact that the combination of drugs may include 7-14 drugs from different phar-
macological groups, and the combined pharmacotherapy lasts for many weeks and
months in a row. In this case, the doctor is afraid not so much of the lack of therapeu-
tic effect of the drugs prescribed by them, as of the damage caused by the drugs, since
the combination of drugs is injected into a rather “worn out” organism.

So the lack of medical standards for averaged patients of appropriate age groups
(65-70, 70-90, and over 90 years), special appropriate “geriatric” drugs and regi-
mens for course pharmacotherapy of hypertension, stroke, and medical support for
rehabilitation of elderly patients after a stroke hinders progress in geriatric neurology,
pharmacology and pharmacy.

Can we today complement the only available virtual average patient’s etalon
reflecting the anatomical-functional state of a young and mature person with virtual
patient’s etalons reflecting the features of the anatomical-functional state of an
average elderly person of the following age groups: 65-70, 70-90, and over 90 years
old? Yes, of course, we can, because we have enough information about how the
anatomico—functional state distinguishes the elderly from the young and the mature.

What would the development of such a clinical standard for the geriatric patient
give us? Recognition of such a standard will ensure the development of a “geriatric”
medical standard for diagnosis and treatment of diseases in older adults, “geriatric”
medications, and “geriatric” regimens for combination pharmacotherapy of the
most likely underlying and comorbidities (hypertension, stroke, diabetes mellitus,
thromboembolic disease, coronary heart disease, atherosclerosis, chronic inflam-
mation of the respiratory system, digestion, urinary tract, skin and external mucous
membranes, arthrosis and arthritis, malignant neoplasms, etc.), which occur under
conditions of reduced reactivity of the body, its resistance to disease, sensitivity to
drugs, and the ability to inactivate the injected drugs. That is why the development of
a clinical standard for the elderly patient aims at improving the diagnosis of diseases,
increasing the efficiency and safety of treatment of the main group of modern
patients, and reducing healthcare costs. In addition, it is hoped that the use of such
virtual averaged elderly patients will optimize the adjustment of treatment of hyper-
tension and stroke in the elderly, reducing drug complications and polypragmasy.
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Chapter 3

Clinical Usefulness of Real-time
Sensory Compensation Feedback
Training on Sensorimotor
Dystunction after Stroke

Takayuki Kodama and Ken Kitai

Abstract

The sensory dysfunction after the stroke also greatly affects motor function. In
particular, it is known that the presence of sensory dysfunction in the fingers causes
loss of somatosensory muscle reflex control and excessive muscle output when
grasping objects. These are called sensorimotor dysfunction and have been shown to
have a significant impact on prognosis. One element to improve this dysfunction is to
reconstruct the “Sense of Agency (SOA) subject feeling” and it has become clear that
SOA is enhanced by matching the collation information related to motor intention
and sensory feedback in time. In order to reconstruct the SOA associated with the
movement of the fingers of patients with sensorimotor dysfunction, it is important
to match motor intentions while using visual information as compensation for tactile
sensory information. Furthermore, considering the functional characteristics of the
fingers, it is also important to adjust the fine muscle output from feedback informa-
tion synchronously discriminating and recognizing somatosensory information
generated by resistance, friction, etc., when an object is actively touched. This chapter
outlines the importance of rehabilitation of sensory feedback for poststroke senso-
rimotor dysfunction and investigates the usefulness of intervention with a real-time
sensory compensation feedback system that can input tactile sensory information via
vibratory stimulation (deep sensation) to other body parts where sensory function is
preserved.

Keywords: stroke, rehabilitation, sensorimotor dysfunction, neurofeedback, sensory
feedback, sense of agency, EEG

1. Introduction

Stroke is one of the main diseases that cause sequelae disorders [1], typically
including chronic sensory and motor dysfunction in the body [2]. These disorders are
often not isolated but occur in combination with poststroke sensorimotor impairment
(PSI). PSI in the hand, in particular, has a significant impact on functional disabil-
ity, behavior, lifestyle [3], and quality of life (QOL) [4]. PSI limits the scope of the
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exercises and activities an individual can perform and is a factor in the degree of reli-
ance on caregivers. One approach to this is neurorehabilitation. Neurorehabilitation

is a concept or intervention approach that seeks to improve disability through
interdisciplinary interventions that include physiotherapy. For successful rehabilita-
tion of patients with different symptoms, it is important to identify the causative
mechanisms of the disability and implement an individually optimized approach [5].
For this reason, it is important to input sensory feedback information properly in rela-
tion to motor images and intentions, without any time lag [6]. As a result, the sense

of agency (SOA), which is one of the elements of body awareness, —°it is you your-
self who moves your hand,—increases and motor learning advances [7]. Since the
primary motor cortex (M1) and coordinated activities in the parietal cortex area are
involved in the SOA [8], enhancing the SOA may improve hand function by activating
the nervous system for motor control centered in the corticospinal tract. However,
there are no established treatments for PSI of the hand based on these perspectives,
and improving hand dexterity remains a difficult task. This paper summarizes the
impact of hand PSI on the body and mind and the approaches taken to date; further,
the effectiveness of an intervention using a real-time feedback system for tactile
perception discrimination as a new approach is discussed.

2. Concept of sensory disturbance as a sequela of stroke

Stroke is a general term for a disease in which the function of the brain is impaired
due to abnormalities in the blood vessels in the brain. Blood clots form in the brain,
blocking blood flow, clogging arteries, breaking blood vessels, and causing bleeding.
If the myriad arteries in the brain rupture, the lack of oxygen leads to the sudden
death of brain cells. Most strokes (87%) are ischemic infarctions [9]. Stroke is the
second leading cause of death worldwide and the third leading cause of residual dis-
ability due to its severe impact on the brain and a large number of cases. The incidence
of stroke increases with age, doubling after 55 years of age. However, in an alarming
trend, between 1990 and 2016, strokes among people aged 20-54 years increased
from 12.9% to 18.6% of all cases worldwide. Nevertheless, age-standardized cause
mortality decreased by 36.2% in the same period [10]. All this means that while the
rates of lives saved are increasing due to developments in medical care, the number
of people with poststroke sequelae are also increasing. Additionally, it means that the
socioeconomic burden of stroke patients with sequelae is increasing over time [11].
Therefore, despite advances in stroke management, poststroke care has a significant
impact on families, the health system, and the economy. Thus, improvements in
preclinical and clinical care may support not only the primary treatment of stroke
but also successful recovery, rehabilitation, and prevention of sequelae. Therefore,
stroke management systems need to include physiotherapy approaches in addition to
existing primary care, as well as postdischarge occupational therapy and follow-up at
poststroke care facilities.

One of the most serious sequelae after a stroke is hemiplegia, which consists of
motor and sensory paralysis. Hemiplegia is a typical neurologically altered condition
that can lead to physical and mental disability and affect daily living and quality of
life. Therefore, 25-50% of stroke survivors require some form of assistance after
discharge from the hospital. It is estimated that only 14% can recover sufficiently
to perform activities of daily living [12]. While it is well known that motor paralysis
affects motor function, sensory dysfunction of the upper extremities is also impaired
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in approximately 50-80% of adults after stroke, significantly limiting their ability to
use the upper extremities [13-15]. This is poststroke sensorimotor impairment (PSI).
Since these impairments not only interfere with sensory input but also diminish the
use of the paralyzed upper extremity, PSI patients receive less sensorimotor informa-
tion in daily life and are also more susceptible to factors such as vision, attention, and
active awareness of working with objects [16]. Since they are constantly in this state,
their attribution strategy can change, possibly resulting in misattribution even in the
performance of the unparalyzed upper limb [17]. These factors make an approach to
PSI, especially of the upper extremities, an important factor in constructing reha-
bilitation programs that improve the physical function and living ability of stroke
patients.

3. Post-stroke sensorimotor impairment (PSI)

To date, most studies on upper limb motor function and recovery after stroke have
been discussed in terms of brain plasticity. With normal brain function, upper limb
movements the brain functional areas that govern them have a contralateral relation-
ship, but after stroke this contralateral dominance pattern changes within a few weeks
and the left-right difference decreases [18]. The poststroke period is characterized by
activity in both hemispheres, and increased neural activity in the entire motor-related
area has been reported [19]. In patients with right hemiplegia, brain activity associated
with movement of the right upper extremity showed increased mobilization of the
left dorsal premotor cortex (PM) and bilateral supplementary motor areas (SMA), in
addition to shifting to the right hemisphere motor-related region (Figure 1). Moreover,
the probability of mobilization of bilateral neural activity in many motor-related areas
increases with the severity of paralysis [20], and the grip strength of the paralyzed hand
is associated with the size of the motor-related cortical map being mobilized.

Accurate movement execution requires preparation, execution, and monitoring
mechanisms based on network neural activity centered in the frontal lobe, parietal
lobe, basal ganglia, and cerebellum, as well as motor-related areas [21]. Preparation
and execution are performed by activation of the motor-related area systems, such as
SMA and PM, to generate the preparatory potentials and preactivation of peripheral
muscles necessary for purposeful exercise. The monitoring mechanism is the detec-
tion of sensory errors by the cerebellum and basal ganglia from the actual sensory
input (feedback model) and the sensory information (forward model) predicted in
advance. That error information is transmitted to the primary sensory cortex (S1),
SMA, and PM. M1 receives the motor plans from the SMA and PM and generates the
efference copy information, which is the basis of the forward model, and it constantly
transmits to the parietal association area for comparison with the sensory feedback
information. The sensorimotor integrative loop for enaction is the series of steps
that must work properly to enable synaptic movement (Figure 2) [21]. This enables
purposeful movements. The breakdown of these loops provokes unintentional
involuntary movements. Therefore, while motor-related areas are strongly involved in
muscle exertion in gross motor activities, such as grip strength, somatosensory areas
are more active in the performance of skillful fine motor movements with the hands.
In fact, by inputting the somatosensory information of the hand, the somatosensory
area accurately represents the shape of the hand in the brain, integrates the necessary
motor commands, and performs the selective activation of the muscles necessary for
activities such as manipulating objects [22].
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Right hemiparetic
Right hand grasp

Left hand grasp
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Figure 1.
In patients with post-stroke right hemiparesis, grasping movements of the paralyzed hand (vight hand) showed

a lateral shift of the motor covtex to the right hemisphere and increased neuromobilization of the left dorsal
premotor cortex and bilateral supplementary motor cortex [19].
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Figure 2.
Schematic diagram of the sensorimotor integrative loop for enacting (A) and the biological brain basis (B) [21].

The blue arrows indicate the flow of sensory feedback information, and the red arrows indicate the flow of
forward information such as motor command, motor plan, and efference copy. In particular, the efference copy
is an important element for comparing and predicting the kinaesthetic (forward model) and somatosensory

(feedback model) consequences.
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This suggests that if sensory information from the hands is not inputted into the
brain, the selective activation of muscles needed for skillful movements may not
occur, thereby causing problems in using the hands for movements such as using tools
or buttoning a shirt. PSI of the hand caused by this sensory dysfunction has been
reported to result from damage to the central nervous system’s afferent pathways,
such as the somatosensory area [23]. When these symptoms appear, the ability to
perform the activities of daily living is greatly reduced and daily life becomes difficult
[24]. Doyle et al. [13] reviewed 13 reports of various treatment interventions for
upper extremity sensory impairment in 467 participants. They found that only two
studies examined each specific intervention. and in many cases, there was insufficient
evidence to support or refute their effectiveness in improving participants’ functional
status and participation. Therefore, they indicated the need for more appropriately
designed and better-reported sensory rehabilitation studies. To solve these problems,
it is necessary to grasp the sequence of the information processing mechanisms
between the hand and the brain for somatosensory information to be connected to
movement, from a neurological perspective, and put the elements required for that
into the conditions of the intervention technique.

4, Effects of sensorimotor disorders on the hand
4.1 Neurological functioning of the hand

When manipulating an object, humans have a variety of inputs from tactile
afferents in the hand to the brain, including the time course, magnitude, direction,
and spatial distribution of contact forces, the shape of the contact surface (texture,
roughness, softness, etc.), and friction between the contact surface and the fingers
[25, 26]. To skillfully capture such tactile information, Meissner bodies, Merkel
cells, Ruffini endings, and Pacinian corpuscles are located in the finger pads. These
tactile afferents classify mechanical stimuli from the viewpoints of adaptation and
receptive fields (Figure 3A); however, FA-II (40-400 Hz), which is predominantly
Pacinian corpuscles, is sensitive to dynamic skin deformations at relatively high
frequencies, and SA-II, which is mainly Ruffini corpuscles, is most readily excited
by low-frequency skin deformation and can respond to sustained deformations [27].
FA-II and SA-II afferent nerves innervate the hand with a low and almost uniform
density, ending deeper in the dermis and subcutaneous fibrous tissue. Hundreds of
FA-II afferent nerves, distributed throughout the hand, increase neural excitation
when the hand contacts or breaks contact with an object. SA-II afferent nerves, in
contrast, respond to remotely applied lateral stretching of the skin and are sensitive
to tangential shear strain to the skin that occurs during object manipulation [28, 29].
These sensory receptors are capable of discriminating differences in roughness and
friction in detail (Figure 3B).

Therefore, it is possible to input information in response to various friction
coefficients generated between the hand and the object due to the difference in
spatial frequency characteristic information that can be captured. When humans
manipulate an object, they need to hold the object statically and react and control
the sharp friction generated in the finger pad. In particular, the function of the
Pacinian corpuscle, which corresponds to the spatial frequency range from the
micro to macro levels, plays an important role in hand control. It is a vibration that
creates these spatial frequencies. Vibrations caused by friction are transmitted to
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Figure 3.

Tactile innervation of the fingers (A) and sensovimotor control points in an object manipulation task (B) [26]. A:
The inside of the human hand is equipped with four functionally district types of tactile afferents. B: Finger-object
contact corresponds to a discrete sensory event characterized by the involvement of specific afferent nerves.

tactile receptors in the finger pad, and signals from the tactile receptors i.e., feedback
information corresponding to hand movements, are inputs to the brain [30]. By
detecting friction information generated when the hand touches the object through
this process, the brain controls the force of the fingertip to avoid slipping, and this
brain control system makes it possible to manipulate the object without dropping

it [31]. Therefore, when considering rehabilitation for PSI after a stroke, it is neces-
sary to compensate for the inputting of the frictional information sensed by the hand
as somatosensory information, which is controlled in the brain and converted into
execution of movement. This is thought to be important for the reorganization of
sensorimotor functioning.

4.2 Problems caused by PSI in the hand

It is known that a decreased sense of belonging for one’s own hand due to PSI
induces a symptom called learned nonuse, in which the affected hand does not partici-
pate in the activities of daily living, independent of the degree of motor dysfunction
[32]. This greatly reduces the abilities involved in the activities of daily living [33].
Despite good movement ability, survivors of sensory loss learn not to use their hands
to perform tasks [34]. Thus, Carey et al. [35] reported that the somatosensory impair-
ment status poststroke while hospitalized was associated with more loss of participa-
tion in activities in the absence of concomitant paralysis, compared with survivors
without somatosensory loss. This predictive association was confirmed in a longitu-
dinal cohort (N = 268) study of stroke survivors with mild disabilities. Additionally,
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PSI has a significant impact on quality of life [36]. All of this suggests that in patients
with neurological disease who lose one or more senses the impact on their motor
function may be serious, even if their muscle strength is not affected. After a stroke
recovery of movement depends on the degree of sensory impairment [37]. Against
this background, rehabilitation aimed at restructuring motor function may decrease
the outcome of functional recovery in stroke patients unless it encompasses interven-
tion for sensory impairment. Historically, however, clinicians and researchers have
prioritized the motor sequelae of stroke and ignored somatosensory impairment [38].
This may be because symptoms arising from sensory disorders are more varied and
often rely on the patient’s subjective information, in contrast to motor dysfunctions,
which can be objectively measured.

If sensory feedback information continues to be properly inputted through
the body, top-down control that allows for quick and continuous movement can
be achieved. When humans perform exercises and movements, the brain extracts
and integrates sensory information on the body position that accompanies them.
Concurrently, the body’s future sensory state is estimated from motor commands
based on higher-order top-down forward information such as memories, intentions,
and intentions regarding previous experience and skills. These brain processing
systems enable the activation of a predictive mechanism, called the internal forward
model, that suppresses predicted sensory feedback [37, 39]. This top-down control,
based on motor imagery and SOA, is largely the function of M1, an output mecha-
nism to the corticospinal tract [40]. By utilizing this top-down control, humans can
continually minimize the displacement of slip, when the hand contacts an object,
without relying on sensory feedback information. Additionally, top-down control is
constructed by continuous synchronous and sensitive feedback of friction informa-
tion, e.g., vibration stimulus information inputs from the sensory receptors of the
fingers to the brain, which is generated when the hand touches an object. Therefore,
in rehabilitation, it is important to have an approach that enables continuous feedback
of hand-touch friction information in a synchronous and precise manner. However,
since it is difficult for PSI patients to precisely grasp sensory information from their
hands, it is crucial to construct an approach theory that provides them with compen-
satory input stimuli and enhances their learning efficiency.

4.3 PSI of the hand and transformation of body awareness

Body awareness is self-body recognition and is the brain’s systemic basis for motor
development. This ability enables humans to recognize differences between themselves
and others, as well as between themselves and the outside world, and to adapt their bod-
ies to their environment. It has been reported that body awareness causes schizophrenic-
like symptoms, such as hands that feel alien, like someone else’s hands, or that someone is
inserting such thoughts [41]. Gallagher et al. [41] have shown that it is important to have
a “minimal self” to activate body awareness. The minimal self is the “immediate aware-
ness of oneself as a body” through daily exercise and life experience. There is no need
for oneself to be aware of that here. This allows for the identification of two separate
modalities: the sense of ownership (SOO), which states that one’s body is oneself, and the
SOA, which states that one is the one running one’s body.

SOO is explained by a phenomenon called the rubber hand illusion [42]. This phe-
nomenon is an illusion in which an inanimate rubber hand feels like one’s own hand.
The illusion is induced by blocking the visual information of the rubber hand and the
patient’s actual hand and stimulating tactile information to the skin synchronously
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(misalignment is within a few hundred milliseconds). This suggests that human

body recognition can be altered by a specific stimulus presentation, which is a vital
discovery for the study of human body awareness. The sensation of possessing a
rubber hand is accompanied by a change in hand position sense (proprioception),
therefore, when patients are asked to indicate the location of their (invisible) hand,
they indicate that it is near the rubber hand. This is known as intrinsic receptive drift
and is the most widely used objective measure of the rubber hand illusion, suggesting
a close relationship between intrinsic receptivity and a sense of body ownership [43].
This sense of physical ownership is generated by the integrated processing of somato-
sensory and visual information within the parietal lobe [44], and it has been reported
that alterations in the sense of body ownership, for example, tend to produce illusions
and phantom limb pain in limb amputees [45].

In contrast, an SOA is a basis for the creation of cooperative neural network activ-
ity in the prefrontal cortex [46] and, in addition to M1 [8], the insular cortex (espe-
cially the anterior regions), lower parietal lobe regions (supramarginal and angular
gyri), anterior cingulate gyrus of the cortical midline structure, supplementary motor
cortex, posterior cingulate gyrus, and precuneus of the cortical midline structure
are involved in the formation and the establishment [47]. The comparative matching
of motor intention and sensory feedback information is generated by synchronous
processing in the brain [7], and the sense of subjectivity diminishes with a temporal
lag (Figure 4) [48]. Previous studies have also shown that an SOA is created if the
misalignment is within 500 ms [49].

The following four explanatory models and concepts can be used to explain the SOA:

1. Time axis of the predictive and postdictive processes.

2. Axis of awareness of the explicit and implicit levels.

Intended state l
Motor command T
! Forward model
*

Y
l Efference copy Predicted state —» ®

Movement

Actual state Sensory (reafferent) feedback

Figure 4.
The forward and feedback comparators [43]. Agreement in the forward comparator provides motor subjectivity to
the movement.
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3. Directed axes called internal cue and external cue.

4. A learning perspective that the sense of subjectivity is continually being re-
newed.

Point (1) is a perspective that includes a forecasting model. In general, an SOA
is only a part of the self-consciousness associated with the act and is a feeling that
can only be experienced after the act, but it can be modified by the postprocess,
such as rewards obtained as a result of the act. Point (2) is a view of the hierarchy
of conscious (conscious) and subconscious (unconscious) processes. Point (3) is
that the SOA is supposed to be established based on various internal and external
cues. Internal cues include intentions, objectives, plans, goals, predictive signals,
priming, beliefs, knowledge, effort, and expectations of reward, while external cues
include the effects of the action, contextual information, and rewards. The optimal
SOA is based on the availability and reliability of each. The last point (4) is taken in
terms of larger dynamics but is meant to be taken from the perspective of learning,
where mechanisms such as these are not innate and fixed, but constantly updating as
humans survive and adapt to their environment.

Furthermore, Synofzik et al. [50] state that an SOA exists hierarchically, with
sensory and cognitive levels. An SOA generated by the temporal matching of infor-
mation on movement intention and sensory feedback, as described above, is the
feeling of agency (FOA) at the sensory level. Meanwhile, judgment of agency (JOA)
is generated at the cognitive level when conceptual reasoning about discrimination of
action types is processed and the status of SOA is made conscious in a form that can
be verbalized. Therefore, it has been reported that even if the one executing a move-
ment is the person himself or herself and if the actual sensory outcome deviates from
the prediction, it may induce a decreased sense of body ownership and abnormal
perceptions, such as numbness [51, 52].

Regarding alterations in body awareness in patients with PSI, it has been reported
that SOA reduction is likely to induce involuntary movements [53], impair motor
conversion [54], and reduce motivation and performance [55] during congruent
movements. In PSI, the inputted sensory information is attenuated, resulting in, for
example, inattention or indifference to the affected hand. Working to reorganize body
awareness through neurorehabilitation may lead to active use of the affected hand
and build a foundation for conscious and active movement in daily life.

5. Rehabilitation for PSI
5.1 Standard rehabilitation approach to PSI

Goal-oriented sensory input training after stroke hemiplegia [56] includes real-
time feedback approaches to electrical, visual, and auditory stimulation, and more
recently, robot-aided rehabilitation.

It has long been reported that real-time electrical stimulation of finger extensor
muscles in response to voluntary movements produces excitation in the contralateral
M1 and S1 regions and that electrical stimulation has the potential to improve hand
motor function [57]. This approach is still being utilized today, with a 2019 study [58]
describing the case of a 76-year-old male patient with hemiplegia for 8 years who
underwent integrated volitional control electrical stimulator (IVES) treatment of the
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right flexor pollicis brevis, abductor pollicis brevis, and ulnar carpal extensor mus-
cles. Upper limb function improved in a short period. This means that even those who
have reached a plateau after a stroke may experience functional recovery of the upper
extremity. Such functional improvements enhance active muscle control, suggesting
that hand function is unlikely to improve if passive muscle contraction stimulation
does not reach the electrical threshold for muscle contraction trigger stimulation [59].
Furthermore, it has been reported that electrical stimulation is effective in patients
with mild to moderate paralysis who can actively move their hands, but less effective
in patients with severe paralysis who cannot move their hands [60]. Electrical stimu-
lation also allows patients with severe sensory dysfunction of the hand to perform
movements, such as grasping cylinders and holding objects, but is less effective

for skillful movements such as those performed while constantly moving the
fingertips [61].

For visual stimuli, there is an approach to feedback visual information called mir-
ror therapy [62]. Mirror therapy is an approach in which a mirror image of the healthy
hand is presented in a mirror to create the illusion that the affected hand is moving as
desired and to create the neural basis in the brain for the expression of motor execu-
tion. Mirror therapy has been reported to improve motor function in chronic stroke
patients with mild sensory impairment and mild to moderate motor impairment [63].
Neural activity activated by this approach occurs in the primary motor cortex,
precuneus, and posterior cingulate cortex, and these regions form a potential neural
correlative network [64]. This means that for those who have developed discrepan-
cies between different senses, such as visual and proprioceptive, mirror therapy may
contribute to output coordination between motor output and sensory input. However,
it has been noted that mirror therapy is effective only when the patient believes that
“the hand in the mirror (the healthy limb) is his or her actual hand (the affected
limb)” [65]. One possible reason for this is that in mirror therapy, the movement of
the affected limb is not the result of movement due to active motor intention for the
affected limb. It has been reported that a discrepancy between active motor imagery
or intention and passive sensory information can induce abnormal perceptions, such
as numbness [52], which may further degrade body awareness.

For auditory stimuli, auditory feedback is real-time phonological feedback on
congruent movements, which promotes plastic changes in M1 and auditory-sensorim-
otor circuits and facilitates motor learning. Auditory feedback also involves M1 and
auditory and integrative auditory-sensorimotor circuits [66]. However, the effects
of auditory feedback on the motor learning process and the combination with other
modalities, such as visual and tactile feedback, have not yet been studied in detail, so
intensive experimental work will be required in the future [67].

Regarding robot-aided rehabilitation, robotic devices could help automate repeti-
tive poststroke training in a controlled manner and increase treatment compliance
by introducing them to patients [68]. The use of robotic devices allows patients to
actively engage and thus perform advanced repetitive motor training, which may
facilitate the reorganization of cranial nerve function and improve poststroke
recovery [69]. Additionally, changes in patients can be assessed in terms of kinematic
parameters, e.g., position and velocity, to capture the quantitative changes in inter-
vention effectiveness [70]. At this point, however, the actual effectiveness of robotic
training after stroke is still under debate. A review of randomized controlled trials
reported that patients who received robot-assisted arm training after stroke had
improved arm motor function but were not more likely to have improved activities of
daily living compared to patients who received standard rehabilitation therapy [71].
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5.2 Proposed new rehabilitation technique for PSI

Early intervention, task-oriented training, and intensity of repetition have been
identified as determinants of motor function recovery [72]. Many rehabilitation
approaches have been developed for PSI of the hand, and some effectiveness has been
reported in restoring gross motor control of the hand (see 5.1. Standard Rehabilitation
Approaches for PSI). However, since the hand is a part where tactile information
inputs are due to minute friction from the finger pad, fine muscle adjustments are
made to make it possible to manipulate an object without dropping it. It is often
not possible to obtain fine adjustment strength using the muscles of the hands by
simply providing strong or weak electrical or auditory feedback in response to hand
movements. Additionally, an object can be grasped and controlled by synchronously
matching visual information with hand movements, but visual information is used
initially to define the kinematic plan of the reaching movement in the external coordi-
nate system, and then the sensory receptors are used to coordinate the hand’s motor
output [73]. Therefore, the reliance on visual information lacks sensory information
to monitor information inside the body, resulting in excessive hand motor output and
uncontrolled dynamic friction.

What is important in rehabilitation for the functional reorganization of PSI is to
restructure the body’s awareness, to sense body ownership without being conscious
of it, and, in other words, to be able to actively work on the paralyzed limb. So how do
we develop a strategy for transformative body awareness restructuring?

As we have discussed, top-down control is responsible for predictive motor
control and enables skillful movements with the hands. Since this control is built
by the establishment of motor learning, it is important to establish motor learn-
ing to restore hand-motor function. Motor learning is the process of constructing
and memorizing a new motor program and mastering that program and it enables
behavior to adapt to the environment [74]. This neural basis is formed against a
background of neuroplasticity in the brain’s sensorimotor system centered on M1
and S1 [75]. The establishment of this motor learning is also closely related to the
establishment of FOA and JOA in SOA. Improvement of SOA has the potential to
increase neural excitation in PM, M1, and the corticospinal tracts and improve hand
dexterity movements.

A necessary part of motor learning to enhance SOA is to work in situations
where motor intention and sensory feedback are as temporally congruent as possible
[76, 77]. Furthermore, regarding the stimulation of feedback in actual training, not
only is the quantity an important factor in motor learning [37] but also the quality of
feedback optimized for the body’s condition and the envisaged movements [6, 78, 79];
it is important to take a comprehensive view and approach to these issues. The result
is top-down control without sensory feedback stimulation [80, 81].

Based on these theories, to reconstruct body awareness associated with hand
movements, in addition to synchronous matching of visual information at the
expense of sensory information, a compensatory function that detects the dynamic
friction that occurs when the hand touches an object in real-time is needed.
Therefore, Kitai et al. [82] devised and verified an approach for sensory compensa-
tion by vibrational stimuli for vibration information (deep sensations). The deep
senses are excellent at detecting pressure changes and mechanical forces associated
with joint movement and transmitting them to the brain. This allows for motion
control [83]. We will present a study that examined whether these concepts play a role
in PSI and the impact they have on the neurological function of stroke patients.
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6. Sensory compensatory training with tactile discrimination feedback
training

6.1 Experiment

When the brain controls the body’s movement, intrinsic receptors in muscles con-
tribute greatly to its realization. The significant contribution of proprioceptive sensa-
tion to motor control is evidenced by a study [84] that reported that patients with
proprioceptive disorders are unable to move their fingers well. In particular, PSI of the
hand causes loss of reflexive control of muscles using somatosensory cues, resulting
in variable muscle output when grasping an object with the hand [85]. Therefore,
improving this dysfunction requires an increase in the SOA generated by temporally
matching the information on motor intention and sensory feedback. This enables the
hand to actively touch an object based on its functional characteristics, and real-time
feedback information, based on recognition and discrimination of precise changes in
sensory information caused by resistance and friction at the time of touch, enables
fine adjustment of muscle output. In this study, we used the Yubi-Recorder (Tech
Giken Co., Ltd., Kyoto, Japan), a real-time feedback system that enables compensa-
tory input of tactile sensory information by vibrational stimulation (deep sensation)
to other body parts with preserved sensory function, and verified the effectiveness of
this approach.

6.1.1 Method
6.1.1.1 Participant

The participant was a 52-year-old right-handed man who had a right putaminal
hemorrhage approximately 4 years ago and a right corona radiata infarct approxi-
mately 1 year later. The left hand was numb on a level of 11 on the Numerical Rating
Scale (NRS) (0: not at all, 10: extremely strongly), with 10 indicating extremely
strong numbness. There was also a loss of somatosensory and warm/pain sensation in
the left upper and lower extremities. Motor paralysis was Brunnstrom stage III in the
left upper extremity and IV in the left fingers. In the left-handed dexterity task, the
patient needed the ability to carry small objects but had difficulty controlling object
manipulation due to hand ataxia. The SOA of the left hand was decreased to 2/10, and
sensorimotor dysfunction of the left hand was suspected due to the patient’s com-
plaint of “not being able to feel my hand.”

6.1.1.2 Experimental procedures

To evaluate the immediate effects of training with the Yubi-Recorder on PSI in the
left hand, we first performed a peg task with and without the Yubi-Recorder and then
analyzed neural activity by EEG immediately after the task in both conditions. Next,
to evaluate the intervention effect of training with the Yubi-Recorder, exercise tasks
using the Yubi-Recorder were performed five times a week for 30 minutes/session for
6 weeks, and EEG activity were compared and analyzed after the first and last train-
ing sessions. The Yubi-Recorder is a device that can measure vibration information
by detecting the vibrations that occur in the skin when the hand touches an object.
Figure 5 shows an example of a person wearing the Yubi-Recorder and performing
an exercise task. The Yubi-Recorder system is capable of sensing information on the
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Figure 5

shows an example of a person wearing the Yubi-Recorder and performing an exercise task. A sensor attached to the
left index finger senses friction information on the object, which is transmitted to a small speaker-like oscillator on
the face (the mapping of the finger and face in the brain are adjacent) and fed back as compensatory deep sensory

information.

unevenness, flatness, curvature, and roughness of an object and can capture tactile
stimuli from any shape, thus accommodating the multidirectional motion that is
characteristic of fingers. The sensor is wound around the distal interphalangeal joint
of the index finger, and the output from the sensor is modulated to a frequency that

is perceived by humans, enabling the presentation of vibration information via a
transducer. In this study, the device was attached to the distal interphalangeal joint

of the index finger, tactile information on the ventral skin of the index finger was
detected as vibration by a tactile sensor, and the tactile stimulus was synchronously
presented to the user’s own body, through a transducer, as a vibratory stimulus. The
site of attachment of the transducer was the left acromion or the left temporal bone
used in the vibratory sensory examination. The method used to select the vibrator
attachment was to apply five different types of sandpaper to the left acromion or left
temporal bone, and the area where the roughness of the sandpaper could be identified
was determined to be the area where sensory compensation could be performed. The
motor tasks were to insert a steel pin with the left hand (hereafter referred to as the
peg task) to stack square blocks with a base length of 3 cm used in the course cube test
with the left hand and to discriminate five sandpaper pieces using the ventral part of
the left index finger; each task for 10 minutes (30 minutes total).

6.1.1.3 EEG analysis

EEG measurements were derived from 15 sites in accordance with the
International 10-20 method. The measured data were spatially analyzed using exact
low-resolution brain electromagnetic tomography (eLORETA) analysis, a three-
dimensional method of imaging neural activity in the brain. The EEG data was then
calculated as brain activity values (uV/mm?) for each task condition on each voxel
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in a brain region divided into 6239 voxels and expressed as Brodmann area (BA)
or Montreal Neurological Institute (MNI) coordinates [86]. An eLORETA-based
SnPM analysis was used to compare the Yubi-Recorder results before and after the
intervention [87].

6.1.2 Results

The immediate effect was high neural activity in the non-Yubi-Recorder condition,
mainly in the left orbitofrontal cortex, left dorsal anterior cingulate cortex, left dor-
solateral prefrontal cortex, and left supplementary motor cortex (Figure 6A). In the
Yubi-Recorder condition, high neural activity was observed, mainly in the bilateral
primary somatosensory cortices and the bilateral superior parietal and inferior
parietal lobes (angular and supramarginal gyri) (Figure 6B).

Regarding the effect of a 6-week intervention with the Yubi-Recorder, higher neu-
ral activity was observed in the final session compared to the first session, mainly in
the areas of both primary somatosensory cortices, both superior parietal lobes, both
inferior parietal lobes (angular and superior marginal gyri), and the primary motor
areas (Figure 7). The peg test showed an improvement in the left mean from 1.5 + 0.5
to 3.0 + 1.0, and the learnability assessment showed an improvement in the NRS of
the SOA of the left hand from 2/10 to 5/10. A motor activity log, consisting of quality
of movement items, also showed improvement.

6.1.3 Discussion

In this study, in addition to synchronous matching of visual information with
hand skillful movement tasks, an approach using a system device, the Yubi-Recorder,
which feeds vibration information back in real time, was used to improve hand PSI.
The effects of this approach were investigated.

EEG verification of immediate effects showed increased neural activity in regions
of the left frontal lobe responsible for cognitive and motor functions in the Yubi-
Recorder nonwearing condition. It has been shown that a compensatory increase in
neural activity in the healthy motor cortex area inhibits the recovery of function in
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Figure 6.

Brain regions with immediate increased neural activity in the Yubi-Recorder non-attached condition (A) and
attached condition (B) [8s5].
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Figure7.
Brain regions with increased neural activity after 6 weeks of Yubi-Recorder training [85].

the affected hand (interhemispheric inhibition [88]. Conversely, learned nonuse is
said to progress if the patient fails to perform the intended movement even when
using the affected limb [32]. The decreased SOA in this case also suggests that infor-
mation collation on motor intent and sensory feedback did not match temporally and
that the patient may have learned that the intended movement failed, suggesting that
the left hand was not used. In contrast, the Yubi-Recorder resulted in increased neural
activity in both sensorimotor cortices. Information flowing from the primary somato-
sensory cortex is integrated with auditory and visual information in the superior and
inferior parietal lobes and stored as comprehensive cognitive information [89, 90].
The information needed for movement is then sent to the primary motor cortex,
and hand-motor control is performed in the same region [91]. Thus, compensatory
sensory input by the Yubi-Recorder may have immediately activated the sensorimotor
areas and enhanced motor control of the left hand by making full use of these areas.

The results of the 6-week intervention were increased neural activity in the bilat-
eral sensory and parietal association cortices and the primary motor cortex. Based
on these findings, we hypothesized that 6 weeks of training with the Yubi-Recorder
in this study improved peg-test performance by enabling top-down control using the
sensorimotor domain during skillful movements. The motor activity log results also
showed an improvement in the frequency of left-hand use and quality of movement
in daily life. Motor learning is believed to produce behavioral change [92], and it is
thought that the improvement in SOA in the present case also improved the frequency
of left-hand use and the quality of movement in daily life.

These results indicate that training with the Yubi-Recorder can help reorganize
top-down control and body awareness by cooperatively engaging the frontal lobe,
where motor-related areas reside, and the parietal lobe, which is responsible for
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perceiving and integrating sensory information. This may serve as a rehabilitation
tool for sensorimotor dysfunctions, such as PSI. This has shown the possibility of
rehabilitation for sensorimotor dysfunctions, such as PSI.

7. Conclusion

Hands are an indispensable part of human daily life. In particular, to restore the
most important function of the hand, “touch,” it is necessary to understand that
tactile perception between the hand and the object is produced by a very different
principle, whether the tactile perception between the hand and the object is active or
passive. In other words, we should always keep in mind that in active tactile percep-
tion, exploration takes place in the process of sensory reception, and that as stimuli,
the motion command information for exploration is as important for the establish-
ment of active tactile perception as the sensory reception information.

In the rehabilitation of hand PSI, which is the theme of this article, it is also out-
lined that it is of utmost importance to identify the causative mechanism of disability
and implement an individually optimized approach. As an example, we showed the
possibility of activating the sensorimotor domain and reorganizing body awareness
by utilizing a device that provides real-time feedback on the vibrations that occur
in the skin when an object is touched by a hand. We believe that the ideas described
herein will be useful for therapists seeking to improve sensorimotor disorders
worldwide.

This article presents several theories of brain function reorganization and motor
learning in poststroke PSI patients based on neuroscientific evidence and presents an
overview of effectiveness of sensory compensatory training with tactile discrimina-
tion feedback training. For this reason, it is important to understand the symptoms
of PSI and the current gold-standard treatment. The development of a standardized
approach is also essential to reduce treatment disparities among therapists. To extend
the effectiveness of the standard approach to the fullest, it is necessary to consider
appropriate feedback tailored to the patient’s symptoms, such as those presented in
this article.

Acknowledgements
This study was part of a research program funded by the JSPS (Grants-in-Aid for
Scientific Research 22H03445). The funding source had no role in the study design/

concept, data collection/analysis/interpretation, and manuscript preparation/
submission.

40



Clinical Usefulness of Real-time Sensory Compensation Feedback Training on Sensorimotor...
DOI: http://dx.doi.org/10.5772/intechopen.111668

Author details

Takayuki Kodama* and Ken Kitai

Graduate School of Health Science, Kyoto Tachibana University,
Yamashina-ku, Kyoto, Japan

*Address all correspondence to: Kodama-t@tachibana-u.acjp

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

41



Stroke — Management Pearls

References

[1] Ikebe T, Ozawa H, Lida M,
Shimamoto T, Handa K, Komachi Y.
Long-term prognosis after stroke: A
community-based study in Japan. Journal
of Epidemiology. 2001;11(1):8-15.

DOI: 10.2188/jea.11.8

[2] Kanzler CM, Schwarz A, Held JPO,
Luft AR, Gassert R, Lambercy O.
Technology-aided assessment of
functionally relevant sensorimotor
impairments in arm and hand of
post-stroke individuals. Journal of
Neuroengineering and Rehabilitation.
2020;17(1):128. DOI: 10.1186/
s12984-020-00748-5

[3] Meyer S, De Bruyn N,
Krumlinde-Sundholm L,

Peeters A, Feys H, Thijs V, et al.
Associations between sensorimotor
impairments in the upper limb at

1 week and 6 months after stroke.
Journal of Neurologic Physical Therapy.
2016;40(3):186-195. DOI: 10.1097/
NPT.0000000000000138

[4] Meyer S, Karttunen AH,

Thijs V, Feys H, Verheyden G. How do
somatosensory deficits in the arm and
hand relate to upper limb impairment,
activity, and participation problems
after stroke? A systematic review.
Physical Therapy. 2014;94(9):1220-1231.
DOI: 10.2522/ptj.20130271

[5] Coscia M, Wessel M]J,

Chaudary U, Millan JDR, Micera S,
Guggisberg A, et al. Neurotechnology-
aided interventions for upper limb
motor rehabilitation in severe chronic
stroke. Brain. 2019;142(8):2182-2197.
DOI: 10.1093/brain/awz181

[6] Kodama T, Katayama O, Nakano H,
Ueda T, Murata S. Treatment of medial
medullary infarction using a novel

42

inems training: A case report and
literature review. Clinical EEG and
Neuroscience. 2019;50(6):429-435.
DOI: 10.1177/1550059419840246

(7] David N, Newen A, Vogeley K. The
"sense of agency" and its underlying
cognitive and neural mechanisms.
Consciousness and Cognition.
2008;17(2):523-534. DOI: 10.1016/j.
concog.2008.03.004

[8] Buchholz VN, David N,
Sengelmann M, Engel AK. Belief

of agency changes dynamics in
sensorimotor networks. Scientific
Reports. 2019;9(1):1995. DOI: 10.1038/
$41598-018-37912-w

[9] Kuriakose D, Xiao Z. Pathophysiology
and treatment of stroke: Present status
and future perspectives. International
Journal of Molecular Sciences.
2020;21(20):7609. DOI: 10.3390/
ijms21207609

[10] Boehme AK, Esenwa C, Elkind MS.
Stroke risk factors, genetics, and
prevention. Circulation Research.
2017;120(3):472-495. DOI: 10.1161/
CIRCRESAHA.116.308398

[11] GBD 2016 Stroke Collaborators.
Global, regional, and national burden
of stroke, 1990-2016: A systematic
analysis for the Global Burden of
Disease Study 2016. Lancet Neurol.
2019;18(5):439-458. DOI: 10.1016/
S1474-4422(19)30034-1

[12] Zancan A, Rodigari A, Gigli
Berzolari F, Borrelli P. Risk factors
for long-term care after hemiplegia
from cancer-related brain surgery:
A pilot study for new prediction
model. European Journal of Physical
and Rehabilitation Medicine.



Clinical Usefulness of Real-time Sensory Compensation Feedback Training on Sensorimotor...

DOI: http://dx.doi.org/10.5772/intechopen.111668

2019;55(6):735-742. DOI: 10.23736/
51973-9087.19.05840-4

[13] Doyle S, Bennett S, Fasoli SE,
McKenna KT. Interventions for sensory
impairment in the upper limb after
stroke. Cochrane Database of Systematic
Reviews. 2010;2010(6):CD006331.

DOI: 10.1002/14651858.CD006331.pub2

[14] Villepinte C, Catella E, Martin M,
Hidalgo S, Téchené S, Lebely C, et al.
Validation of French upper limb
Erasmus modified Nottingham Sensory
Assessment in stroke. Annals of
Physical and Rehabilitation Medicine.
2019;62(1):35-42. DOI: 10.1016/j.
rehab.2018.03.004

[15] Hossain D, Scott SH, Cluff T,
Dukelow SP. The use of machine learning
and deep learning techniques to assess
proprioceptive impairments of the

upper limb after stroke. Journal of
Neuroengineering and Rehabilitation.
2023;20(1):15. DOI: 10.1186/
s12984-023-01140-9

[16] van Stralen HE, van Zandvoort MJ,
Dijkerman HC. The role of self-touch in
somatosensory and body representation
disorders after stroke. Philosophical
Transactions of the Royal Society of
London. Series B, Biological Sciences.
2011;366(1581):3142-3152. DOI: 10.1098/
rstb.2011.0163

[17] Miyawaki Y, Otani T, Morioka S.
Dynamic relationship between sense of
agency and post-stroke sensorimotor
deficits: A longitudinal case study. Brain
Sciences. 2020;10(5):294. DOI: 10.3390/
brainscil0050294

[18] Cramer SC, Sur M, Dobkin BH,
O’Brien C, Sanger TD, Trojanowski
JQ, et al. Harnessing neuroplasticity
for clinical applications. Brain.
2011;134(6):1591-1609. DOI: 10.1093/
brain/awr039

43

[19] Fujii Y, Nakada T. Cortical
reorganization in patients with
subcortical hemiparesis: Neural
mechanisms of functional recovery
and prognostic implication. Journal
of Neurosurgery. 2003;98(1):64-73.
DOI: 10.3171/jns.2003.98.1.0064

[20] Ward NS, Brown MM, Thompson A],
Frackowiak RS. Neural correlates of
outcome after stroke: A cross-sectional
fMRI study. Brain. 2003;126 (Pt6):1430-
1448. DOI: 10.1093/brain/awg145

[21] Perruchoud D, Murray MM,
Lefebvre ], Ionta S. Focal dystonia and
the sensory-motor integrative loop for
enacting (SMILE). Frontiers in Human
Neuroscience. 2014;8:458. DOI: 10.3389/
fnhum.2014.00458

[22] Winges SA. Somatosensory
feedback refines the perception of

hand shape with respect to external
constraints. Neuroscience. 2015;293:1-11.
DOI: 10.1016/j.neuroscience.2015.02.047

[23] Borich MR, Brodie SM, Gray WA,
Ionta S, Boyd LA. Understanding the
role of the primary somatosensory
cortex: Opportunities for
rehabilitation. Neuropsychologia.
2015;79(Pt B):246-255. DOI: 10.1016/j.
neuropsychologia.2015.07.007

[24] Suda M, Kawakami M, Okuyama K,
Ishii R, Oshima O, Hijikata N, et al.
Validity and reliability of the semmes-
weinstein monofilament test and

the thumb localizing test in patients
with stroke. Frontiers in Neurology.
2021;11:625917. DOI: 10.3389/
fneur.2020.625917

[25] Johansson RS, Flanagan JR. Coding
and use of tactile signals from the
fingertips in object manipulation
tasks. Nature Reviews. Neuroscience.
2009;10(5):345-359. DOI: 10.1038/
nrn2621



Stroke — Management Pearls

[26] Ryan CP, Bettelani GC, Ciotti S,
Parise C, Moscatelli A, Bianchi M. The
interaction between motion and

texture in the sense of touch. Journal of
Neurophysiology. 2021;126(4):1375-1390.
DOI: 10.1152/jn.00583.2020

[27] Johansson RS, Landstrom U,
Lundstrém R. Responses of
mechanoreceptive afferent units in
the glabrous skin of the human hand
to sinusoidal skin displacements.
Brain Research. 1982;244(1):17-25.
DOL: 10.1016/0006-8993(82)90899-x

[28] Westling G, Johansson RS. Responses
in glabrous skin mechanoreceptors during
precision grip in humans. Experimental
Brain Research. 1987;66(1):128-140.
DOI:10.1007/BF00236209

[29] Knibestd] M. Stimulus-response
functions of slowly adapting
mechanoreceptors in the human glabrous
skin area. The Journal of Physiology.
1975;245(1):63-80. DOI: 10.1113/
jphysiol.1975.sp010835

[30] Yoshioka T, Craig JC, Beck GC,
Hsiao SS. Perceptual constancy of
texture roughness in the tactile

system. The Journal of Neuroscience.
2011;31(48):17603-17611. DOI: 10.1523/
JNEUROSCI.3907-11.2011

[31] Maeno T, Kawai T, Kobayashi K.
Analysis and design of a tactile sensor
detecting strain distribution inside an
elastic finger. In: Proceedings. 1998
IEEE/RSJ International Conference
on Intelligent Robots and Systems.
Innovations in Theory, Practice and
Applications (Cat. No.98CH36190).
Vol. 3. Victoria, BC, Canada: IEEE;
1998. pp. 1658-1663. DOI: 10.1109/
IROS.1998.724836

[32] Taub E, Uswatte G, Mark VW,
Morris DM. The learned nonuse
phenomenon: Implications for

44

rehabilitation. Europa Medicophysica.
2006;42(3):241-256

[33] de Azevedo JA, Barbosa FDS,

Seixas VM, da Silva Scipioni KRD,
Sampaio PYS, da Cruz DMC, et al.
Effects of constraint-induced movement
therapy on activity and participation
after a stroke: Systematic review and
meta-analysis. Frontiers in Human
Neuroscience. 2022;16:987061.

DOI: 10.3389/fnhum.2022.987061

[34] Connell LA, McMahon NE,

Adams N. Stroke survivors’ experiences
of somatosensory impairment

after stroke: An interpretative
phenomenological analysis.
Physiotherapy. 2014;100(2):150-155.
DOI: 10.1016/j.physio.2013.09.003

[35] Carey LM, Matyas TA, Baum C.
Effects of somatosensory impairment on
participation after stroke. The American
Journal of Occupational Therapy.
2018;72(3):7203205100p1-72032051
00p10. DOI: 10.5014/ajot.2018.025114

[36] Wu X, Wang R, Wu Q, Liao C,
Zhang ], Jiao H, et al. The effects of
combined high-frequency repetitive
transcranial magnetic stimulation
and cervical nerve root magnetic
stimulation on upper extremity motor
recovery following stroke. Frontiers
in Neuroscience. 2023;17:1100464.
DOI: 10.3389/fnins.2023.1100464

[37] Bolognini N, Russo C, Edwards D].
The sensory side of post-stroke motor
rehabilitation. Restorative Neurology
and Neuroscience. 2016;34(4):571-586.
DOI: 10.3233/RNN-150606

[38] Kalra L. Stroke rehabilitation 2009:
Old chestnuts and new insights. Stroke.
2010;41(2):e88-e90. DOI: 10.1161/
STROKEAHA 109.572297

[39] Fuehrer E, Voudouris D, Lezkan A,
Drewing K, Fiehler K. Tactile suppression



Clinical Usefulness of Real-time Sensory Compensation Feedback Training on Sensorimotor...

DOI: http://dx.doi.org/10.5772/intechopen.111668

stems from specific sensorimotor
predictions. Proceedings of the National
Academy of Sciences of the United States
of America. 2022;119(20):e2118445119.
DOI: 10.1073/pnas.2118445119

[40] Kodama T, Nakano H, Katayama O,
Murata S. The association between
brain activity and motor imagery during
motor illusion induction by vibratory
stimulation. Restorative Neurology

and Neuroscience. 2017;35(6):683-692.
DOI:10.3233/RNN-170771

[41] Gallagher II. Philosophical
conceptions of the self: implications for
cognitive science. Trends in Cognitive
Sciences. 2000;4(1):14-21. DOI: 10.1016/
s1364-6613(99) 01417-5

[42] Botvinick M, Cohen J. Rubber
hands ‘feel’ touch that eyes see. Nature.
1998;391(6669):756. DOI: 10.1038/35784

[43] Abdulkarim Z, Ehrsson HH. No
causal link between changes in hand
position sense and feeling of limb
ownership in the rubber hand illusion.
Attention, Perception, & Psychophysics.
2016;78(2):707-720. DOI: 10.3758/
s13414-015-1016-0

[44] Matsumiya K. Separate multisensory
integration processes for ownership and
localization of body parts. Scientific
Reports. 2019;9(1):652. DOI: 10.1038/
$41598-018-37375-z

[45] Schmalzl L, Kalckert A, Ragné C,
Ehrsson HH. Neural correlates of the
rubber hand illusion in amputees: A
report of two cases. Neurocase.

2014 Aug;20(4):407-420.

DOI: 10.1080/13554794.2013.791861

[46] Kang SY, Im CH, Shim M, Nahab FB,
Park J, Kim DW, et al. Brain networks
responsible for sense of agency: An EEG
study. PLoS One. 2015;10(8):e0135261.
DOI: 10.1371/journal.pone.0135261

45

[47] Fukushima H, Goto Y, Maeda T,
Kato M, Umeda S. Neural substrates for
judgment of self-agency in ambiguous
situations. PLoS One. 2013;8(8):e72267.
DOI: 10.1371/journal.pone.0072267

[48] Sato A, Yasuda A. Illusion of sense
of self-agency: Discrepancy between
the predicted and actual sensory
consequences of actions modulates
the sense of self-agency, but not the
sense of self-ownership. Cognition.
2005;94(3):241-255. DOI: 10.1016/j.
cognition.2004.04.003

[49] Maeda T, Takahata K, Muramatsu T,
Okimura T, Koreki A, Iwashita S, et al.
Reduced sense of agency in chronic
schizophrenia with predominant
negative symptoms. Psychiatry Research.
2013;209(3):386-392. DOLI: 10.1016/j.
psychres.2013.04.017

[50] Synofzik M, Vosgerau G,

Newen A. Beyond the comparator model:
A multifactorial two-step account of
agency. Consciousness and Cognition.
2008;17(1):219-239. DOI: 10.1016/j.
concog.2007.03.010

[51] Miyawaki Y, Otani T, Morioka S.
Impaired relationship between sense

of agency and prediction error due to
post-stroke sensorimotor deficits. Journal
of Clinical Medicine. 2022;11(12):3307.
DOI: 10.3390/jcm11123307

[52] Katayama O, Osumi M, Kodama T,
Morioka S. Dysesthesia symptoms
produced by sensorimotor
incongruence in healthy volunteers: An
electroencephalogram study. Journal
of Pain Research. 2016;9:1197-1204.
DOI: 10.2147/JPR.S122564

[53] Nahab FB, Kundu P, Maurer C, Shen
Q, Hallett M. Impaired sense of agency in
functional movement disorders: An fMRI
study. PLoS One. 2017;12(4):e0172502.
DOI: 10.1371/journal.pone.0172502



Stroke — Management Pearls

[54] Kranick SM, Moore JW, Yusuf N,
Martinez VT, LaFaver K, Edwards M]J,
et al. Action-effect binding is decreased
in motor conversion disorder:
implications for sense of agency.
Movement Disorders. 2013;28(8):1110-
1116. DOI: 10.1002/mds.25408

[55] Ziadeh H, Gulyas D, Nielsen LD,
Lehmann S, Nielsen TB, Kjeldsen TKK,
et al. "Mine Works Better": Examining
the influence of embodiment in virtual
reality on the sense of agency during

a binary motor imagery task with a
brain-computer interface. Frontiers

in Psychology. 2021;12:806424.

DOI: 10.3389/fpsyg.2021.806424

[56] Mazzoleni S, Duret C, Grosmaire AG,
Battini E. Combining upper limb

robotic rehabilitation with other
therapeutic approaches after

stroke: Current status, rationale,

and challenges. BioMed Research
International. 2017;2017:8905637.

DOI: 10.1155/2017/8905637

[57] Han BS, Jang SH, ChangY,

Byun WM, Lim SK, Kang DS. Functional
magnetic resonance image

finding of cortical activation by
neuromuscular electrical stimulation

on wrist extensor muscles. American
Journal of Physical Medicine &
Rehabilitation. 2003;82(1):17-20.

DOI: 10.1097/00002060-200301000-
00003

[58] Suzuki R, MuraokaY, Yamada S,
Asano S. Integrated volitional control
electrical stimulation for the paretic
hand: A case report. Journal of Physical
Therapy Science. 2019;31(10):844-849.
DOI: 10.1589/jpts.31.844

[59] de Kroon JR, Ijzerman MJ,

Chae J, Lankhorst GJ, Zilvold G. Relation
between stimulation characteristics

and clinical outcome in studies using
electrical stimulation to improve

46

motor control of the upper extremity
in stroke. Journal of Rehabilitation
Medicine. 2005;37(2):65-74.

DOI: 10.1080/16501970410024190

[60] Mangold S, Schuster C, Keller T,
Zimmermann-Schlatter A, Ettlin T.
Motor training of upper extremity with
functional electrical stimulation in early
stroke rehabilitation. Neurorehabilitation
and Neural Repair. 2009;23(2):184-190.
DOI: 10.1177/1545968308324548

[61] Kita K, Otaka Y, Takeda K, Sakata S,
Ushiba J, Kondo K, et al. A pilot study
of sensory feedback by transcutaneous
electrical nerve stimulation to

improve manipulation deficit caused
by severe sensory loss after stroke.
Journal of Neuroengineering and
Rehabilitation. 2013;13(10):55.

DOI: 10.1186/1743-0003-10-55

[62] Ramachandran VS, Altschuler EL.
The use of visual feedback, in particular
mirror visual feedback, in restoring brain
function. Brain. 2009;132(Pt 7):1693-
1710. DOI: 10.1093/brain/awp135

[63] Colomer C, Noé E, Llorens R. Mirror
therapy in chronic stroke survivors with
severely impaired upper limb function:
A randomized controlled trial. European
Journal of Physical and Rehabilitation
Medicine. 2016;52(3):271-278

[64] Nogueira NGHM,

Parma JO, Ledo SESA, Sales IS,

Macedo LC, Galvio ACDR, et al. Mirror
therapy in upper limb motor recovery
and activities of daily living, and its
neural correlates in stroke individuals:
A systematic review and meta-

analysis. Brain Research Bulletin.
2021;177:217-238. DOI: 10.1016/].
brainresbull.2021.10.003

[65] Franz EA, FuY, Moore M, Winter T,
Mayne T, Debnath R, et al. Fooling the
brain by mirroring the hand: Brain



Clinical Usefulness of Real-time Sensory Compensation Feedback Training on Sensorimotor...

DOI: http://dx.doi.org/10.5772/intechopen.111668

correlates of the perceptual capture of
limb ownership. Restorative Neurology
and Neuroscience. 2016;34(5):721-732.
DOI: 10.3233/RNN-150622

[66] Bangert M, Peschel T, Schlaug G,
Rotte M, Drescher D, Hinrichs H, et al.
Shared networks for auditory and motor
processing in professional pianists:
evidence from fMRI conjunction.
NeuroImage. 2006;30(3):917-926.

DOI: 10.1016/j.neuroimage.2005.10.044

[67] Rosati G, Roda A,

Avanzini F, Masiero S. On the role of
auditory feedback in robot-assisted
movement training after

stroke: Review of the literature.
Computational Intelligence and
Neuroscience. 2013;2013:586138.
DOI: 10.1155/2013/586138

[68] Kwakkel G, Kollen BJ, Krebs HI.
Effects of robot-assisted therapy on
upper limb recovery after stroke: A
systematic review. Neurorehabilitation
and Neural Repair. 2008;22(2):111-121.
DOI: 10.1177/1545968307305457

[69] Liepert J, Bauder H,

Wolfgang HR, Miltner WH, Taub E,
Weiller C. Treatment-induced cortical
reorganization after stroke in humans.
Stroke. 2000;31(6):1210-1216.

DOI: 10.1161/01.str.31.6.1210

[70] Colombo R, Pisano F, Micera S,
Mazzone A, Delconte C, Carrozza MC,
et al. Assessing mechanisms of recovery
during robot-aided neurorehabilitation
of the upper limb. Neurorehabilitation
and Neural Repair. 2008;22(1):50-63.
DOI: 10.1177/1545968307303401

[71] Mehrholz ], Platz T, Kugler J,

Pohl M. Electromechanical and robot-
assisted arm training for improving arm
function and activities of daily living
after stroke. Cochrane Database of

47

Systematic Reviews. 2008;4:CD006876.
DOI: 10.1002/14651858.CD006876.pub2

[72] Malouin F, Richards CL,
McFadyen B, Doyon J. Nouvelles
perspectives en réadaptation motrice
aprés un accident vasculaire cérébral
[New perspectives of locomotor
rehabilitation after stroke]. Medical
Science (Paris). 2003;19(10):994-998.
DOI: 10.1051/medsci/20031910994

[73] Sarlegna FR, Sainburg RL. The
roles of vision and proprioception in
the planning of reaching movements.
Advances in Experimental Medicine
and Biology. 2009;629:317-335.

DOI: 10.1007/978-0-387-77064-2_16

[74] Spampinato D, Celnik P. Multiple
motor learning processes in humans:
Defining their neurophysiological bases.
The Neuroscientist. 2021;27(3):246-267.
DOI: 10.1177/1073858420939552

[75] Macias M, Lopez-VirgenV,
Olivares-Moreno R, Rojas-Piloni G.
Corticospinal neurons from motor

and somatosensory cortices exhibit
different temporal activity dynamics
during motor learning. Frontiers in
Human Neuroscience. 2022;16:1043501.
DOI: 10.3389/fnhum.2022.1043501

[76] Max L, Maffett DG. Feedback delays
eliminate auditory-motor learning

in speech production. Neuroscience
Letters. 2015;591:25-29. DOI: 10.1016/j.
neulet.2015.02.012

[77] Fourneret P, Jeannerod M. Limited
conscious monitoring of motor
performance in normal subjects.
Neuropsychologia. 1998;36(11):1133-
1140. DOI: 10.1016/
$0028-3932(98)00006-2

[78] Koseki K, Mutsuzaki H, Yoshikawa K,
EndoY, Kanazawa A, Nakazawa R,
et al. Gait training using a hip-wearable



Stroke — Management Pearls

robotic exoskeleton after total knee
arthroplasty: A case report. Geriatric
Orthopaedic Surgery & Rehabilitation.
2020;11:2151459320966483.

DOI: 10.1177/2151459320966 483

[79] Liu M, Ushiba J. Brain-

machine Interface (BMI)-based
Neurorehabilitation for Post-stroke
Upper Limb Paralysis. The Keio
Journal of Medicine. 2022;71(4):82-92.
DOI: 10.2302/kjm.2022-0002-0OA

[80] Patel N, Jankovic J, Hallett M.

Sensory aspects of movement disorders.

Lancet Neurology. 2014;13(1):100-112.
DOI: 10.1016/S1474-4422(13)70213-8

[81] Manita S, Suzuki T, Homma C,
Matsumoto T, Odagawa M, Yamada K,
et al. A top-down cortical circuit for
accurate sensory perception. Neuron.
2015;86(5):1304-1316. DOI: 10.1016/j.
neuron.2015.05.006

[82] Kitai K, Odagiri M, Yamauchi R,
Kodama T. Evaluation of intervention
effectiveness of sensory compensatory
training with tactile discrimination
feedback on sensorimotor dysfunction
of the hand after stroke. Brain Sciences.
2021;11(10):1314. DOI: 10.3390/
brainscil1101314

[83] Chesler AT, Szczot M,
Bharucha-Goebel D, Ceko M,
Donkervoort S, Laubacher C, et al.

The role of PIEZO2 in human
mechanosensation. The New England
Journal of Medicine. 2016;375(14):1355-
1364. DOI: 10.1056/NEJMo0a1602812

[84] Ghez C, Gordon J, Ghilardi MF:
Impairments of reaching movements
in patients without proprioception.
II. Effects of visual information on
accuracy. Journal of Neurophysiology
1995;73(1):361-372. 1 doi:10.1152/
jn.1995.73.1.361

48

[85] Ingemanson ML, Rowe JR, ChanV,
Wolbrecht ET, Reinkensmeyer DJ,
Cramer SC. Somatosensory system
integrity explains differences in
treatment response after stroke.
Neurology. 2019;92(10):€1098-€1108.
DOI: 10.1212/WNL.0000000000007041

[86] Collins DL, Holmes CJ, Peters TK,
Evans C. Automatic 3-D model-based
neuroanatomical segmentation. Human
Brain Mapping. 1995;3:190-208.

DOI: doi.org/10.1002/hbm.460030304

[87] Pascual-Marqui RD. Instantaneous
and lagged measurements of linear and
nonlinear dependence between groups
of multivariate time series: Frequency
decomposition. arXiv. 2007;0711:1455.
DOI: 10.48550/arXiv.0711.1455

[88] Takeuchi N, Izumi S. Maladaptive
plasticity for motor recovery after
stroke: Mechanisms and approaches.
Neural Plasticity. 2012;2012:359728.
DOI: 10.1155/2012/359728

[89] Wasaka T, Kida T, Kakigi R.
Facilitation of information processing
in the primary somatosensory area

in the ball rotation task. Scientific
Reports. 2017;7(1):15507. DOI: 10.1038/
s41598-017-15775-x

[90] Impieri D, Zilles K, Niu M, RapanL,
Schubert N, Galletti C, et al. Receptor
density pattern confirms and enhances
the anatomic-functional features of

the macaque superior parietal lobule
areas. Brain Structure & Function.
2019;224(8):2733-2756. DOI: 10.1007/
s00429-019-01930-9

[91] Kaneko F, Shibata E, Okawada M,
Nagamine T. Region-dependent
bidirectional plasticity in M1
following quadripulse transcranial
magnetic stimulation in the inferior
parietal cortex. Brain Stimulation.



Clinical Usefulness of Real-time Sensory Compensation Feedback Training on Sensorimotor...
DOI: http://dx.doi.org/10.5772/intechopen.111668

2020;13(2):310-317. DOI: 10.1016/j.
brs.2019.10.016

[92] Ostry D], Darainy M, Mattar AA,
Wong J, Gribble PL. Somatosensory
plasticity and motor learning.

The Journal of Neuroscience.
2010;30(15):5384-5393. DOI: 10.1523/
JNEUROSCI.4571-09.2010

49






Chapter 4

Intravenous Thrombolysis in Acute
Ischemic Stroke

Adeolu Morawo

Abstract

Acute ischemic stroke imposes significant morbidity and mortality on patients
and proves costly for the society. The most common pathophysiology involves the
obstruction of a cerebral arterial vessel with a thrombus leading to distal ischemia
which unrelieved proceeds to infarction. Intravenous thrombolysis has emerged as an
effective and safe strategy for reperfusion and has been shown to increase the odds of
a long-term favorable outcome. For more than 2 decades, the mainstay of intravenous
thrombolysis has been Alteplase. More recently however, Tenecteplase is increasingly
incorporated into routine practice, and it has been shown to be superior to Alteplase
for recanalization in patients with large vessel occlusion, and at least non-inferior
in patients without large vessel occlusion. Newer studies have expanded the time
windows, introduced “the tissue clock”, and included patients that were previously
considered ineligible for thrombolysis, altogether increasing the pool of stroke
patients with favorable outcomes.

Keywords: stroke, ischemic, thrombolysis, alteplase, tenecteplase

1. Introduction

As of 2022, stroke is the leading cause of long-term disability in adults globally
and is only second to ischemic heart disease as the leading cause of death in the world
[1]. Eighty seven percentage of these strokes are ischemic, while the remaining 13%
are hemorrhagic [2, 3]. The toll of a stroke on an individual is enormous, but it also
proves costly for society. The cost associated with stroke in the United States alone
between 2017 and 2018 was about $53 billion [3]. Further, while stroke was much
more commoner in the elderly, the epidemiology has continued to shift towards
earlier ages with up to a quarter of strokes now occurring in people of working age
[4]. Before the advent of effective reperfusion strategies, the prognosis of acute
ischemic stroke was much poorer. However, over the decades, advances in intravenous
thrombolysis and endovascular therapies have drastically improved the outcomes for
patients with acute ischemic strokes. Even with these therapies, rapid recognition
and prompt treatment are essential to optimize benefits, limit disability, and reduce
therapy-related adverse events. This chapter discusses intravenous thrombolytic
agents, their efficacy and safety in acute therapy for ischemic strokes, and their use in
special populations.

51 IntechOpen



Stroke — Management Pearls

2. Background
2.1 Causes, risk factors, and clinical presentation of ischemic stroke

Ischemic stroke is defined as “an episode of neurological dysfunction caused
by focal cerebral, spinal, or retinal infarction” [5]. Non-modifiable risk factors for
ischemic stroke include increasing age, prior stroke, family history of stroke, and race
(Black race, Hispanic, Chinese, and Japanese) [4]. Major modifiable risk factors for
stroke include hypertension, tobacco use, diabetes, dyslipidemia, a sedentary lifestyle,
and poor diet [6]. Ischemic stroke presents with focal or global neurologic deficits of
awide variety depending on the locus of ischemia. The hallmark of a typical stroke
symptom is its acute onset which can involve any or a combination of deficits in motor,
sensory, cranial nerve, visual field, gait, balance, speech and other cognitive functions.
Brainstem strokes can also cause acute impairment in the level of consciousness.

2.2 Pathophysiology of ischemic stroke and endogenous fibrinolysis

The pathophysiology of ischemic stroke involves critical hypoperfusion of cerebral
tissue due to the occlusion or stenosis of the supplying artery. Common mechanisms
include lipohyalinosis of small vessels; an atherosclerotic large vessel disease (via
hypoperfusion through a critical stenosis, local thrombus formation and occlusion,
or thrombosis with distal embolization); embolization from aortic or cardiac sources;
paradoxical embolization; vasculitis from primary or secondary CNS causes; hema-
tologic disorders; other connective tissue and inflammatory disease among others.
Most of these mechanisms result in a blood clot that blocks blood flow. Blood clots are
composed of cross-linked fibrin, which traps blood cells. Neurons require a constant
supply of oxygen and glucose to function properly. However, their susceptibility to
hypoxia and low glucose varies. Within minutes of ischemia, ATP depletion leads to
dysfunction of the neuronal sodium-potassium ATPase. This causes sodium to enter
the cell accompanied by water, ultimately leading to cell death and swelling. Without
intervention, it’s estimated that 1.9 million neurons and 14 billion synapses are lost
irreparably every passing minute of stroke. This is equivalent to around 3.6 years of
normal aging every hour [7].

The endogenous fibrinolytic mechanisms break cross-linked fibrin into fibrin deg-
radation products. Circulating (and inactive) plasminogen is converted into plasmin
(its active form) by the action of endogenous tissue plasminogen activator (tPA). The
plasmin in turn is responsible for breaking down the cross-linked fibrin causing clot
dissolution [8].

3. Thrombolysis in acute ischemic stroke

The endogenous process is limited in its speed and the scope of clot dissolution
and is thus often not sufficient to prevent the rapid and permanent neuronal loss that
characterizes ischemic strokes. Intravenous thrombolytic agents are designed to act
more rapidly to convert circulating plasminogen into plasmin culminating in fibrino-
lysis. The introduction of intravenous thrombolytics (IVT) has been one of the most
pivotal developments in the management of acute ischemic stroke. Several studies
demonstrated that IVT use significantly improves functional outcomes in stroke
patients [9-11].
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3.1 Description of thrombolytic agents

Alteplase (recombinant tissue plasminogen activator or rtPA) is the recombinant
form of the endogenous tissue plasminogen activator (tPA). Following the success-
ful NINDS trial in 1995 showing improved outcomes in stroke patients, rtPA was
approved by the Food and Drug Administration (FDA) for use within 3 h of onset
of ischemic stroke symptoms [10, 12]. It is administered at a total dose of 0.9 mg/
kg with a maximum dose of 90 mg. A dose of 0.6 mg/kg with a maximum of 60 mg
is however studied and approved for use in Japan. 10% of the dose is given as a bolus
while the remaining is administered as an infusion that runs for 1 h [8, 13]. Since 1996
and only until recently, rtPA has been the only intravenous thrombolytic used in acute
ischemic stroke in standard clinical practice.

More recently, however, Tenecteplase (TNKase), a genetically modified form of
rtPA has become studied extensively and is being used for acute stroke thrombolysis.
It is an analog of rtPA with mutations at T103, N117, and K-H-R-R 296-299. TNKase is
administered at a dose of 0.25 mg/kg with a maximum of 25 mg as a single bolus with
the same indications, contraindications, and peri-thrombolytic care as rtPA. A higher
dose of 0.4 mg/kg has been studied but found to be associated with a higher risk
of symptomatic intracerebral hemorrhage [14]. TNKase has proven effective in the
standard time window for rtPA and extended time windows are being studied [8].

TNKase holds many advantages over rtPA (Table 1). TNKase has a longer half-life
of about 20 min compared to the 4 min of rtPA. This longer half-life is conferred by
the former’s T103 and N117 mutations. The KHRR mutations at 269-299 confer on
TNKase higher fibrin specificity and 80-fold resistance to Plasminogen Activator
Inhibitor- 1 (PAI-1) leading to a reduced risk of systemic coagulopathy and a longer
half-life respectively. TNKase is administered as a bolus without infusion, making
it easier to administer. This is particularly advantageous to hospitals that utilize
the ‘drip-and-ship’ workflow and need to transfer their patients to more advanced
stroke centers. It eliminates the logistics of managing a thrombolytic infusion during
transport [8]. It also eliminates the logistics of needing an IV line dedicated to infu-
sion. It is not uncommon to have a delay between rtPA bolus and infusion which can
cause the medication to fall below its therapeutic serum level without a re-bolus. This
is not a factor in TNKase use [12]. Considering all costs incurred from admission to
discharge, TNKase is also less costly than rtPA [15, 16].

TNKase is superior to rtPA in patients with large vessel occlusion and the 2019
AHA stroke guidelines recommend TNKase over rtPA in these patients [17]. When
administered before endovascular thrombectomy, TNKase confers greater chances of
post-thrombectomy reperfusion and better functional outcomes at 3 months without
an increase in the risk of symptomatic hemorrhagic transformation [18, 19]. Pre-
thrombectomy reperfusion is associated with a better prognosis. Alteplase has low
pre-thrombectomy recanalization rates in patients with proximal large vessel occlu-
sions. TNKase however demonstrates higher pre-thrombectomy reperfusion rates in
these patients irrespective of the time between administration of the thrombolytic
and imaging assessment of reperfusion [20].

In patients with ischemic stroke who have no large vessel occlusion or who have a
large vessel occlusion and are ineligible for endovascular thrombectomy, TNKase has
been shown by several studies to be non-inferior to rtPA [21-23].

In a 2022 systematic review encompassing 6 randomized controlled trials and a
total of 1675 patients where the use of TNKase was compared with rtPA in patients
presenting 4.5 h of last known well, TNKase showed clear advantages in both efficacy
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Alteplase (rtPA) Tenecteplase
(TNKase)

Pharmacokinetics and pharmacodynamics

Molecular structure A recombinant form of the Genetically
endogenous tissue plasminogen modified form of
activator (tPA) rtPA

Half-life 4 min 20 min

Fibrin specificity Intermediate High

Plasminogen Activator Inhibitor- 1 (PAI-1) Low Intermediate

Depletion of fibrinogen Intermediate Low

Dosage 0.9 mg/kg with a maximum dose of 0.25 mg/kg witha
90 mg. In Japan, 0.6 mg/kg witha maximum dose of
maximum of 60 mg is approved for use 25mg

Administration 10% of the dose as a bolus and the Single bolus
remainder as an infusion over 1 hour

Effectiveness

Successful recanalization in patients with Poor Much better (3-fold

large vessel occlusion who undergo EVT higher)

Favorable functional outcome in patients Good 2-fold higher

with large vessel occlusion who undergo

EVT

Early neurologic improvement Possible Higher chances

Favorable outcome and functional Good Non-inferior

improvement in patients without large vessel

occlusion

Safety

Symptomatic hemorrhagic transformation Comparable Comparable

Adapted from Zhu et al. [8].

Table 1.
Comparison between Alteplase and Tenecteplase.

and safety. TNKase use was associated with more early neurologic improvement,
better functional outcomes at 90 days as measured by the modified Rankin Score
(mRS), and higher reperfusion rates and better outcomes in patients with large vessel
occlusion. TNKase also did not show a higher bleeding risk than rtPA [15].

3.2 Eligibility for thrombolysis

Indications for IV thrombolytic use include disabling neurologic deficits attribut-
able to stroke (including mild disabling symptoms or improving symptoms which
nonetheless remain disabling), onset of symptoms or last known well within 4.5 h of
presentation, diffusion-weighted imaging positive with FLAIR-negative strokes on
MRI in patients who wake up with stroke symptoms.

Contraindications include mild-nondisabling symptoms, acute or prior history
of intracranial hemorrhage, history of ischemic stroke within 3 months, history of
ischemic stroke within 3 months, extensive regions of frank hypodensity on CT,
uncontrollable blood pressure (systolic blood pressure >185 mmHg or diastolic blood
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pressure >110), severe head trauma within 3 months, intracranial/intraspinal surgery
within 3 months, Gastrointestinal malignancy or bleeding within 21 days, acquired
and inherited bleeding diathesis, suspected infective endocarditis, aortic arch dissec-
tion, intraparenchymal intracranial neoplasm.

Specific details on the indications and contraindications as well as nuances around
some contraindications can be found in the AHA 2019 stroke guidelines. It is impor-
tant to note that with additional studies since the original FDA approval of rtPA,
many contraindications have become nuanced context-specific [9, 17].

3.3 Time windows for thrombolysis

The initial National Institute of Neurologic Disorders (NINDS) study in
1995 proved the efficacy and safety of rtPA in improving outcomes in selected
stroke patients presenting within 3 h from the last known well or time of onset
[11]. Subsequently, the ECASS III study showed that there was a benefit to some
patients even within the 3-4.5 h window. The study excluded patients who were
older than 80 years, had diabetes mellitus and prior stroke, had NIHSS >25, were
taking oral anticoagulants, and those with CT evidence of early ischemic changes
in >1/3 of the MCA territory. These additional criteria were thus (and are still
used) to exclude patients in the 3-4.5 h window in practice [9]. More recent stud-
ies however have demonstrated that these additional exclusions did not confer an
increased risk of bleeding [24] and it has become routine practice to uniformly
expand the traditional window to 4.5 h based on the standard inclusion and exclu-
sion criteria only.

With advances in imaging, there is increasing recognition that the window for
reversibility of ischemic cerebral tissue greatly varies in individuals, and a “tissue
clock” is becoming a stronger factor in eligibility for reperfusion therapies. It is esti-
mated that 14-20% of strokes are ‘wake-up’ strokes with an unknown time of onset
[25, 26]. The 4.5-h timeframe thus puts most of these patients outside the window
even if the stroke had occurred just before waking up from sleep. Two pivotal studies
showed that using imaging surrogates to estimate an approximate time of onset or to
quantify the presence of salvageable ischemic tissue can lead to a safe and effective
extension of the traditional time window.

In the WAKE-UP trial, patients with an unknown time of stroke onset, but had
DWI-FLAIR mismatch (focal restricted diffusion on DWI without corresponding
FLAIR hyperintensity) were randomized to rtPA versus placebo. This mismatch
would suggest that the onset of their stroke was approximately 4.5 h or 6 h from
onset. Compared to placebo, patients given tPA demonstrated a better 90-day
functional outcome without a significant increase in symptomatic intracranial
hemorrhage. Notably though, patients eligible for endovascular thrombectomy were
excluded [27].

Similarly, another controlled trial, the EXTEND trial, showed that patients pre-
senting within the 4.5 to 9-h window from the last known well (9 h from the midpoint
of sleep for wake-up strokes), and showing a perfusion mismatch (hypoperfusion to
ischemic core volume ratio > 1.2; absolute difference of >10 ml; and ischemic core
<70 ml) had better functional outcomes with rtPA compared to placebo. There was a
significantly higher rate of symptomatic intracerebral hemorrhage in the rtPA group
[28]. A systematic review and meta-analyses of these studies showed an overall func-
tional benefit in these extended time windows which persisted when the increased
bleeding rate was accounted for [29].
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3.4 Time dependence of efficacy

While the time window for the efficacy of intravenous thrombolytics keeps
expanding, it remains true that the benefit derived remains time-dependent with
better outcomes seen with earlier administration [30]. Even with a “tissue clock”,
the “time-is-brain” paradigm still holds. Faster administration is associated with
lower odds of all-cause mortality and symptomatic intracranial hemorrhage and
higher odds of long-term functional independence [31-33]. In recognition of this
time-dependent benefit, institutional, regional, and national systems have been
continuously optimizing their systems to achieve faster door-to-needle times while
strengthening community and Emergency Medical Service systems for prompt recog-
nition and transfer. For example, the American Heart Association (AHA) initiated the
‘Target: Stroke’ and has refined it over the years to provide hospitals and healthcare
systems with the tools and incentives to achieve faster door-to-treatment (thrombo-
lytic and endovascular thrombectomy) times. This initiative has been successful in
achieving its objectives of faster treatment times and better outcomes [34, 35].

Mobile Stroke Units (MSU) as a system for prompt administration of IV throm-
bolytic have also emerged and are increasingly deployed in cities around the world.

A mobile stroke unit is an ambulance with a CT scanner and trained staff who can
respond rapidly to a stroke dispatch, identify stroke symptoms, perform the initial
evaluation including the initial scans, and administer an IV thrombolytic on-site
usually with the aid of remote consultation with a stroke provider, and triage to the
appropriate stroke center [36, 37]. MSU has been shown in multiple studies to be
associated with much faster thrombolytic times and better short-term and long-term
functional outcomes. There is however a significant financial cost and the need to
effectively integrate it into the existing locoregional system of stroke care [36, 38, 39].

4. Complications of intravenous thrombolysis
4.1 Hemorrhage

Intracerebral and systemic hemorrhage are known complications of intravenous
thrombolytic use. Intracerebral hemorrhage ranges in severity from clinically insignifi-
cant to symptomatic intracerebral hemorrhage (sSICH). While the NINDS definition
of sICH is any hemorrhagic conversion associated with any neurologic worsening [11],
the SITS-MOST definition specifies intraparenchymal hemorrhage with >4 points
worsening in the National Institutes of Health Stroke Scale (NIHSS) score [40]. The
incidence of the former is about 7% while that of the latter is about 2% [11, 40, 41].
The SITS-MOST definition is more commonly used in clinical practice as it often alters
patient management [42].

Risk factors for hemorrhagic conversion include older age, higher body weight,
baseline hypertension, atrial fibrillation, heart failure, kidney failure, current use
of antiplatelets, extensive baseline white matter disease, high burden of baseline
cerebral microbleeds, high blood pressure at presentation, higher clinical severity of
stroke, extensive early changes or frank acute hypodensities on CT, acute and chronic
hyperglycemia, and longer time from symptom onset to treatment [40, 43-49].

The AHA 2019 stroke guideline gives recommendations on treating thrombolytic-
related sICH. If a patient develops symptoms of sSICH within 24 h of IV thrombolytic
use, the infusion should be stopped if still ongoing. Emergent CT head, CBC, PT/INR,
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PTT, fibrinogen level, and blood group and cross-match should be obtained. The first
line therapy when available is 10 units of cryoprecipitate infused over 10-30 min. If
the fibrinogen level was <150, additional doses should be given. When unavailable or
the use of blood products is declined, 1 g of IV tranexamic acid given over 10 minutes,
or 4-5 g of IV e-aminocaproic acid given over 1 hour followed by 1 g until bleeding
stops is recommended in place of cryoprecipitate. Hematology and neurosurgical
consultations as well as supportive care should run concurrently [17].

4.2 Angioneurotic edema

Orolingual angioedema is also a known complication of IV thrombolytics. The
incidence of angioedema with rtPA is about 1-5% [50]. The risk is higher in stroke
patients who are on Angiotensin Converting Enzyme Inhibitors (ACE-I) [51, 52]. The
manifestation and severity vary from unilateral tongue or lip swelling to bilateral
swelling of oral structures to rapidly progressive oropharyngeal and laryngeal edema.
Most cases are however overall mild, resolving within 24 h and not requiring the need
to artificially secure the airway [50]. Management of IV thrombolytic-induced angio-
edema involves maintaining the airway, discontinuing the thrombolytic infusion,
holding ACE-I, use of IV methylprednisone 125 mg, IV diphenhydramine 50 mg, and
IV ranitidine 50 mg. In refractory cases, subcutaneous or nebulized epinephrine may
be required. Supportive care should be provided concurrently [17].

5. Thrombolysis in special populations
5.1 Patients with premorbid disabilities or dementia

Patients with significant premorbid disabilities or dementia have been tradition-
ally excluded from clinical trials for reperfusion therapies in stroke. The few observa-
tional studies have also shown higher morbidity and mortality leading to pessimism
and widespread exclusion of these patients from IV thrombolysis and endovascular
therapies in clinical practice. However, there is increasing recognition that treatment
decisions in this population is complex and must align with patients’ goals while
considering risks and benefits on a case-by-case basis. In the acute setting, it is better
to avoid using fixed scales of premorbid disability as the cut-off for treatment or
dichotomizing possible outcomes after treatment [53].

5.2 Patients with large vessel occlusion

The administration of intravenous thrombolytics (IVT) before endovascular
thrombectomy (EVT) in patients with large vessel occlusion (the so-called ‘Bridging
Therapy’) has been a subject of multiple studies. There had been conflicting results
when comparing bridging Therapy (BT) with thrombectomy alone but the prepon-
derance of the evidence, multiple metanalysis, and a real-world study are in favor of
bridging therapy in improving functional outcomes [54-63]. The current American
and European guidelines support bridging therapy [17, 61, 64].

There are also important logistic considerations when considering skipping
intravenous thrombolysis. Most centers that manage stroke patients are not capable of
performing thrombectomies and thus must transfer patients with large vessel occlu-
sions out for this procedure. The logistics of transportation and the distance to the
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receiving centers often introduce significant delays in obtaining EVT. All the while,
without any intervention, the ischemic core continues to expand. It is also not uncom-
mon that on arrival and rescreening at the receiving center, patients may no longer be
candidates for EVT and would have passed the window for IVT. Therefore, bridging
therapy is especially important for stroke centers unable to offer EVT.

5.3 Pregnant patients

Clinical trials on thrombolysis in stroke have excluded pregnant patients limit-
ing the available data. Indeed, pregnancy was a relative contraindication to rtPA
until recently [17, 65]. Altepase does not cross the placenta and it is not teratogenic.
The concern is however for hemorrhagic complications including uterine bleeding
[66]. The limited case series and reports have however shown IV rtPA to be overall
reasonably safe in pregnancy [66-68]. The 2019 AHA stroke guideline gives a Class
IIb recommendation to consider giving IV rtPA to pregnant patients with moderate to
severe strokes if the benefit outweighs the potential risk of uterine bleeding [17]. This
thus calls for considering each patient on a case-by-case basis considering multiple
factors and taking well into account the risk of permanent disabling neurologic
deficits without intervention.

6. Conclusion

Intravenous thrombolysis is proven to be effective and safe in the treatment of
acute ischemic strokes with disabling symptoms in patients meeting the criteria.
While rtPA had been the mainstay of intravenous thrombolysis, TNKase is increas-
ingly being used: TNKase is superior in patients with large vessel occlusion and at
least non-inferior in patients without large vessel occlusion. Early thrombolytic
administration improves the chances of excellent functional outcomes. However, the
time windows for eligibility have evolved to be more inclusive with advanced imaging.
Likewise, the exclusion criteria have become less restrictive and more nuanced. In
special populations, such as pregnant patients and those with significant baseline dis-
abilities, a nuanced and individualized approach balancing risks and benefits should
be used in determining eligibility.
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Abstract

Cerebral veins and dural sinus thrombosis (CVT) represents a rare cause of stroke.
In adults, CVT has a higher frequency among cases with inherited thrombophilia,
mostly women, patients with malignancy, or infections. Two pathophysiological
mechanisms contribute to their clinical presentation: diminution of cerebrospinal
fluid absorption and increase of venular and capillary pressure. Four major syn-
dromes have been described as isolated or in combination: intracranial hypertension,
focal neurological deficits, seizures, and encephalopathy. Non-enhanced CT (NECT)
of the head is the most frequently performed imaging study in the emergency depart-
ment. Features of CVT on NECT can be divided into direct signs (detection of venous
clot within a venous channel) and, more frequently, indirect signs (such as cerebral
edema or cerebral venous infarct). CVT diagnosis is confirmed with CT venography,
which can be performed immediately after NECT, and detects the venous clot as
a filling defect, or magnetic resonance imaging (MRI)/MR venography. Different
imaging techniques may need to be combined to avoid pitfalls. Conclusions: CVT isa
relatively rare disorder in the general population and due to its wide clinical spectrum
is frequently misdiagnosed upon initial examination. The knowledge of variable clini-
cal aspects and imaging signs will be essential in providing a timely diagnosis.

Keywords: cerebral veins and dural sinuses thrombosis (CVT), thrombophilia,
headache, non-enhanced computed tomography (NECT') of the head, computed
tomography (CT) venography, magnetic resonance imaging (MRI) of the head,
magnetic resonance (MR) venography

1. Introduction
Cerebral veins and dural sinuses thrombosis (CVT) is a rare disease in the adult

population, with a significant higher frequency among cases with inherited (genetic)
thrombophilia, and young patients, especially women (due to their peculiar acquired
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prothrombotic conditions, such as pregnancy, puerperium, or oral contraceptive
therapy) [1-5].

Unfortunately, because of its frequently misleading clinical presentation associ-
ated with the overlapping signal intensities of acute thrombosis and venous flow on
conventional magnetic resonance (MR) images and MR venograms, CVT is difficult
to diagnose [6-8].

CVT patients rarely appear as an arterial stroke syndrome, with an acute onset of
focal neurological deficits associated with classic vascular risk factors [1-5]. Different
imaging techniques are essential in precisely detecting cases with clinically suspected
CVT [5-7].

Our chapter will present the cerebral veins and dural sinuses anatomy, the epide-
miology, etiology, pathophysiology, and clinical and imagistic aspects of CVT [7-9].

2. Cerebral veins and dural sinus anatomy

Venous blood from the brain is drained by the cerebral veins into the intracranial
dural sinuses. Familiarity with their anatomic variants or anomalies is mandatory to
accurately diagnose CV'T.

2.1 Cerebral veins anatomy

They consist of three groups: the cortical veins, the deep cerebral veins, and the
posterior fossa veins (Figure 1) [3, 10]. The cerebral veins present different aspects that
can determine different features of CVT: on one hand, the superficial, and the posterior
fossa veins have extensive anatomic inconsistency (in number, side, and anastomoses),
therefore proving why the digital substraction angiography (DSA) detection of their
isolated thrombosis is problematic (with the absence of distinct cortical or posterior
fossa venous territories and a misleading clinical spectrum); on the other hand, the
thrombosis of the deep cerebral veins is clear to diagnose at angiography, because these

SUPERIOR SAGITAL SINUS:
-focal neurological deficits (motor/sensory)
-seizures

-intracranial hypertension

INFERIOR SAGITAL SINUS:
-motor deficits
-aphasia (if left-sided)

VEIN OF GALEN:
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-intracranial hypertension
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Figure 1.
Cerebral venous channels anatomy and main clinical spectrum according to the location of CVT
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veins (except for the anatomic variants of the veins of Rosenthal) are constant, always
having distinct venous territories and clinical aspects, respectively [3, 10].

The cerebral veins possess thin walls and, without a muscular tunic, present no
valves, with different anastomoses, which determine both their dilatation and the
inversion of venous flow toward the brain if there is a thrombosis of the sinus into

which they drain [3, 10].
2.2 Dural sinuses anatomy

The intracranial dural sinuses consist of a system of interconnected multiseptated
endothelium-lined channels without valves, situated between the periostal and
meningeal dural layers. Their walls are represented by the outer and inner fibrous
leaves of the dural mater. Inside them are situated the arachnoid villi and Pacchioni’s
granulations, which have an important role in the cerebrospinal fluid (CSF) resorp-
tion, especially at the level of the superior sagittal sinus (SSS) and lateral sinus (LS),
in which most of the CSF absorption unfolds [3, 10].

The dural sinuses are represented by two groups: the posterior-superior, and the
antero-inferior (Figure1).

The first group comprises the SSS, inferior sagittal sinus (ISS), LS (consisting
of transverse sinus and sigmoid sinus), straight sinus (SS), and occipital sinus. The
torcular Herophili is the junction of SSS, SS, transverse sinus, and occipital sinus.
The second group includes the cavernous sinus, and the superior and inferior petrosal
sinuses. Sometimes, the anterior portion of the SSS is narrow (hypoplasia) or with
aplasia or even replaced by two frontal veins, which unite at the level of the coronal
suture (explaining why its isolated lack of filling at angiography it is not enough to
affirm its occlusion by the venous clot). Another variant consists of a duplication of
SSS posterior portion [3, 10, 11].

Frequently (in 50-80% of the cases), the two transverse sinuses are asymmetric;
usually, the right transverse sinus is larger than the left (in these cases being a direct
continuation of the SSS), so an isolated lack of filling of the transverse portion of the
LS is usually suggestive of hypoplasia, or aplasia of the posteromedial segment of the
left transverse sinus, not of thrombosis.

The cerebral veins empty especially posteriorly, from the SSS or the SS into the
LSs, and only a minority drain anteriorly, to the cavernous sinuses [3, 10].

The dural sinuses empty into the two internal jugular veins, for the horizontal
position, and into the vertebral veins for the standing position. In order to avoid
venous blood going back upward to the brain in cases of augmented intra-thoracic
pressure, IJV present valves [12].

3. Epidemiology

Unfortunately, no epidemiologic studies of CVT contain the essential criteria
for an accurate epidemiologic stroke study, due to different aspects, including the
multiple nonspecific clinical features of CVT [8, 13, 14].

Current data denote that CVT is an uncommon disease, only less than 0.5-1% of
all strokes [14], with a prevalence higher than previously considered, due to a raised
awareness of CVT among different clinicians, and a higher accessibility to modern
imaging techniques, such as MRI/MR Venography, for the assessment of ambiguous
clinical aspects, such as headache and seizures [8, 13-16].
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The estimated incidence of CVT ranges from 1.16 to 2.02 per 100,000 inhabit-
ants [13]. According to different studies, CVT is more frequent in children than in
adults, occurring infrequently in cases older than 65 years [8, 9]. The peak incidence
in adults’ population is in their third decade; thus, CVT tends to present at a younger
age than those with arterial types of strokes [8]. The median age in the prospective
International Study on Cerebral Vein and Dural Sinus Thrombosis (ISCVT) cohort
was 37 years [7], and only 8% of the cases presented more than 65 years old [17].

CVT has prominent differential sex prevalence only in adults, being sex-indepen-
dent in children and the elderly. In the 624 adult patients of ISCVT cohort, there was
observed a women predominance (3:1); this imbalance is the consequence of an aug-
mented risk of CVT in women, attributed to a sex-specific risk factor/prothrombotic
condition (i.e., oral contraceptives, abortion, pregnancy, puerperium, or hormone
replacement therapy) [8, 9].

4. Etiology-risk factors

There are numerous predisposing risk factors for CVT, including all factors that
determine the composition of blood, especially those that can induce an alteration in
the vascular endothelium or blood stasis [9].

According to ISCVT, the most frequent risk factors observed in elderly cases with
CVT are thrombophilia and malignancy [17, 18].

In the Canadian pediatric ischemic stroke registry, thrombophilia was noted in
41% of all cases. Other risk factors were infections, connective tissue diseases, and
neoplasms [19].

In adult patients of the ISCVT cohort, in 85% of cases, at least one risk factor was
detected, and in about half of CVT cases, two or more risk factors were identified;
in consequence, the detection of a first risk factor should not stop a search for pos-
sible others [9]. A prothrombotic condition was noted in one-third of all cases of the
ISCVT cohort, and genetic thrombophilia was reported in 22% of all CVT cases [9].
The most frequent risk factors identified in adults with CVT are genetic thrombo-
philia, oral contraceptives (OC), pregnancy, puerperium, and neoplasms [9, 14].

4.1 Thrombophilia
4.1.1 Genetic (inherited) thrombophilia

In thrombophilia appears an overactivity of procoagulant factors or a deficiency in
anticoagulants factors, leading to thrombus formation.

The main genetic thrombophilia as inherited procoagulant conditions for CVT
are represented by: factor V Leiden (FVL) pathologic variant (activated Protein C
resistance) [19-22]; G20210 A prothrombin gene pathologic variant [19, 22-24]; and
hyperhomocysteinemia [25].

In a meta-analysis of case-control studies, the prevalence of FVL variant between
patients’ group and controls group was 12.8% versus 3.6%, and carriers of the FVL
variant were more likely to develop CVT (odds ratio [OR] 3.1, 95% CI 1.8-5.5) [26].
In this meta-analysis, the authors observed that the prevalence of the G20210 A
prothrombin gene pathologic variant between the patients group and the controls
group was 5.2% versus 2.5%, and carriers were suggestively more likely to present the
disease (OR 3.1, 95% CI 1.4-6.8) [26].
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The possible connection between hyperhomocysteinemia produced by some
inherited variants in methylenetetra-hydrofolate reductase (MTHFR) with CVT
is still debated [20, 23, 26]. Gouveia and Canhio noted that the occurrence of the
MTHFR 677C > T polymorphism in adult cases was comparable for 382 patients pre-
senting CVT versus 1217 subjects from the control group (15.7% vs. 14.6%; OR 1.12,
95% CI 0.8-1.58). They concluded that the MTHFR 677C > T polymorphism does
not represent a risk factor for CVT [27]. Marjot et al. observed in a meta-analysis,
that the MTHFR 677C > T polymorphism was associated with CVT [OR 2.30, 95% CI
1.20-4.42) [20, 28]. There is no association of CVT with PAI-1 [8, 29].

The anticoagulant factors that regulate thrombin include: antithrombin, protein
C, and protein S; thus, the main genetic thrombophilia as inherited anticoagulant
conditions for CVT is represented by antithrombin deficiency [30], and protein C or
protein S deficiencies [18, 31].

4.1.2 Acquived thrombophilia

The most frequent acquired thrombophilia observed in CVT is due to pregnancy,
puerperium, OC, malignancy, and obesity [32, 33]. For example, in the ISCVT cohort
of 624 adults with CVT, a sex-specific risk factor was detected in 65% of women,
which represented 75% of all adult cases [9].

4.2 Pregnancy and puerperium

On one hand, in high-income countries, pregnancy and puerperium are risk
factors in 5-20% of all CVT cases [9]. On the other hand, in low-income countries,
puerperium is the main risk factor for CVT, with about 30% of all cases [34-37].
Usually, CVT is observed in the third trimester or in the first 3 weeks after delivery,
due to the hypercoagulability state and the venous stasis that are noted during this
period of time [34-37]. Pelvic phlebothrombosis may generate CVT via the venous
plexuses of the vertebral channel, and the basilar venous plexus [34-37].

4.3 Therapy with estrogens, such as hormonal oral contraceptives (OC) or
replacement therapy

According to different studies, the most frequent risk factor for CVT in younger
women is represented by the use of OC [38, 39]. OC may be the single identified
risk factor, or may be associated with other risk factors for CVT, such as vasculitis
(especially systemic lupus erythematous or Behget’s disease), obesity [40], or
inherited thrombophilia; in this last association, the risk of intra-, or extracerebral
thrombosis is six times higher than that of nonusers of OC [9, 41]. A few case
reports observed the association between tamoxifen (an estrogen receptor modula-
tor) and CVT [42].

In contrast to genetic thrombophilia, pregnancy and OC are transient risk factors
for CVT and they are not related to a higher risk for recurrence [34-37].

4.4 Obesity

Obesity represents a risk factor for CVT and different types of venous thrombo-
embolism. In an observational study of 186 cases with CVT and matched controls,
obesity was linked with an augmented risk of CVT for women (adjusted odds ratio
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[aOR] 3.5, 95% CI 2.0-6.1) but not men (aOR 1.2, 95% CI 0.3-5.3). The risk was
maximum for obese women consuming OC (aOR 29.3, 95% CI 13.5-63.6) [40].

4.5 Neoplasms

In the ISCVT cohort, malignancy was 7.4% of all CVT patients [7]. The most
frequent cancers related to CVT are different solid tumors outside the Central
Nervous System (CNS) (such as breast tumors or medullary carcinoma of the thy-
roid), hematologic neoplasms, and CNS malignancies (like medulloblastoma) [14].
The most important pathophysiological mechanisms are represented by direct tumor
compression or invasion of dural sinuses, leukostasis, and hypercoagulability, which
is determined by increase in acute-phase reactants, or modified coagulation factors
from chemotherapy (L-asparaginase, cisplatin), or hormonal drugs [8, 14].

4.6 Hematologic disorders

Different Philadelphia-negative myeloproliferative neoplasms (MPNs)
(including polycythemia Vera-PV, essential thrombocythemia, and primary
myelofibrosis) develop an increased risk of venous thrombosis. However, previous
studies observed that CVT is rarely associated with MPNs (especially PV). PV is
a BCR:ABL1 negative, chronic MPN defined by the uncontrolled proliferation of
erythroid mass due to an abnormal clone of hematopoietic stem cells, leading to
an augmentation in hemoglobin and hematocrit levels and can be associated with
an increase in the appearance of myeloid leukocyte cells and megakaryocytes. The
Janus kinase 2 V617F (JAK2V617F) mutation led to the diagnosis of PV [17]. Other
hematological disorders that can produce CVT are paroxysmal nocturnal hemoglo-
binuria, heparin-induced thrombocytopenia, and thrombotic thrombocytopenic
purpura [14].

4.7 COVID-19 infection and COVID-19 vaccine-associated
4.7.1 CVT COVID-19 infection-associated CVT

Different cases of CVT have been reported in patients with SARS-CoV-2 infection,
this type of infection being the only identified risk factor [43, 44]. According to the
European Medicines Agency safety committee report concerning 34,331 cases hospi-
talized with SARS-CoV-2 infection, the frequency of CVT was very low 0.08% (95%
CI 0.01-0.5), but with an alarming in-hospital death of 40% [45].

4.7.2 COVID-19 vaccination-associated CVT

Vaccine-induced immune-mediated thrombocytopenia (VITT) is an unusual type
of thrombosis linked with thrombocytopenia, commonly determining CVT, and
splanchnic vein occlusion, that has been identified subsequently to adenovirus vector
vaccines against COVID-19: ChAdOx1 nCOV-19 (AstraZeneca) and Ad26.COV2-S
Johnson and Johnson (Janssen/J&]J) [46]. Even if there have been reported some cases
of CVT subsequently to mRNA vaccines, they did not present the aspects of VITT and
could have been incidental [47].

According to Perry et al. [47], when they are compared with those without VITT,
cases with VITT-associated CVT were younger, had fewer associated other venous
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thrombosis risk factors, and were vaccinated with the ChAdOx1 vaccine. They pre-
sented extensive CVT with multiple cerebral veins and dural sinuses thrombosed, and
multiple intracerebral hemorrhages. These CVT patients were more likely to present
simultaneously splanchnic veins or arterial thromboses. Their outcomes at discharge
were worse, with significantly higher rates of death and disability (22-47%), com-
pared with those with other causes of CVT (3-5%) [47, 48]. The main diagnostic
criteria for definite VITT-associated CVT are represented by post-vaccine CVT

(4-28 days after COVID-19 vaccination), thrombocytopenia, and anti-platelet factor
4 antibodies (anti-PF4 antibodies) [47-49].

4.8 Infections

In the past, different loco-regional or systemic infections were the main etiology
of CVT. Actually, in developed countries (especially due to higher accessibility to
antibiotics) septic thrombosis of cerebral veins and dural sinuses (cerebral thrombo-
phlebitis) in adults has become an unusual type of CVT (6-12%), but sometimes with
significantly higher rates of death and disability [9, 32]. In developing countries, infec-
tions represent an important etiology of CVT (18% of cases) [36]. Acute infections of
the middle third of the face (especially with Staphylococcus aureus), different paranasal
sinusitis, multiple dental abscesses, otitis media, mastoiditis, or different infections
of throat or scalp can determine acute cerebral thrombo-phlebitis, especially for the
cavernous and lateral sinuses. Chronic CVT is produced especially by gram-negative
germs or by fungi (Aspergillus). Cerebral thrombophlebitis may also develop as a
complication of other loco-regional infections, such as meningitis, epidural, or brain
abscesses, or after different open traumatic injury of the head, pelvic phlebothrombo-
sis, or even after systemic infections (trichinosis, cytomegalovirus) [3].

4.9 Systemic autoimmune diseases

The most frequent are systemic lupus erythematosus (SLE), with or without the
nephrotic syndrome, Behget disease, and inflammatory bowel disease [8, 14].

4.10 Head injury and mechanical precipitants
These are rare causes of CVT.

a. Cerebral veins and dural sinuses could be occluded by different loco-regional
factors, such as head trauma, brain tumors, arachnoid cysts, arteriovenous
malformations, and by

b.Mechanical factors, such as neurosurgical procedures, lumbar puncture, jugular
venous cannulation, epidural blood patch, or spontaneous intracranial hypoten-
sion [3, 50].

4.11 Cryptogenic (idiopathic) CVT

There is still a minority of CVT cases with no underlying etiology or risk factor.
Thus, in the ISCVT cohort, no risk factors could be determined in about 13% of CVT
adult cases [9], in a higher percentage for older patients (37%) [9, 17], and in a lower
percentage for children (only 10%), respectively [19].
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5. Pathophysiology

The pathophysiology of CVT is still incompletely known, due to multiple reasons,
including different anatomic variants or anomalies of the cerebral venous channels
and the paucity of experiments in animal models of CVT [9]. However, there are
two pathophysiological mechanisms determined by the thrombosis of cerebral veins
and dural sinuses; they are represented by the diminution of cerebrospinal fluid
(CSF) absorption, and by the increase of venular and capillary pressure, respectively
(Figure 2) [5, 51-53].

5.1 The diminution of CSF absorptionin CVT cases

It is generated by the occlusion of the dural sinuses.

The normal absorption of CSF occurs in the arachnoid granulations and glym-
phatic system, which drains CSF into the dural sinuses, especially at the level of the
SSS, LS, and internal jugular vein (IJV). In the case of dural sinuses thrombosis, a
rise of the venous pressure occurs, with a consecutive decrease of CSF absorption
which, secondary, elevates the intracranial pressure. This phenomenon determines
an increase in venular and capillary pressure and produces vasogenic and cytotoxic
edema and cerebral hemorrhage [5, 51-53].

5.2 The increase of venular and capillary pressure

It is the result of the obstruction of different dural sinuses and cerebral veins
[5, 51-53].

In the initial stages of venous occlusion, a decreased but still efficient perfusion of
the corresponding brain territory might be possible, due to the dilatation of cerebral
veins (which present thin walls, without a muscular tunic) and, to the recruitment of
efficient collateral pathways: veins of Troland and Labbe (because the cerebral veins
present no valves, with the subsequent inversion of venous flow toward the brain if
there is thrombosis of the sinus into which they empty). This explains why the cor-
responding areas of the brain can be functionally and metabolically affected, but not
irreversibly anatomically damaged [5, 51-53].

As local cerebral vein pressure continues to increase, with an exceeded collateral
circulation, a progression of the clot within cerebral veins tributaries will significantly
decrease the cerebral perfusion pressure. Consequently, the blood-brain barrier will
be affected, producing vasogenic edema, cytotoxic edema producing local venous
infarcts, and venous and capillary lesions with subsequent cerebral or subarachnoid
hemorrhages [5, 51-53].

The decrease of the cerebral channels drainage secondary to their thrombosis
produces an increase in venous and capillary pressure, with causing vasogenic edema,

2. Increase of venular and capillary pressure

Figure 2.
Pathophysiology of cevebral veins and dural sinuses thrombosis.
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with leakage of blood plasma into the interstitial space of the white matter/inside the
glial cells, under the control of the hydrostatic pressure and osmotic gradients. This
type of edema does not determine neuronal lesions, because the fluid in excess in the
extracellular space can be evacuated [5, 51-53]. The increased intravenous pressure
may lead to a decrease in cerebral perfusion pressure, resulting in diminished cere-
bral blood flow and consecutive failure of energy metabolism. This allows intracel-
lular entry of ions and water across the cell membranes into neurons, from failure

of the Na+/K+ ATPase pump and subsequent cytotoxic edema. In consequence,
cytotoxic edema is an intracellular edema, caused by ischemia, producing the dead of
neurons [5, 51-53].

Advances in understanding the pathophysiology of cerebral veins and dural
sinuses occlusion have been obtained by the use of diffusion-weighted MRI and
perfusion-weighted MRI, which have demonstrated the coexistence of both cytotoxic
and vasogenic edema in patients with CVT [5, 51-53]. In cerebral venous infarcts,
vasogenic edema is the majority in comparison with cytotoxic edema, thus explaining
why cerebral venous infarcts differ from arterial ones and have a better prognosis
[3, 51-53]. Brain edema and associated augmented intracranial pressure determine
headache, vomiting, and diminished consciousness. In the situation of severe pressure
differences, consecutive brain herniation can produce death [3].

The increase of the venous and capillary pressures determines cerebral vessel
damage and erythrocyte diapedesis due to disruptions of the blood-brain barrier
both resulting in cerebral hemorrhage. The neuronal lesions induced by the venous
hemorrhages are usually minor than those produced by the arterial ischemic strokes
[51-53].

Histological assessment in CVT patients identifies dilated brain veins, brain edema
with compressed gyri, decreased sulci, small ventricles due to compression, and
ischemic neuronal damages. The brain venous clot resembles different venous clot (an
acute clot contains a majority of red blood cells—RBC—and fibrin and a minority of
platelets; a chronic thrombus is substituted by fibrous tissue, usually with permeabili-
zation) [3].

6. Clinical diagnosis

The clinical presentation and outcome of CVT are determined by multiple aspects,
such as position and amount of occluded venous channels, the status of collateral
pathways, the possible association of parenchymal lesions (cytotoxic or vasogenic
edema, hemorrhage), age, gender, risk factors, and interval from clinical onset to
treatment [4, 6]. Frequently, the clinical spectrum of CVT can be polymorphous, and
misleading, usually with a subacute onset (in 50-80% of cases) [3, 54].

6.1 Clinical syndromes

In neonates, frequently CVT present a polymorphous clinical picture, with
tetraparesis, seizures, and encephalopathy [19]. In older children, the clinical picture
is similar to adults, especially with headache and paresis [55]. In elderly patients,
encephalopathy is more frequent than in adults, whereas intracranial hypertension is
unusual [1-4].

Usually, in adults with CVT, four clinical syndromes have been observed in com-
bination or isolation: intracranial hypertension, focal neurological deficits, seizures,

73



Stroke — Management Pearls

and encephalopathy [1-4]. Only a minority of adult CVT cases present distinctive
clinical syndromes, such as painful ophthalmoplegia (due to cavernous sinus throm-
bosis), or condylar jugular syndrome-with IX-XII cranial nerves palsies (due to IJVs,
or posterior fossa vein thrombosis) [1-4].

6.1.1 Intracranial hypertension

It is the most frequent clinical syndrome detected in CVT patients (40% of cases)
[8], being composed of headache, associated with vomiting, papilledema, visual
complaints, and sixth nerve palsy [54]. This syndrome appears usually in cases with a
chronic onset [56, 57].

Headache is the most frequent symptom detected in CVT cases (about 90% of
patients in the ISCVT cohort). Usually, it may appear initially isolated, and it is
more frequent in females and younger adults than in males or older patients [54, 55].
Headache from CVT is polymorphic: It may be localized or diffused [56]; usually, it
is severe increasing during the night and can get worse with Valsalva maneuvers or
position changes (when the patient is lying down) [2, 32]. Sometimes, it resembles a
migraine with aura [58], and rarely, it appears like a thunderclap headache (mimick-
ing a subarachnoid hemorrhage) [59]. Different risk factors for CVT (meningitis,
epidural or brain abscesses, meningiomas, dural arteriovenous fistulas, vasculitis)
develop headache. This symptom appears more frequently in CVT cases than in
patients with cerebral arterial infarcts [3, 8].

Papilledema is noted on fundoscopy in 25-40% of CVT patients, especially in
those with chronic onset. It can determine transient loss of vision (usually accompa-
nied by severe headache), and, if prolonged, optic atrophy and subsequent peripheral
blindness [8, 14].

6.1.2 Focal neurological deficits

According to different studies, they are observed in 37-50% of all CVT cases
and are detected at onset in 15% of CVT patients [3, 9]. Paresis, usually para-
paresis, is the most common sign (in the ISCVT cohort was observed in 37% of
CVT patients) [3, 9]. Additional focal neurological deficits are more rare, such
as Wernicke aphasia (appears in left transverse sinus occlusion connected with a
posterior left temporal cerebral venous infarct), hypoesthesia, hemianopia, and
ataxia (which is noted in posterior fossa veins thrombosis) [9]. Rarely, mixed
transcortical aphasia is observed in left thalamus lesions due to deep cerebral vein
thrombosis [60].

6.1.3 Seizures

They can appear as focal or generalized seizures, even status epilepticus, espe-
cially during the evolution of CVT (in the ICSVT cohort in 40% of patients) [9],
and less often at the onset of CVT (12-15% of cases) [61, 62]. Seizures develop more
frequently in patients with CVT who present motor deficits, and with supratentorial
parenchymal brain lesions, which are the result of thrombosis of the SSS and tribu-
tary cortical veins [61, 62]. A higher incidence of seizures has been noted in peripar-
tum (76%) [62] and neonates (44%) [63]. Seizures are more frequently in CVT than
in arterial strokes [61-63].
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6.1.4 Encephalopathy

Subacute/chronic encephalopathy is more frequent than acute encephalopathy.
This syndrome consists of impaired mental status with cognitive impairment (such as
delirium, apathy, and dysexecutive syndrome), and decreased level of consciousness
(varying among stupor and profound coma). Commonly, it is related with different
focal neurological deficits and it is usually detected in ageing or neonate cases [17, 64].
Sometimes, the decrease in the level of consciousness is reversible; nevertheless, coma
at clinical onset is the key predictor of a poor outcome [1-4].

6.2 Topographic clinical diagnosis

Because of different factors, such as frequent simultaneous multiple cerebral veins
and dural sinuses thrombosis (more than two-thirds of CVT patients), different
anatomic variants and anomalies of cerebral venous channels, and the status of the
venous collateral circulation, the topographic clinical diagnosis of CVT is not so well-
defined like in arterial infarcts [3, 9, 65]. Nevertheless, isolated occlusion of cerebral
venous channels determines the following clinical characteristics (Figure 1).

6.2.1 Superior sagittal sinus (SSS) thrombosis

It is the commonest dural sinuses thrombosis, particularly during the puerperium
(62-80% in associated occlusion and 30% in isolated thrombosis, respectively)
[3, 8, 14]. Usually, it appears as an isolated intracranial hypertension syndrome. The
clinical spectrum may vary depending on the simultaneous thrombosis of other cere-
bral venous channels, especially of the bilateral tributaries' superficial cerebral veins.
In this last situation, bilateral motor/sensory signs (especially in the legs) and psychi-
atric symptoms (prefrontal syndrome) may be detected due to bilateral frontoparietal
hemispheric lesions [3, 8, 14].

6.2.2 Lateral sinus (LS) thrombosis

LS thrombosis may develop various clinical pictures. Usually, patients with
isolated LS occlusion present intracranial hypertension (pseudotumor) syndrome;
less often, they accuse isolated headache. Some patients may also develop associated
focal neurological deficits due to cerebral lesions determined by the progression of the
LS thrombosis to tributaries' cerebral veins. Thus, fluent Wernicke aphasia appears
in left transverse sinus thrombosis associated with tributaries left temporal cortical
vein thrombosis (40%), frequently in association with right hemianopia or superior
quadrantanopia. Right temporal lobe lesions determine only left hemianopia, without
aphasia. Nystagmus and gait ataxia characterize cerebellar lesions subsequent to LS
thrombosis associated with tributaries posterior fossa veins thrombosis [3, 9, 65].

Due to the fact that the left LS is sometimes hypoplastic (10-14%), the intracranial
hypertension syndrome occurs especially after right LS occlusion. In such situations,
a bilateral venous drainage impairment may be detected concerning the basal regions
of temporal lobes and cerebellum, with corresponding temporal lobe and cerebellar
signs [1-4, 65].

The infectious etiology is much more frequent in LS thrombosis than in SSS occlu-
sion. Thus, otitis, mastoiditis, or sinusitis can produce septic LS thrombosis: “otitic
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hydrocephalus” [3, 65]. In this situation, the patient presents a relatively character-
istic clinical picture with fever, headache, nausea and vomiting, vertigo, diplopia
produced by sixth nerve palsy, neck pain, neck tenderness, and temporal and retro-
orbital pain due to symptomatic trigeminal neuralgia [3, 65]. Sometimes, isolated LS
thrombosis (clinically manifested with an isolated headache) could be produced by
severe thrombophilia, without any associated infection (such as otitis) [5, 65, 66].
This is the reason why screening for LS thrombosis has to be performed in young
females with isolated acute headache without otitis or mastoiditis [65, 66]. Rarely, LS
thrombosis may produce isolated pulsating tinnitus [67].

6.2.3 Cavernous sinus thrombosis

It is rare and usually has an infection etiology, such as pyogenic infections of
the face or of the paranasal sinuses [68, 69]. In cases with acute unilateral septic
cavernous sinus thrombosis, they develop a peculiar clinical spectrum, with painful
ophthalmoplegia, usually associated with proptosis, chemosis, conjunctival edema,
papilledema, and retinas hemorrhages (due to ophthalmic superior vein thrombosis).
If a fast diagnosis and an adequate treatment are missing, it progresses bilateral via
intercavernous sinuses. When the clot extends to other venous channels, seizures
and paresis may appear [68, 69]. In some situations, such as thrombophilia, surgery
on intracranial or facial structures, and occlusion of dural arteriovenous fistulas,
an aseptic cavernous sinus occlusion may be detected, with a poor clinical picture
represented by an isolated abducens nerve palsy and mild proptosis [68].

6.2.4 Superior and inferior petrosal sinuses thrombosis

Usually, it is a sequela of cavernous or sigmoid thrombosis. The occlusion of the
superior petrosal sinus clinically occurs as an isolated trigeminal palsy, while the
thrombosis of the inferior one appears as an isolated abducens palsy [1-4].

6.2.5 Cortical vein thrombosis

Isolated occlusion of superficial cerebral veins is rarely detected (only 2% of all
CVT cases), but it is certainly underdiagnosed, due to difficulties to identify this
disease using traditional MRI sequences (spin-echo) and MR venography [70].
Occlusion is detected especially at the level of the superior superficial cerebral veins,
with a clinical spectrum consisting of seizures associated with focal neurological
deficits, such as motor/sensory deficits or aphasia [70].

6.2.6 Deep cerebral vein thrombosis

This type of cerebral vein thrombosis is usually associated with the occlusion of
the SS; it rarely appears, more often in neonates. In such cases, its clinical picture
is severe, with encephalopathy, and tetraparesis [71, 72]. In adults, a more limited
occlusion of the deep cerebral veins, without associated SS thrombosis, can determine
milder clinical features, especially headache, vomiting, gait ataxia, alternating hemi-
paresis or tetraparesis, neuropsychological symptoms, and even minor troubles of
consciousness [71, 72]. Exceptional, “benign” cases of occlusion of the deep cerebral
veins were reported with only mixed transcortical aphasia [60].
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6.2.7 Posterior Fossa vein thrombosis

Isolated posterior fossa vein occlusion rarely occurs, because these veins possess
efficient collateral pathways. However, it is the main differential diagnosis in patients
with different risk factors for CVT, which present some clinical aspects (intracranial
hypertension syndrome, and cerebellar-vestibular syndrome), and atypical features
on brain CT, such as bilateral cerebellar infarcts or irregular cerebellar hemorrhages
[73, 74].

6.2.8 Internal jugular vein (IJV) thrombosis

Usually, the IJV thrombosis appears as a progression of the sigmoid sinus
thrombosis or may be determined by cannulation for long-term IJV access or
can be subsequent of tonsillopharyngitis (Lemierre’s syndrome). IJV occlusion
can be asymptomatic, or it can manifest itself in the form of a local infection
(pain and tender of the mastoid, and a painful and swelling occluded IJV). A
jugular foramen syndrome (consisting of unilateral pulsatile tinnitus [67] or mul-
tiple low cranial nerve palsies VIII-XII) develops if the infection disturbs the skull
base [75].

6.2.9 Emissary vein (EV) thrombosis

The emissary veins (e.g., petrosquamosal sinus (PSS)) are vestigial veins, which
present no valves and link the dural sinuses with the extracranial veins. Posterior
fossa EVs cross through different cranial orifices and guarantee (with the IJV) a
supplementary extracranial venous empty of the posterior fossa veins. On one hand,
in healthy subjects, EVs are small and asymptomatic. On the other hand, in pathologi-
cal situations (such as high-flow arteriovenous malformations, IJV aplasia, or [JV,
or LS occlusion) EVs become large with clinical significance (different craniofacial
syndromes and pulsatile tinnitus) [67, 74].

7. Laboratory tests

Unfortunately, apart from neuroimaging, there is no simple confirmatory labora-
tory test that can surely exclude acute CVT.

71 Blood assay

According to Guidelines from the American Heart Association/American Stroke
Association (AHA/ASA) a comprehensive blood count, chemistry panel, prothrom-
bin time, and activated partial thromboplastin time are mandatory for patients with
clinical suspicion of CVT [14]. The results from these tests may detect pathological
processes that produce CVT, such as a hypercoagulable state, infective, or inflam-
matory diseases. Antiplatelet factor four (PF4) antibodies are examined for COVID
19-vaccination-associated CVT [47]. On one hand, the screening for use of OC is
suggested at the first assessment of young females with clinically suspected CVT, and,
on the other hand, the screening for an occult neoplasm is indicated in CVT cases
older than 40 years [14, 76].
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7.2 D-dimer

A high plasma D-dimer level recommends the diagnosis of CVT, but a normal
plasma D dimer level does not eliminate the CVT diagnosis, especially in those situa-
tions with associated risk factors and a clinical picture compatible with CVT, such as
isolated headache in young females [77, 78].

7.3 Lumbar puncture and cerebrospinal fluid (CSF) assessment

Both techniques may be suitable to eliminate meningitis in those CVT patients
with isolated intracranial hypertension syndrome, and in cases with sepsis, or with
fever and no clear source of infection [9, 79]. An augmented opening pressure during
the assessment of CSF pressure is usually detected in CVT patients with isolated
intracranial hypertension. Nevertheless, CSF assessment is not useful for cases
presenting focal neurologic deficits and neuroimaging data suggestive for CVT.
Unfortunately, the CSF anomalies in CVT are generic, such as lymphocytosis, hyper-
proteinorahia, and abundant red blood cell count, and are detected between 30 and
50% of all CVT patients [79]. Lumbar puncture is contraindicated in CVT cases with
large parenchymal lesions, due to a high risk of herniation [8, 79].

7.4 Evaluation for thrombophilic state

Investigating for thrombophilia should be done for those patients who have an
important possibility of severe thrombophilia (such as an individual and/or family
history of systemic or cerebral venous occlusion, CVT in young adults, or in cases
without a risk factor for CVT) [6]. When specified, screening should comprise factor
V Leiden, prothrombin G20210A pathologic variant, homocysteine, antithrombin,
protein C, protein S, lupus anticoagulant, anticardiolipin, and anti-beta2 glycopro-
tein-I antibodies [9, 76].

8. Neuroimaging
Neuroimaging techniques are mandatory for the diagnosis of CVT [76, 80].
8.1 Head computed tomography (CT)

Head CT is generally the initial method to be done in the emergency department in
patients with acute clinical doubt for CVT [12]. It should be realized primarily with-
out contrast enhancement (NCECT), and subsequently (if intracranial hemorrhage is
not detected) with contrast enhancement (CECT) (Table1) [1, 14, 76, 80].

The main advantages of head CT are: a) it may diagnose other diseases that CVT can
clinically be like, such as subdural hematoma, abscess, or neoplasms; b). it may detect
diseases that can themselves determine CV'T, such as sinusitis, mastoiditis, abscesses, or
meningiomas; c). it can identify direct and indirect signs of CVT [3, 76, 80].

8.1.1 Divect signs of CVT on head CT

They signify the direct imagining of the venous thrombus inside the occluded
cerebral venous channel and can be detected in 30% of all CVT cases. They are
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Direct signs Indirect signs

* Dense triangle sign (acute clot in dural sinus on NCECT) ¢ Cerebral edema (on CT or MRI-T1 W1/
T2WI) with elevated or mixed diffusion

* Replacement of normal dark flow void with a clot on MRI o
characteristics (on DWTI)

* Cord sign (acute thrombosed cerebral vein on NCECT) . .
* Hemorrhagic infarction

* MRI equivalent: acute thrombosed cerebral vein on T2 b hnoid h h
GRE images or T2 SW images. Subarachnoid hemorrhage

¢ Empty delta sign (chronic clot in dural sinus) on CTV/ * Subdural hemorrhage

contrast enhancement-MRV

Table1.
Computed tomography (CT) and magnetic resonance imaging (MRI) features in CVT [1].

Figure 3.
Non-contrast head CT performed in the acute phase shows hyperdense appearance (acute thrombosis) of the left
latero-mesencephalic vein [60].

represented by the “cord sign,” the “dense triangle sign,” and the “empty delta sign”
[8, 76, 81, 82].

The “cord sign” characterizes an acute occluded cerebral vein on NCECT and is
detected in 25% of all CVT patients. It looks as a curvilinear or linear hyperdensity
determined by a fresh clot in-side a thrombosed cerebral vein (Figure 3) [60]. It
can be detected during the first week of the disease [10]. After this period, the clot
becomes isodense and then hypodense. Mimicking is detected in slow-flow patients;

consequently, its specificity is considered to be rather low [3, 76, 80].

The “dense triangle sign” represents a fresh clot inside a dural sinus on NCECT,
detected in only 1-2% of all CVT cases [80]. It looks as a triangular or round
hyperdensity inside the sinus (usually the posterior part of the SSS) [8]. It is best
imagined during the first 2 weeks from CVT clinical onset. As cases with increased
hematocrit or dehydration can also determine this sign, and its specificity is low,
particularly in other sinuses than SSS [81-83]. Venous sinus density quantification
and Hounsfield unit-to-hematocrit (H:H) ratio have been observed to increase the
sensitivity in diagnosing CVT, as attenuation of 62HU and higher is indicative of
thrombosis [84].
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The “empty delta sign” is observed on CECT scans in 10-20% of all CVT patients,
between days 5 and 2 months after onset. It looks as a triangular hyperdensity of
contrast enhancement of the walls of the sinus surrounding a hypodense central area
without contrast enhancement inside the dural sinus (usually the posterior part of the
SSS) [85, 86]. The sensitivity and specificity of this sign are increased to 30% of all
CVT patients with CT exams with orthogonal sectioning, different window and level
settings, and multi-planar reformations. Additionally, an premature separation of
the SSS can be confused with this imagistic feature; consequently, it is not pathogno-
monic specifically characteristic for CVT [85, 86].

8.1.2 Indivect signs of CVT on head CT

These signs are more common than direct signs and are the following [9, 14]:

The intense contrast enhancement of falx and tentorium denotes stasis or hyper-
emia of the dura mater and appears in 1/5 of all CVT patients. The former is usually
problematic to detect in chronic cases, but the latter is observed without difficulty,
specifically representing SS and SSS occlusion [1-4, 85].

The cerebral veins may look dilated on the native CT assessment, due to their ana-
tomic peculiarities (they possess thin walls, without a muscular tunic) [85]. Diffuse
brain edema (20-50% of all patients) can subsequently determine an effacement of
cerebral sulci and small ventricles; this latter feature may be hard to discriminate
from typical aspects with small ventricles in young patients [9, 85]. The detection of
the reverse sign (enlarged ventricles) cannot eliminate the CVT diagnosis, as it may
be determined by the hydrocephalus due to increased CSF creation and decreased
reabsorption due to increased cerebral venous pressure. Frequently, it is the hallmark
of posterior fossa veins thrombosis. In both situations (small vs. enlarged ventricles),
ajudgment with anterior CT exams is mandatory [9, 85].

Cerebral parenchymal abnormalities may be divided into nonhemorrhagic and
hemorrhagic and may be identified in 60-80% of all CVT patients [85]. The former
type of abnormalities comprises extensive areas of hypodensity, produced by diffuse
brain edema, as well as focal zones of hypodensity formed by loco-regional edema or
cerebral venous infarction, not respecting the arterial borders. With serial imaging,
some of these abnormalities may disappear (“vanishing infarcts”), and new paren-
chymal anomalies may be observed. The latter type of parenchyma abnormalities
contains hemorrhagic infarcts, intracerebral hemorrhage, or rarely subarachnoid
hemorrhage (Figure 4) [8, 60, 85].

Some types of CVT may develop on CT peculiar aspects.

First, numerous irregular filling defects with distended cavernous sinuses and
orbital veins on CECT are mandatory for cavernous sinus thrombosis [14, 76].
Second, bilateral parasagittal hemispheric lesions are very evocative for occlusion
of the SSS [14, 76]. Third, temporo-occipital lesions designate LS or vein of Labbe
thrombosis [14, 76]. Fourth, in patients with acute deep cerebral veins occlusion, they
present bilateral hypodensities, representing thalami, basal ganglia, and internal cap-
sule infarcts; bilateral hyper-densities with the same location, determined by acute
cerebral hemorrhages or hemorrhagic infarcts; extensive edema with compression of
the third ventricle and subsequent hydrocephalus, and a hyperdense area inside the
occluded sinuses, due to a fresh clot. In consequence, the presence of hemorrhage or
edema adjacent to a cerebral venous channel should recommend CVT [14, 76]. Fifth,
cerebellar venous infarctions can produce hydrocephalus and compression of the
fourth ventricle [14, 76].
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Figure 4.
Non-contrast head CT performed in the acute phase shows venous infarction with hemorrhagic transformation in
corpus of the left caudate nucleus [60].

Regrettably, head CT detection of CVT is insensitive, results being pathologi-
cal only in 30% of true CVT subjects, and all CT signs are nonspecific in the other
patients [14]. Additionally, different anatomic variants may mimic sinus occlu-
sion, such as sinus atresia or hypoplasia, asymmetric sinus drainage, and normal
sinus filling defects related to arachnoid granulations or intrasinus septa [14, 76].
Consequently, a normal Head CT will not eliminate a CVT. So, in clinically supposed
cases, a CT venography or MRI venography is mandatory for CVT detection [81, 82].

8.2 CT venography-CTV (multi-detector CT angiography-MDCTA) with bolus
injection of contrast material

Usually, CT venography (CTV) is done especially in acute CVT patients, imme-
diately after NCECT. It certifies an excellent detection of the venous channels (high-
density contrast in patent segments) (Table 2) [1].

CTV can distinguish both direct signs of thrombosis (filling defects, with low
density in the occluded venous channels) and indirect signs (sinus wall enhancement
and increased collateral venous circulation). Supplementary, in subacute or chronic
CVT cases, CTV can detect a heterogeneous thrombus (Table 2) [8, 85].

When CTV accompanies head CT, their combined accuracy is 90-100%, depend-
ing on the obstruction location [86-90].

CTV presents some advantages versus digital subtraction intra-arterial angiog-
raphy (DSA): It is cheaper, less invasive, and quicker (due to a faster image acquisi-
tion). CTV identifies better the ISS, the cavernous sinuses, and the basal vein of
Rosenthal (with multiplanar reformatted images) than DSA [87-90]. Compared
with DSA, the combination of CT/CTV has a sensitivity and specificity of 95 and
91%, respectively [14].

CTV offers some advantages compared to magnetic resonance venography
(MRV): It is much more reachable, cheaper, faster, has no contraindications to
ferromagnetic devices, amplified imaging resolution for the main dural sinuses,
easier to comprehend, and has fewer artifacts than MRV. CTV presents a similar
accuracy as time-of-flight (TOF) MRV in the detection of the dural sinuses, with
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Imaging Advantages Disadvantages
method
CTV * More widely accessible than MRV ¢ Radiation risk

Generally, costs less than MRV Higher rate of adverse reactions to iodinated
contrasts, including the risk of contrast-induced

nephropathy.

Faster image acquisition than MRV

More suitable for unstable patients.

Potentially reduced visualization of skull base
Less prone to motion artifact. structures in 3D display.

Better detection of cerebral small

Acute thrombus, which is hyperdense, may

vessels. mimic opacified sinus, resulting in false-negative
results.
MRV * No radiation risk * Contraindicated in cases with ferromagnetic
* Low rate of adverse reactions to devices and most pacemalers.
Gadolinium. * More prone to motion artifact.

* Indicated in cases with severe renal * TOF-MRV may present false-positive results
failure if done without contrast from a flow that has a parallel direction with the
enhancement contrast technique). acquisition plane.

* Higher sensitivity for small paren- * For this reason, phase-contrast MRV has to be
chymal lesions. used to identify the thrombus.

* Stenotic, hypoplastic, or aplastic dural sinuses
may be misdiagnosed as CVT.
CTV and Noninvasive imaging methods with * Inferior resolution to detect the patency of the
MRV indirect signs possible to detect. posterior part or entire SSS, both LSs of the deep
cerebral veins to DSA.
Table 2.

Comparison of CTV and MRV in CVT [1].

higher ability versus MRV to detect: the ISS and the nondominant transverse sinus
occlusion; the single cortical vein thrombosis; and venous channels with low flow
[87-90]. Regrettably, CTV is less sensitive in the valuation of the superficial and
deep cerebral veins than in that of the dural sinuses. This weakness can be perfected
by using multiplanar reformations, which growths the sensitivity of CTV beyond
DSA [87, 88]. Unfortunately, maximum intensity projection (MIP) image generation
has reduced recognition of skull base components in three-dimensional display, with
unintended sinus omission from bone subtracting algorithms. Nevertheless, this can
be ameliorated with specific software for mask bone elimination [90]. CTV also has
some disadvantages, such as contrast allergy, contrast nephropathy due to contrast
material, and radiation exposure, which may contraindicate its usage during preg-
nancy or renal failure [90].

8.3 Magnetic resonance imaging (MRI) of the head

Unenhanced MRI is a more sensitive technique for detecting CVT than NECT.
Patent dural sinuses can be seen as flow voids (hyposignal on T1, and T2 WI) on
MRI [91, 92].

MRI pathological signs in CVT patients consist of direct signs (detecting the
thrombus itself inside the venous channel) and indirect signs, respectively (lesions
secondary to venous occlusion, perceived especially at the level of the cerebral
parenchyma) [91, 92].
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8.3.1 The MRI direct signs

The key signs of thrombosis are represented by the replacement of normal dark
flow void (which certifies the presence of flow inside a patent venous channel) with
the absence of a flow void (which denotes the absence of flow in an occluded cerebral
venous channel). The signal intensity of the venous clot on T1- and T2-weighted MR
images is comparable to a hematoma, and it is developing dependent on thrombus
oldness. The consecutive signal intensity changes observed in the thrombus are the
consequences of the paramagnetic aspects of the hemoglobin and its degradation prod-
ucts (i.e., hemosiderin, methemoglobin, deoxyhemoglobin) (Table 3) [82, 91-96].

a.In the acute phase (the first 5 days after the clinical onset), the flow void is
missing (the vessel is occluded with absence of flow) and the thrombosed venous
channel is isointense with brain tissue on T1-WI and hypo/isointense on T2-WI,
as aresult of the richness of deoxyhemoglobin in RBC inside the thrombus. The
recognition of CVT (fresh venous clot) in the acute stage is problematic on single
conventional MRI, because the MRI signs are comparable to normal venous flow.
Therefore, other MRI sequences, MRV, CTYV, or DSA are required to identify the
absence of flow in the occluded cerebral veins or dural sinuses [91, 92].

b.In the subacute phase (between 6 and 15-30 days after the clinical onset), the
thrombus becomes more apparent because the signal is hyperintense in both
T1- and T2-WI, due to the accumulation of methemoglobin inside the clot. These
imaging signs are specific for CVT and are the most common imagistic features
(Figure 5) [89-92].

c.In the chronic stage (between 2 and 4 weeks after the clinical onset), the com-
mencement of recanalization of the previously thrombosed venous channel
produces the reappearance of the flow void (the vessel is now patent). In this
stage, the venous thrombus, which is heterogeneous, is isointense on T1-WI, with
variable intensity (iso/hyperintense) on T2-WI, due to the deoxygenated hemo-
globin and methemoglobin components. Therefore, in this stage, the diagnosis of

CVT can be unnoticed [91, 92].

After 4-6 months, no signal anomaly is observed on T1-WI or DWI; nevertheless,
delicate changes (heterogeneous topic signal abnormalities) can be detected in T2-W1I
or FLAIR, which can persist for years, and should not be interpreted for a recurrent
acute CVT [91, 92].

Normal sinus Thrombus less Thrombus from Thrombus older

than5 daysold D5to D30 than1 month

T1 Hyposignal Isosignal Hypersignal Iso/hypersignal

T2 Hyposignal Hypo/isosignal Iso/hypersignal Iso/hypersignal

Contrast- Homogeneous because Empty delta sign Empty delta sign Empty delta

enhanced the fresh thrombus can

T1 be enhanced

Table 3.

The evolution of the thrombus signal [82].
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Figures.
MRI midline sagittal T1-weighted image. Blue arrow—hyper-intense signal indicating subacute thrombosis of the
SSS; this pattern was found 14 days after the onset of symptoms.

Regrettably, in a substantial percent of cases, we can notice false-negative or false-
positive appearances. The false-negative situations are infrequent and characterize
a supra-acute or chronic stage, or a single superficial cerebral vein occlusion, which
will be detected mainly by DSA. The false-positive conditions are the consequence of
slowly cerebral venous flow. To diminish both artifacts, we have to change the position
of the subject, to repeat the sequence in another plane, with two or more sequences,
and with other types of sequences, as follows [76, 85]:

Gradient echo T2*-weighted (T2*GRE) MRI sequences: Recognize CV'T, as deg-
radation products, which can determine augmented signal drop-out, identifying
intravenous channels thrombus in stages where the clot can be barely visible in other
sequences [93]. Consequently, on T2*GRE MRI sequences, the fresh thrombus can be
identified as an area of hypointensity in the affected venous channel. Nevertheless, a
chronically occluded dural sinus may still present hypo signal on T2*GRE [94].

Echo-planar T2 susceptibility weighted imaging (T2*SWI) MRI sequences: It is a comple-
mentary T2* GRE sequence to assess CVT. SWI detects the acute isolated superficial
cerebral veins occlusion, when both T1 and T?2 are less sensitive. It identifies the intra-
luminal thrombus as a hypointense area. The exaggeration of magnetic susceptibility
effect (MSE) aids recognition of discrete thrombosis, and supplementary, this sequence
distinguishes cerebral venous stasis, existence of collateral circulation, and intracranial
hemorrhage [95]. Complementary, SWI shows a blooming artifact better detected than
T2* GRE, determining a better position of the clot or hemorrhage. Isolated superficial
cerebral vein occlusion may be easier to diagnose on the maximum-intensity projections
(MIPs) of SWI compared to dedicate venous imaging [82, 95].

8.3.2 The MRI indirect signs

Different cerebral lesions secondary to venous channel occlusion, such as brain
edema, cerebral infarct, and/or cerebral hemorrhage, observed in CVT patients are
better identified by MRI than by CT [81].
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Cerebral edema and cerebral venous infarction determine both a hypersignal
on T2-WI and an isointense/hypointense signal on T1-WI. Isolated cerebral edema,
without associated cerebral venous infarcts or cerebral hemorrhages, may be detected
in near half of CVT cases and may be accompanied with cortical sulcal effacement
and small ventricles. When these MRI features are identified, CTV or MRV should be
done to endorse the CVT diagnosis [91, 92].

Cerebral hemorrhage is characterized by a hypersignal in both T1- and T2- WI,
occurring in 30% of all CVT cases. Frequently, SSS thrombosis may be associated
with flame-shaped, irregular, and heterogeneous bilateral parasagittal areas of fron-
toparietal hemorrhages. Usually, LS occlusion is accompanied by both temporal and
occipital lobes lesions. The occlusion of the vein of Galen or of the SS may be associ-
ated with bilateral deep brain lesions, such as thalamic hemorrhages, intraventricular
hemorrhages, or wide brain edema [91, 92].

Unfortunately, there is no simple confirmatory MRI indirect sign for CVT, but their
significance is clear because of the concomitant MRI direct signs for CVT [91, 92].

Diffusion-weighted imaging (DWI) techniques: DWI detects the thrombus asa
hypersignal inside the occluded venous channel, with a reduced apparent diffusion
coefficient (ADC). Patients with restriction on DWI have extended recovery time
and lower probability of total clot recanalization (DWI-prognostic factor) [14, 96]
(Figure 6).

DWI identifies cerebral edema, which may be divided in:

* Vasogenic edema, presenting diverse signal deviations in the damaged
regions, and raised ADC values, lacking lesser ADC values than in health

areas [1, 94].

* Cytotoxic edema, presenting a hypersignal, and low ADC values [1, 94].

CEREBRAL+ANGI
Res

06/04/2022 5:30:15 PM

Figure 6.
DWI-b1000. Non-contrast head MRI performed in the acute phase shows a large venous infarction in right
temporal lobe (arrows).
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On perfusion-weighted (PWI) MRI, relative cerebral blood volume (rCBV), and
mean transit time (MTT) are augmented in damaged regions, with conserved relative
cerebral blood flow (rCBF) [1-4, 96].

Usually, in CVT patients, the vasogenic edema is prominent versus cytotoxic
edema; in consequence, the corresponding cerebral areas may be functionally and
metabolically affected, but not irreversibly. The reversibility of venous brain lesions is
emblematic for CVT patients, determining both a better recovery in venous cerebral
ischemic strokes than in arterial infarcts and vanishing lesions on MRI, respectively

[91-96].

8.4 Magnetic resonance venography (MRV)

MRYV may be realized without contrast enhancement (using TOF technique or
phase-contrast technique) or with a contrast-enhanced technique [97, 98].

8.4.1 The two-dimensional (2D-TOF) technique (with 1.5- and 3-mm thick slices in
the covonal and axial planes)

This technique is mandatory in pregnant or breastfeeding females, or in patients
with severe renal failure, where contrast enhancement is proscribed. It detects: a).
the direct sign of CVT, represented by the absence of flow signal (nonappearance of
opacification) of venous channel, though interpretation can be confused by different
anatomic variants, like sinus hypoplasia, or asymmetric flow [97, 98]. b). The indirect
signs of CVT comprise delayed emptying, collateral venous circulation, dilated veins,
and tortuous collateral cortical veins (corkscrew veins) (Figure7) [4].

2D-TOF technique is superior to its 3D counterpart, because it has a relative
absence of saturation effects and superior sensitivity in the setting of slow venous
flow but presents a low sensitivity to small cerebral veins with slow flow. One
significant pitfall is that same-plane acquisition can produce false-positive results
from saturation and subsequent signal nulling, as this technique is most sensitive to
orthogonal flow [97, 98].

8.4.2 Contrast-enhanced (CE)-MRV (MRV with gadolinium,)

MRV with gadolinium realizes a direct examination of luminal filling similar
to that of CTV, with similar sensitivity and specificity (Figure 8). Both CTV and
CE-MRYV are superior to the TOF and phase-contrast (PC) techniques, due to differ-
ent artifacts that may be observed in these sequences [85]. Regrettably, conventional
MRV has some limitations: It has a diminished capacity in identifying cavernous sinus
and superficial cerebral veins thrombosis, partial thrombosis of other dural sinuses
and cerebral veins, or net distinction between hypoplasia and occluded sinus [8].

Different MR techniques may be suitable to distinguish between sinus hypoplasia
and dural sinus thrombosis. T2*GRE or T2*SWI MRI sequences will distinguish a
normal signal in a hypoplastic sinus and an abnormally low signal in the occurrence of
a thrombus [93-95]. Supplementary, a chronically thrombosed hypoplastic dural sinus
will have absence of flow on 2D-TOF MRV and enhancement on CE-MRI and MRV [8].

CE-MRYV sequences should be differentiated from different anatomical 3D T1
sequences, such as SPGR, BRAVO, TFE, and FFE [2].
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Se: 20030

Figure7.
3D-CORONAL VRT (reformatted by 2D-TOF venography) sequence shows an absent flow in left jugular bulb,
left sigmoid sinus, left transverse sinus, and sinus confluence.

contrast

11 8:31:03 PM

Figure 8.
3D-CORONAL VRT (reformatted by CE-MRA) sequence filling defect throughout the duval right cavernous sinus
(arrow).

87



Stroke — Management Pearls

3D elliptical T1 post-gadolinium enhancement: It is a relatively newer technique,
in which the paramagnetic effect of gadolinium shorts T1 and produces positive
intravascular contrast enhancement [85, 98]. It realizes an improved assessment of
the superficial and deep cerebral veins, and of the sinuses of the base of the skull
(petrous, cavernous, and basilar plexus); an excellent detection of the lateral sinuses,
even with hypoplasia; it overcomes the limitations of other MR techniques, espe-
cially signal losses in the situation of slow or turbulent flows (2D TOF, 2D, and 3D
phase-contrast), not perpendicular to the acquisition plane (TOF) and in the event of
unsuitable choice of encoding speed (2D and 3D phase-contrast) [85, 98].

3D phase-contrast (PC) MRV: It has a better capacity to detect slow flow and may
better distinguish between slow flow and clot [97, 98]. Static contrast-enhanced 3D
MRV detects better the cerebral veins and dural sinuses; unfortunately, it may present
some restrictions in chronic dural sinus thrombosis as the clot may be enhanced,
simulating a patent sinus [97, 98].

Time-resolved 3D MRV (4D MRV): This aspect is resolved with 4D MRV, which
obtains images with diverse delays for better recognition of the venous clot [97]. This
technique has better sensitivity to detect CVT than T2-WI, T2*GRE, and TOF-MRYV;
additionally, it has better specificity than TOF-MRYV, and it recognizes better chronic
CVT [97].

8.5 Cerebral intra-arterial angiography with venous phase imaging and direct
cerebral venography

8.5.1 Cerebral intra-arterial angiography with venous phase imaging

It needs a four-vessel angiography (conventional or DSA) with detection of the
whole venous phase on at least two projections (frontal and lateral) and three oblique
views for the recognition on the entire SSS [14, 99].

Distinctive signs of CVT are represented by the following: partial deficiency of
opacification or absence of filling of venous channels, late emptying, dilatation of
cortical, scalp, or facial veins, dilatation of collateral veins, reverse of venous flow,
and the abrupt ending of cortical veins encircled by tortuous and dilated collateral
“corkscrew” veins [14, 99]. The obstruction of the posterior portion or the SSS,
both LSs or the deep cerebral veins, is relatively easy to detect, but it can be misdi-
agnosed with hypoplasia or aplasia when the anterior third of the SSS or of the left
LS is occluded [3, 14, 99]. Thus, we have to identify other imagistic features, such as
occlusion of other cerebral vein or dural sinuses or delayed draining and dilatation
of collateral veins in the occlusion of the anterior part of the SSS, or total absence of
opacification of the whole sinus or its sigmoid segment in LS thrombosis, respectively
[3]. This method presents some limitations: It does not detect the thrombus itself,
and it is invasive, presents radiation exposure, possible allergy to the iodine contrast
material, and requests teams of experts [3, 14, 99].

8.5.2 Direct cevebral venography

This technique is realized throughout endovascular therapeutic techniques,
identifying the thrombus inside the venous channel either as an intra-vessel filling
defect (no occlusive thrombosis) or as a complete no filling (occlusive thrombosis);
complete obstruction by the clot may occur as a “cupping appearance” inside the
dural sinus [14, 99]. Although the interobserver agreement for the detection of CVT is
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not excellent, the association of angiography with MRI will increase the interobserver
agreement than angiography alone (94% versus 62%) [99].

9. Conclusions

CVT adult patients are younger, predominantly females, and have diminished
frequencies of classical vascular risk factors when compared with cases with arterial
infarcts.

The main risk factors for CVT in adults are prothrombotic conditions, either
genetic or acquired.

The pathophysiology of CVT regulates the clinical picture and the abnormal imag-
ing features. The nonspecific clinical spectrum of CVT may produce delays in diagno-
sis and consists of headache or intracranial hypertension, seizures, focal neurological
deficits, and/or encephalopathy.

Both CT-CTV and MRI-MRYV are outstanding methods to diagnose CVT and
to distinguish consecutive complications. They may be associated with better
evaluation.
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Chapter 6

Action on the Cerebral Vascular
Endothelium in the Prevention of
Stroke

Andpés J. Ursa Herguedas and Mavia Pellon Olmedo

Abstract

Stroke or cerebrovascular accident (CVA) is a frequent, disabling pathology,
consumes enormous social and health resources and has high morbidity and mortal-
ity. A large part of the resources of the health systems are allocated to the treatment of
stroke, which is achieving better results every time, and far fewer resources are allo-
cated to prevention. The objective of this review is to raise awareness in the different
states so that they allocate more resources to prevention through awareness programs
for health personnel, and implementation of detection tests for atherosclerotic cardio-
vascular disease in order to reduce the incidence of stroke. Clients should be insisted
on adopting an adequate lifestyle, as well as acting on risk factors. Most strokes can
be prevented through health education, blood pressure control, and lifestyle changes
such as eating a healthy diet, being physically active, and stopping smoking.

Keywords: prevention of stroke or cerebrovascular accident, atherosclerotic
cardiovascular disease, endothelial dysfunction, cerebrovascular diseases, gut dysbiosis

1. Introduction

Atherosclerotic cardiovascular disease (ACVD) is a chronic, generalized, and
progressive pathology that modifies the arteries until it causes a cardiovascular event.
Elevated low-density lipoproteins (LDL-C) in plasma over time is one of the main
causes of this disease, along with other risk factors. Cardiovascular diseases are the
leading cause of disability and death from middle ages of life in developed countries,
in both sexes. Cerebrovascular disease (CVD) encompasses anatomoclinical entities
caused by reduced blood supply in a certain vascular territory (ischemic-type CVD)
or by rupture of an intracranial vessel (hemorrhagic-type CVD) [1].

One in six people in the world will suffer a stroke, representing the third cause
of death in the West, being the first in women. In Europe, 1.3 million people suffer
a stroke each year and it is the second most frequent cause of death. With about 25
million cases per year, acute ischemic stroke represents a major public health chal-
lenge worldwide [2, 3]. Strokes have increased globally in absolute terms, as well as
associated deaths, partly due to the greater number of cases registered in low- and
middle-income countries as well as the aging of the population [4]. In total, 90% of

99 IntechOpen



Stroke — Management Pearls

stroke cases can be correlated with behavioral factors, including poor diet, smoking,
and little physical activity, as well as metabolic factors such as obesity, hypertension,
and diabetes mellitus [5].

The four main noncommunicable diseases (NCDs), such as cardiovascular disease
(including stroke), cancer, type 2 diabetes mellitus (DM2), and lung disease, share
4 risk factors: tobacco use, unhealthy diet, physical inactivity, and alcohol abuse.
Therefore, from a public health perspective, mass actions on lifestyle factors are the
most cost-effective means of NCD prevention [6]. In recent years, several studies
have reported that alterations in the gut microbiota (GM) could be a risk factor for
stroke [7, 8]. Vascular endothelial dysfunction (VED) presents with a loss of balance
between the vasodilation and vasoconstriction factors derived from it, with a pre-
dominance of the latter, producing progressive pathophysiological changes that make
it possible to cause proinflammatory, prooxidant, proliferative, and procoagulant
effects and vascular adhesion, contributing to atherogenesis in each of its phases [9].

The prevention of ACVD in high-risk patients is one of the main challenges that
healthcare professionals face in order to reduce the rates of morbidity and mortality
from stroke.

Primary prevention refers to the adoption of a healthy lifestyle from an early age
and secondary prevention refers to the implementation of measures aimed at acting
on cardiovascular risk factors (CVRF).

2. Causal factors

Ischemic infarcts are produced by the acute occlusion of one of the large cervical
or cerebral arteries, either by a gradual narrowing of atherosclerotic origin or by a
sudden occlusion produced by a thrombus (if it originates from the same cerebral
arterial system) or an embolus (if the clot originates in a region of the vascular system
other than the brain). In the case of hemorrhagic stroke, the rupture of a blood vessel
occurs either at the intracerebral level (intracerebral hemorrhage) or by the rupture
of aneurysms at the bifurcation of the great arteries on the surface of the brain
(subarachnoid hemorrhage). Most strokes are ischemic (85%) and 15% hemorrhagic.
A total of 15% of strokes occur in children [10, 11]. A small percentage of ACVD is
related to genes [12].

Different studies demonstrated an association between elevated levels of total
cholesterol and LDL-C and increased risk of ischemic stroke [13, 14]. A high intake of
sugars, including added sugars and those naturally present in honey and fruit juices,
is associated with an increased risk of developing cardiovascular diseases and, specifi-
cally, stroke [15]. In recent years, several studies have linked stroke with gut dysbiosis
(GD) [16]. Although there are many causes of stroke, this chapter focuses on the
prevention of ischemic strokes as they are the most frequent.

3. Ischemic stroke risk factors

Most strokes are due to modifiable risk factors, so there is a possibility of preven-
tion. The main non-modifiable risk factor for stroke is age. In one-third of strokes, the
cause is unknown [17].

Table 1 contains the most frequent modifiable risk factors according to O’Donnell
etal., [18], updated by the authors.
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Potentials Established
Obesity/overweight High blood pressure

Sedentary lifestyle Diabetes mellitus

Glucose intolerance Carotid stenosis

Malnutrition Atrial fibrillation

Excessive alcohol intake Previous ischemic heart disease
Smoking Smoking

Blood hypercoagulable states Sickle cell anemia
Hyperhomocysteinemia

Drug addiction (cocaine, etc.)

Use of oral contraceptives/Hormone replacement therapy

Inflammatory processes

Obstructive sleep apnea

Intestinal dysbiosis, alteration of the intestinal barrier, and
neuroinflammation

Table 1.
Modifiable risk factors in stroke prevention according to O’Donnell et al., 2016 [18], updated by the authors.

Arterial hypertension (AHT) is the main risk factor involved in cerebrovascular
disease, both in ischemic and hemorrhagic strokes. GD has been observed in the
prehypertensive state compared to a normotensive population. These changes precede
the development of AHT and are not due to AHT itself [19]. Obesity increases the risk
of suffering a stroke, especially abdominal fat. It is a public health problem because
it is related to many diseases, among others, hypertension and DM2. Furthermore,
the number of cases has increased greatly in recent years and has become an epidemic
[20]. A sedentary lifestyle, as a cardiometabolic risk factor, contributes to the appear-
ance of a stroke [21]. The cardiovascular risk in patients with obesity and DM2 is
increased since it is generally accompanied by other cardiovascular risk factors such
as AHT, hypercholesterolemia, hypertriglyceridemia, and metabolic syndrome (MS)
among others [22, 23]. For several decades, numerous studies have linked the act of
smoking with an increased risk of stroke. The related components are attributed to
nicotine, oxidizing gases, and carbon monoxide. This risk also exists in passive smok-
ers [24]. According to the 2016 Interstroke study, high and moderate alcohol intake is
associated with an increased chance of suffering a stroke [18]. Prediabetes and DM2
are associated with increased vascular risk in parallel with the degree of hyperglyce-
mia and the lack of good metabolic control. In patients with type 1 diabetes mellitus,
the frequency of stroke is lower. Diabetics are at high risk of atherosclerosis and
often have other atherogenic risk factors, such as AHT, hyperlipidemia, and obesity,
known as MS [25]. The role of dyslipidemias, especially the elevation of total serum
cholesterol, as well as LDL-C is a known factor in CVD that contributes to ischemic
stroke [13, 14]. Established AHT is one of the most prevalent modifiable risk factors,
being associated with more severe strokes and with a worse prognosis [26]. The causal
relationship between GM and AHT is more evident when studying AHT second-
ary to obstructive sleep apnea syndrome [27]. The presence of a coagulopathy is a
potential risk factor for a cardiovascular event, but another independent risk factor is
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necessary, which acts by another mechanism to predispose to strokes, such as taking
oral contraceptives, homocystinuria, etc. [28].

Associated with the aging process, there is a loss in the integrity of the intestinal
epithelial barrier, a decrease in the number of enteric neurons and an increase in the
synthesis of proinflammatory cytokines [29], factors possibly involved in the higher
incidence of stroke from the average age of life.

4. Role of the microbiota-gut-brain axis in cerebrovascular disease

In the intestine, a series of products are generated by GM that exert their influ-
ence on the central nervous system (CNS), such as short-chain fatty acids (SCFAs),
secondary bile acids, or tryptophan metabolites, which exert their function through
ascending signals that start locally, either by crossing the intestinal barrier to pass into
the systemic circulation or even acting directly in the CNS by crossing the blood-
brain barrier [30]. Microbial products that reach systemic circulation are capable
of modulating the immune system toward a more inflammatory environment or
inducing tolerance, both locally and in the CNS. A central role in this modulation is
exerted through the products generated by the metabolism of dietary components,
such as dietary fiber, tryptophan, or arginine, which give rise to polyamines, indoles,
and SCFA, which are capable of increasing the expansion of regulatory T lympho-
cytes, favoring an antiinflammatory phenotype in dendritic cells and decreasing the
production of proinflammatory cytokines in neutrophils and macrophages. Another
mechanism that GM also uses to regulate the immune response is the modification
of the host’s own metabolites, in the case of secondary bile acids that regulate den-
dritic cells, macrophages, and natural killer cells, or through metabolites produced
by intestinal bacteria, such as polysaccharide A from Bacteroides fragilis, with an
antiinflammatory effect, or those produced by segmented filamentous bacteria,
with a proinflammatory effect [31]. On the other hand, a correlation has been found
between the increased risk of stroke and a greater burden of opportunistic pathogens,
together with low levels of butyrate-producing intestinal bacteria [32]. Recent studies
in animal models and later in human fecal samples after suffering an ischemic stroke
compared to a control group have linked a certain GM with a higher risk of suffering
a stroke, so it would become a modifiable risk factor [33]. Currently, the actions of
microorganisms are beginning to be assessed as risk factors, such as infections caused
by Chlamydia pneumoniae and Helicobacter pylori, reactivation of the varicella-
zoster virus, etc. [34].

Within the actions of the microbiota-gut-brain axis (MGBA), through the vagus
nerve, different microbial metabolites are detected and are capable of generating
responses at the central level, as well as producing cholinergic responses secondary to
peripheral inflammation, which translate into alterations in intestinal permeability
and modulation of GM composition [35]. Among the environmental factors that
increase intestinal permeability are alcohol consumption, prolonged use of antibiot-
ics, abuse of non-steroidal antiinflammatory drugs, food allergies, radiation, and che-
motherapy. Another group is made up of artificial sweeteners, such as aspartame and
sucralose, pesticides, some household detergents, environmental pollutants, gluten
in celiac patients, and the consumption of some marine fish that concentrate heavy
metals [36, 37]. Under certain circumstances, GM can become unbalanced and favor
the expansion of pathobiont microorganisms, organisms of the GM that are harmless
under normal conditions but with infectious capacity in certain states [38], which
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can alter the entire host immune response and increase permeability of bowel [37].
Large uncharged molecules, such as proteins or lipopolysaccharides, or large charged
molecules can pass through the tight junctions between epithelial cells [39]. However,
deregulation of these junctions as a result of genetic or environmental factors, such
as diet, drug use, or the activity of pathogenic microorganisms, can cause increased
intestinal permeability. This phenomenon is frequently observed in inflammatory
bowel diseases and in some metabolic diseases, such as diabetes or obesity [40]. In
murine models, it has been observed that GM is a factor that can significantly influ-
ence the genesis of stroke [41]. SCFAs are an important class of bacterial metabolites
that are obtained from the fermentation of polysaccharides (fibers) [42]. Preliminary
studies showed that SCFAs have an important role in maintaining intestinal integrity
and have an antiinflammatory effect [43]. One of the SCFAs, butyrate, is a preferen-
tial energy source for intestinal epithelial cells, thus contributing to their physiology
[44]. SCFAs can reach the brain, due to the presence of transporters of these mol-
ecules in the endothelial cells of the blood-brain barrier [45]. Once there, they can
modulate neuroinflammation by acting on the morphology and activation of microg-
lia in the event of stroke [45].

GM can generate potentially toxic compounds, such as the formation of tri-
methylamine from choline and carnitine present in the diet [46]. Trimethylamine is
absorbed and transformed into trimethylamine N-oxide (TMAO) in the liver, being
considered a risk factor for cardiovascular disease [47].

These mechanisms may partly explain the factors dependent on the human micro-
biome that may favor stroke.

5. Role of the vascular endothelium

Endothelial cells (ECs) are capable of detecting physical changes related to
mechanical stress caused by blood flow, blood pressure, or wall distension. When an
imbalance occurs in the bioavailability of vasoactive substances, the predisposition to
platelet aggregation, thrombosis, inflammation, vasoconstriction, or increased vascu-
lar permeability, a situation called vascular endothelial dysfunction (VED), occur.

VED is one of the initial events of atherosclerosis, it plays a fundamental role in
ACVD and, therefore, in CVD [48]. GM has the ability to produce metabolites that
directly affect the host’s cardiovascular system, being able to generate antagonistic
effects (pro- and antiinflammatory, vasodilator, and vasoconstrictor) with both ben-
eficial and harmful results. These metabolites include SCFA, TMAOQ, nitrites, indoles,
and hydrogen sulfide. In AHT models, it has been shown that there is a decrease in
the intestinal bacterial populations that produce SCFA and hydrogen sulfide (both
with vasodilator properties). At the other extreme, TMAO-type metabolites, as well
as indoles, would favor arterial vasoconstriction [49]. In experimental animals, it
has been possible to induce atherosclerotic lesions similar to those found in human
arteries, through the administration of diets rich in cholesterol and saturated fat. This
type of diet produces an increase in plasma LDL-C concentrations and facilitates its
accumulation in the subendothelial space in areas where permeability is increased. In
these models, it has been observed that the regions most prone to developing athero-
sclerotic lesions present a greater permeability to LDL-C and very low-density lipo-
proteins (VLDL) [50]. It has been observed that high concentrations of native LDL-C
and low concentrations of oxidized LDL-C increase vascular permeability since they
reduce the content of heparan sulfate proteoglycans in the extracellular matrix of the
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subendothelial space. This effect would be produced by a negative regulation of the
synthesis of these molecules, as well as an increase in their degradation thanks to
the induction of endothelial secretion of heparanase [51].

VED is characterized by an imbalance between the relaxation and contraction
factors derived from the endothelium [52] and is both the cause and effect of ath-
erosclerotic lesions in cerebral arteries [53]. In SARS-Cov-2 infection, thrombotic
complications are frequent and severe. Loss of even a small number of endothelial
cells due to infection could lead to a breakdown of the endothelial barrier, resulting in
“vascular leakage,” thus exposing inflammatory cells. This would lead to an abnormal
activation of the coagulation system that would cause inflammation of small vessels
and microthrombi, which could affect the heart, lungs, or brain [54].

Numerous factors and markers of endothelial damage have been studied, which
turn out to be predictors of an advance in the development of atherosclerotic plaque
and, therefore, of its instability. The quantification of the degree of vasodilation
mediated by hyperflow (VMH) of the brachial artery is a noninvasive, cheap, simple,
reproducible, readily available, and validated ultrasonographic technique that allows
us to know the state of health and function of the vascular endothelium. Itisa
response dependent on endothelial nitric oxide and, when it is decreased, translates
toa VED. VMH is reduced in patients with vascular risk factors, cerebral, coronary,
or peripheral vascular disease, and is an independent predictor of vascular events and
vascular recurrence. It also allows us to be able to detect and quantify the degree of
VED early, anticipating the appearance of atheromatous plaque. VED improves with
various drugs, such as antihypertensives, antidiabetics, antiaggregants, or lipid-
lowering agents [55].

6. Precautionary measures

Stroke is a disease that, to a large extent, can be avoided. Therefore, identifying
the risk factors of each person is key to drawing up a preventive strategy at the
individual level. The scope of action to carry out these activities is primary health
care. A healthy lifestyle can reduce the risk of cardiovascular events. Most strokes can
be prevented with hygienic-dietary habits. For this, modifiable risk factors must be
monitored, such as obesity/overweight, sedentary lifestyle, smoking, alcohol abuse,
AHT, dyslipidemia, DM2, and previous heart disease. There are cardiovascular risk
factors that cannot be modified, such as age, sex, family history, thrombophilia,
and previous strokes. It is necessary to carry out awareness campaigns on stroke
in preventive aspects. Table 2 contains the recommendations of the Diabetes and
Cardiovascular Disease Working Group of the Spanish Diabetes Society (SED,
2014-2015) [22].

Eating a healthy diet, rich in plant-based foods, can help modify IM so that the
production of deleterious metabolites such as TMAO is reduced [56]. Plant-based
diets are associated with significant benefits in the improvement or prevention of
metabolic diseases (overweight, obesity, DM2), cardiovascular disease, inflammatory
bowel disease, and chronic kidney disease. In addition, a very important emerging
aspect, in which the evidence is growing, is the beneficial effect on aging and aspects
linked to it, such as sarcopenia [57, 58]. Proteins, carbohydrates, and fats present in
plant foods can shift the GM profile toward increased production of antiinflamma-
tory compounds and decreased production of endogenous toxins. Vegetable fats,
particularly olive oil, are antiinflammatory and antiatherogenic [21].
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Aspects to consider

Recommendations

Intervention

Mediterranean diet

Diet with a predominance of plant-
based foods

Celiacs, food allergies, and
intolerances

Physical exercise

Aerobic, 150 minutes a week, 3 days
minimum with moderate intensity.

Adaptations according to
particular situation

Quitting the smoking habit

Collect in the medical history

the beginning, frequency of
consumption, if you inhale smoke,
etc.

Choosing the most appropriate
smoking cessation method

Overweight/obesity

Progressive weight loss until reaching
ideal weight

BMI >35 + DM2: bariatric
surgery

Glycemic control

Hblc <7

Hblc >8 + CVFR, DM2, elderly,
complications, etc.

Lipids LDL-C < 100 mg/dl (Primary Diet + physical exercise
prevention) Statins etc.
LDL-C < 70 mg/dl (secondary
prevention)

Blood pressure <140/90 mmHg In case of nephropathy:

low salt diet

Angiotensin-converting enzyme
inhibitors, etc.

Blood coagulation status

Primary and secondary prevention

Acetylsalicylic acid: 100 mg/day
in case of CVFR

Vitamins Vitamin D > 30 ng/ml Supplement with levels <20 ng/
Vitamin B12 > 160 pg./ml ml
Supplement in case of
prescription of metformin,
vegan diet
Table 2.

Recommendations of the diabetes and cardiovascular disease working group (SED, 2014—2015), adapted by the

authors of the chapter.

Moderate-intensity physical exercise, such as walking or cycling, should be part

of daily activity in healthy adults [59, 60]. Keeping your weight within healthy limits
is very important for the normal functioning of the heart, blood vessels, metabolism,
bones, and other organs. All this happens to maintain a balance between the calories
that are ingested. A balanced diet, physical exercise, and in some cases drugs can help
achieve this goal. Glycemic control, especially in predisposed patients, is an important
factor in order to prevent the complications of DM?2. Various antidiabetic drugs may
play an important role in stroke prevention [61]. The management of dyslipidemias

is based on implementing healthy lifestyle habits and pharmacological treatment.

The indication to start lipid-lowering treatment will depend on the vascular risk of
each subject. Statins are the drugs of choice. Other effective lipid-lowering agents

are ezetimibe combined with statins and PCSK9 (protein convertase subtilisin-kexin
type 9) inhibitors. Other drugs such as fibrates or omega-3 fatty acids are useful in the
management of triglycerides, although their usefulness in the prevention of vascular
diseases is not well defined [62, 63]. Reducing blood pressure is the key, both in the
primary prevention of the disease and in the secondary to avoid its recurrence. It is
recommended to start antihypertensive treatment for primary prevention of stroke in
patients with blood pressure figures higher than 140/90 mmHg [26]. Anticoagulants
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are recommended in case of atrial fibrillation in any patient over 75 years of age and
with several CVRFs [64].

In stroke prevention campaigns, emphasis must be placed on the importance of
rapid action in the event of a stroke. Hospitals have protocols (stroke code) for early
diagnosis with imaging tests using artificial intelligence and early treatment in order to
minimize neurological damage. Having suffered a stroke is a risk factor for suffering it
again. For this reason, secondary prevention, the adoption of good lifestyle habits, and
good adherence to prescribed treatments are essential [65]. Once the sequelae of the
stroke have been assessed early, both physical (speech therapy and physiotherapy) as
well as social and psychological rehabilitation begins after 48-72 hours. The idea is to
go to a neurorehabilitation unit. The objective is for the patient to remain independent
and autonomous for the basic and instrumented activities of daily life. Between 40 and
50% of patients abandon treatment 2 or 3 years after having suffered a stroke, which
favors the appearance of a second event, the repercussion of which will be worse than
that of the first [66]. Biomarkers that predict stroke outcome include serum triglycer-
ide level, HDL-cholesterol [67], interleukin-6 (IL-6), NT-proBNP [68], and YKL-40
[69]. IM modulation, especially with prebiotics and/or probiotics, represents a preven-
tive and therapeutic approach to take into account in the approach to ACVD [70].

7. Conclusions
1. The adoption of a lifestyle based on a diet with a predominance of foods of veg-
etable origin and the performance of physical exercise adapted according to age

is the basis for the prevention of atherosclerotic cardiovascular disease.

2.In primary prevention, it is recommended to determine the patient’s vascular
risk in order to define the appropriate LDL-C figure.

3.In secondary prevention after a stroke of atherothrombotic origin, LDL-C levels
of less than 55 mg/dl are recommended, while in ischemic strokes of nonathero-
thrombotic origin, the objectives will be established based on the vascular risk
group of each patient.

4.Both in primary and secondary prevention, statins are the drugs of first choice in
dyslipidemia, and ezetimibe and/or PCSK9 inhibitors can be associated in those
cases that do not reach the therapeutic objectives.

5.In the near future, we will be able to prevent strokes or improve neurological
recovery through intervention in the gut microbiota.
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Abbreviations

CVA cerebrovascular accident or stroke
ACVD atherosclerotic cardiovascular disease
CVD cerebrovascular disease

NCD noncommunicable diseases

DM 2 type 2 diabetes mellitus

GM gut microbiota

VED vascular endothelial dysfunction
CVRF cardiovascular risk factors

LDL-C low-density lipoproteins

GD gut dysbiosis

AHT arterial hypertension

MS metabolic syndrome

CNS central nervous system

SCFAs short chain fatty acids

MGBA microbiota-gut-brain axis

EC endothelial cells

TMAO trimethylamine oxide

VLDL very low-density lipoproteins
VMH quantification of the degree of vasodilatation mediated by hyperflow
IL-6 interleukin 6
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Key Points of Nursing Care for
Patients with Acute Stroke

Yukari Hisaka, Allan Paulo Blaquera, Kensaku Takase
and Tetsuya Tanioka

Abstract

In patients with stroke, it has been proven that management by a specialized
medical team for stroke treatment for several days immediately after stroke onset
significantly reduces mortality, improves return-to-home rates, and positively
impacts activities of daily living and quality of life after discharge. This chapter
describes the key points of nursing care for patients with acute stroke, which include

” «

“Recognition of patients’ physical changes,” “Prevention of the worsening of acute
stroke and related Symptoms,” “Reduction of patients’ physical distress,” “Appropriate
management of patients’ physical conditions,” “Reacquisition of activities of daily
living,” “Collaboration with rehabilitation therapists,” “Reduction of mental and
social distress in patients and their families,” and “Reduction of the risk of recurrence
and requirement of discharge support.” These points will have a positive impact on
patients with stroke by improving the nurses’ competence to practice nursing and

enhancing the quality of team care.

Keywords: key points, nursing care, roles, patients with acute stroke, interdisciplinary
collaboration

1. Introduction

In patients with stroke, it has been proven that management by a specialized
medical team for stroke treatment for several days immediately after stroke onset sig-
nificantly reduces mortality, improves return-to-home rates, and positively impacts
activities of daily living and quality of life after discharge [1-3]. The team includes
physicians, nurses, physical therapists, occupational therapists, speech therapists,
clinical technologists, pharmacists, nutritionists, and medical social workers. Team
care—in which all of these professions work together by contributing their exper-
tise—is highly effective in delivering treatment. Therefore, it is necessary to clarify
the role of nurses and key points of nursing care within the stroke support team.

In this chapter, we first report the results of a questionnaire survey of nurses
working in SCUs (Stroke Care Units) that provide nursing care to patients with acute
stroke in Japan, to determine what kind of nursing care they believe is necessary for
patients with acute stroke. Based on this survey, critical nursing care for patients
with acute stroke was divided into the following eight categories: “Recognition
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of patients’ physical changes,” “Prevention of the worsening of acute stroke and
related Symptoms,” “Reduction of patients’ physical distress,” “Appropriate manage-
ment of patients’ physical conditions,” “Reacquisition of activities of daily living,”
“Collaboration with rehabilitation therapists,” “Reduction of mental and social
distress in patients and their families,” and “Reduction of the risk of recurrence and
requirement of discharge support.”

For each of these eight categories, the key points of nursing care for patients with
acute stroke will be explained, taking into account differences by pathological type
(cerebral hemorrhage, subarachnoid hemorrhage, cerebral infarction, etc.), severity,
site of injury, and time since the onset of stroke.

2. What is nursing care for patients with acute stroke?

The collaboration between neurosurgeons and certified stroke nurses has resulted
in the development of 52 key points of nursing care for patients with acute stroke.
A web-based survey was conducted among 1040 nurses working in SCUs managing
patients with acute stroke in Japan, who responded to each of the 52 points of nursing
care using a 5-point scale (5. very important, 4. somewhat important, 3. undecided,
2. not very important, 1. not important at all). The responses of 702 respondents,
excluding results with missing values, were included in the analysis. A summary of
the subjects is shown in Table 1.

Characteristics Frequency (n) Percentage (%)
Age

20-29 312 442
30-39 179 254
40-49 157 222

50 years old and above 58 8.2
Gender

Female 631 894

Male 75 10.6

Years of experience as a nurse

0-3 148 21.0
4-5 105 14.9
6-10 173 24.5
11-20 167 237
21 years and above 113 16.0

Years of experiences taking care for patient with acute stroke

0-3 333 472
4-5 28 4.0
6-10 124 176
11-20 145 20.5
21 years and above 76 10.8
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Characteristics Frequency (n) Percentage (%)
Position
Nursing manager 67 9.5
Staff nurse 639 90.5
Qualified as a specialist
Certified nurse specialist 36 51
General 670 94.9
nurse
Hospital number of beds
0-99 62 8.8
100-399 297 421
400-699 232 329
700 beds and above 115 163
Number of beds in Stroke Care Unit
1-9 449 63.6
10 beds and above 257 364
Table1.
Participants’ demographic chavacteristics (N = 706).
Question number and items (N =706) Mean SD
Q1 Should grasp the severity of stroke 4.85 0.37
Q Should grasp the treatment progress from the onset of stroke 4.87 0.35
Q3 Should recognize the need for treatment in patients with acute stroke 493 0.25
Q4 Should recognize the changes in intracranial hypertension due to 4.94 0.25
stroke
Q5 Should recognize the changes in consciousness disorder due to stroke 4.97 0.17
Q6 Should recognize changes in the motor dysfunction due to stroke 494 0.23
Q7 Should grasp the changes in sensory dysfunction due to stroke 4.78 0.42
Q8 Should grasp the changes in swallowing dysfunction due to stroke 4.90 0.30
Q9 Should grasp the changes in eye symptoms (pupil diameter, light 491 0.29
reflex, eye movement) due to stroke
Q10 Should grasp the changes in higher brain dysfunction due to stroke 4.78 0.42
Q11 Should recognize the changes in the general condition of patients with 4.94 0.24
acute stroke
Q12 Should grasp the exacerbation risk in patients with acute stroke 4.91 0.28
Q13 Should report changes in the disease state of patients with acute stroke 497 0.18
to physicians at the appropriate time
Q14 Should provide nursing care to prevent exacerbation of intracranial 4.92 0.29
hypertension in patients with acute stroke
Q15 Should provide nursing care to prevent sudden changes in the 4.88 0.34
circulatory dynamics of patients with acute stroke
Q16 Should provide nursing care to prevent respiratory complications in 4.90 0.31

patients with acute stroke
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Question number and items (N =706) Mean SD
Q17 Should ensure that patients with acute stroke receive appropriate 4.94 0.24
treatment from physicians
Q18 Should provide nursing care to patients with acute stroke to avoid the 4.85 0.37
risk of secondary complications due to restricted movement
Q19 Should provide nursing care to ensure optimal nutrition and fluid 4.84 0.39
intake in patients with acute stroke
Q20 Should provide nursing care to patients with acute stroke to avoid the 4.83 0.40
risk of physical injury and to ensure safe medical treatment
Q1 Should try to recognize the distress caused to patients with acute 4.86 0.37
stroke as they are unable to communicate to others
Q22 Should make attempts to reduce pain due to physical changes caused 4.86 0.35
by a stroke
Q23 Should provide nursing care to patients with acute stroke to minimize 4.85 0.37
physical distress through treatment and care
Q24 Should defend the human rights of patients with acute stroke who 4.85 041
cannot communicate their own desires
Q25 Should coordinate with physical therapists, occupational therapists, 4.83 0.39
and speech therapists (hereinafter therapists) in order for patients
with acute stroke to be able to receive training/exercise effectively
Q26 Should know the details of training/exercises for patients with acute 4.53 0.59
stroke guided by the therapists
Q27 Should recognize the maximum physical ability of patients with acute 4.54 0.61
stroke during training/exercise guided by the therapists
Q28 Should communicate to therapists about changes in patients with 4.76 0.46
acute stroke that affect their training/exercise
Q29 Should facilitate not only therapist-guided training/exercise but also 4.46 0.69
provide training/exercise by nurses
Q30 Should provide nursing care to patients with acute stroke to promote 4.79 0.46
their recovery
Q31 Should provide nursing care to patients with acute stroke for better 4.82 041
sleep and rest
Q32 Should provide nursing care to improve consciousness disorder in 4.70 0.54
patients with acute stroke
Q33 Should recognize assistance needs and the levels of ADL in patients 4.86 0.35
with acute stroke
Q34 Should detect dysfunction-affecting ADL in patients with acute stroke 4.84 0.38
Q35 Should provide nursing care to help patients with acute stroke to 4.82 0.40
regain their ADL
Q36 Should help patients with acute stroke to perform ADL by themselves 4.71 0.53
Q37 Should try grasping the mental distress of patients with acute stroke 4.81 041
Q38 Should try to recognize the social distress in patients with acute stroke 4.64 0.56
Q39 Should recognize the mental distress in the family of patients with 4.75 0.48

acute stroke
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Question number and items (N =706) Mean SD
Q40 Should recognize the need for family support in patients with acute 4.71 0.53
stroke
Q41 Should provide nursing care to reduce mental distress in patients with 4.79 0.44
acute stroke
Q42 Should provide nursing care to help patients with acute stroke accept 4.79 0.45
their disabilities
Q43 Should provide nursing care to help patients with acute stroke that 4.74 0.50
enables them to feel positive

Q44 Should provide nursing care for family-related mental distress in 4.72 0.51
patients with acute stroke

Q45 Should provide nursing care for the need for family support in 4.62 0.60
patients with acute stroke

Q46 Should recognize the medical history and lifestyle risk factors for the 4.85 0.37

onset of stroke in patients with acute stroke
Q47 Should explain the risk of recurrence to patients with acute stroke 4.82 0.47
Q48 Should teach patients with acute stroke about lifestyle changes after 4.85 0.40

hospital discharge to avoid the risk of recurrence

Q49 Should provide nursing care and guidance to patients with acute 4.85 041
stroke (and their families if patient family support is needed in post-
discharge life) to avoid the risk of recurrence

Q50 Should share the prognosis of patients with acute stroke with other 4.76 0.49
healthcare providers

Q51 Should provide nursing care to facilitate the transfer of patients with 4.77 0.48
acute stroke to the hospital

Q52 Should provide nursing care to facilitate hospital discharge of patients 4.79 0.47
with acute stroke

Table 2.
Perception of the importance of nursing for patients with acute stroke.

Table 2 shows the results of the survey on the perceived needs for the 52 points of
nursing care for patients with acute stroke. The mean of responses to all 52 points of
nursing care for patients with acute stroke, which were developed independently, was
4.5 or higher out of 5. The items “Should recognize the changes in consciousness dis-
order due to stroke” and “Should report changes in the disease state of patients with
acute stroke to physicians at the appropriate time” averaged 4.97. The items “Should
recognize the changes in intracranial hypertension due to stroke,” “Should recognize
changes in the motor dysfunction due to stroke,” “Should recognize the changes in
the general condition of patients with acute stroke,” and “Should ensure that patients
with acute stroke receive appropriate treatment from physicians” had an average
value of 4.94. The point of nursing care for these patients with acute stroke was found
to be particularly important.

Table 3 shows the names of the eight categories of the exploratory factor analysis.
The critical nursing care points included in each category are presented [4]. A con-
ceptual diagram of nursing care for patients with acute stroke is shown in Figure 1.
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Recognition of patients’

Should recognize the changes in consciousness disorder due to stroke

physical changes

Should report changes in the disease state of patients with acute stroke to physicians at the
appropriate time

Should recognize changes in the motor dysfunction due to stroke

Should recognize the changes in the general condition of patients with acute stroke

Should recognize the need for treatment in patients with acute stroke

Should recognize the changes in intracranial hypertension due to stroke

Prevention of the worsening
of acute stroke and related

Should provide nursing care to prevent sudden changes in the circulatory dynamics of
patients with acute stroke

symptoms

Should provide nursing care to prevent exacerbation of intracranial hypertension in
patients with acute stroke

Should provide nursing care to prevent respiratory complications in patients with acute
stroke

Reduction of patients’

Should make attempts to reduce pain due to physical changes caused by a stroke

physical distress

Should try to recognize the distress caused to patients with acute stroke as they are unable
to communicate to others

Should provide nursing care to patients with acute stroke to minimize physical distress
through treatment and care

Appropriate management of
patients’ physical conditions

Should provide nursing care to patients with acute stroke to avoid the risk of secondary
complications due to restricted movement

Should provide nursing care to ensure optimal nutrition and fluid intake in patients with
acute stroke

Should provide nursing care to patients with acute stroke to avoid the risk of physical
injury and to ensure safe medical treatment

Should ensure that patients with acute stroke receive appropriate treatment from physicians

Reacquisition of activities of

Should recognize assistance needs and the levels of ADL in patients with acute stroke

daily living

Should detect dysfunction-affecting ADL in patients with acute stroke

Should provide nursing care to help patients with acute stroke to regain their ADL

Should provide nursing care to patients with acute stroke for better sleep and rest

Should provide nursing care to improve consciousness disorder in patients with acute stroke

Should provide nursing care to patients with acute stroke to promote their recovery

Should help patients with acute stroke to perform ADL by themselves

Should recognize the medical history and lifestyle risk factors for the onset of stroke in
patients with acute stroke

Collaboration with
rehabilitation therapists

Should recognize the maximum physical ability of patients with acute stroke during
training/exercise guided by the therapists

Should know the details of training/exercises for patients with acute stroke guided by the
therapists

Should communicate to therapists about changes in patients with acute stroke that affect
their training/exercise

Should facilitate not only therapist-guided training/exercise but also provide training/
exercise by nurses

Reduction of mental and

Should provide nursing care for family-related mental distress in patients with acute stroke

social distress in patients and
their families

Should recognize the need for family support in patients with acute stroke

Should provide nursing care for the need for family support in patients with acute stroke

Should recognize the mental distress in the family of patients with acute stroke

Should try to recognize the social distress in patients with acute stroke
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Reduction of the risk of Should teach patients with acute stroke about lifestyle changes after hospital discharge to
recurrence and requirement avoid the risk of recurrence
of discharge support

Should provide nursing care and guidance to patients with acute stroke (and their families
if patient family support is needed in post discharge life) to avoid the risk of recurrence

Should explain the risk of recurrence to patients with acute stroke

Should provide nursing care to facilitate the transfer of patients with acute stroke to the hospital

Should provide nursing care to facilitate hospital discharge of patients with acute stroke

Should share the prognosis of patients with acute stroke with other healthcare providers

Table 3.
Result of exploratory factor analysis of the perception of the need for nursing for patients with acute stroke scale
(excerpt from Ref. [4]).

Figure 1.
Conceptual diagram of nursing care for patients with acute stroke.

3. Key points for nursing care for patients with acute stroke
3.1 Recognition of patients’ physical changes

“Recognition of patients’ physical changes” refers to nursing care to identify
changes in general condition and neurological signs due to the onset of stroke and
report them to the physician when appropriate.
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Patients with cerebral infarction are particularly prone to reinfarction during the
acute phase. In addition, when there is extensive cortical damage, cerebral edema may
occur, resulting in increased intracranial pressure. Intracranial hemorrhage may also
occur following reopening of arterial blood flow in the acute phase with thrombolytic
therapy or mechanical thrombus retrieval therapy. Nurses must detect early signs of
worsening neurological symptoms or changes in circulatory dynamics due to reinfarc-
tion or other causes and report them to the physician. In Japan, periodic evaluation of
the degree of consciousness impairment using the Glasgow Coma Scale or the Japan
Coma Scale is mandatory. Moreover, the degree of paralysis, sensory deficits, aphasia,
and other higher functions, as well as respiratory and circulatory parameters such
as blood pressure, respiration, and Sa0,, are often observed over time. The nurses
should determine the observation items and timing, taking into consideration the
severity of the patient’s illness, the number of days since the onset, the site of injury,
and the symptoms present. The nurses should also properly evaluate the observations,
determine exactly what findings, if any, are likely to worsen the patient’s life expec-
tancy or neurological function, and report them to the physician in a timely manner.

Patients with cerebral hemorrhage are at high risk of rebleeding during the acute
phase, and rebleeding leads to exacerbation of increased intracranial pressure. In
particular, in the case of brainstem and cerebellar hemorrhage, even a relatively small
amount of bleeding can be directly life-threatening. When ventricular drainage is
used to manage hydrocephalus, physical changes, cerebrospinal fluid pressure, and
the amount and nature of drainage fluid should be monitored in combination.

Patients with subarachnoid hemorrhage are at particular risk for rerupture in the
time between onset and treatment procedures such as clipping or coil embolization
to prevent rupture. Nurses should observe not only for signs of rerupture, but also
for elevated blood pressure, pain, and stress, which are risk factors for rerupture. The
first two weeks after onset are considered to be the most likely time for stroke due to
delayed cerebral vasospasm. During this period, neurological signs should be moni-
tored over time for deterioration and early detection of decreased cerebral blood flow.

The nurses decide what signs should be monitored, taking into consideration the
patient’s disease type, location of brain injury, severity, treatment, current symp-
toms, and the number of days since onset and progress. Furthermore, the nurses
are responsible for analyzing the assessment data and reporting to the physician if
further examination or treatment is needed.

3.2 Prevention of the worsening of acute stroke and related symptoms

“Prevention of the worsening of acute stroke and related symptoms” refers
to nursing care that avoids increased intracranial pressure, sudden changes in
circulatory dynamics, and respiratory complications.

For the acute stroke patient, the most important nursing care aimed at avoiding
critical illness is to prevent cerebral herniation due to intracranial hypertension.
The first step is the early detection of signs of intracranial hypertension. Patients at
high risk for cerebral edema and rebleeding are also at high risk for cerebral hernia-
tion. The nurses should detect signs of intracranial hypertension, such as headache,
nausea, and vomiting, changes in the level of consciousness, differences in pupil
diameter and size, changes in blood pressure, widening of pulse pressure, bradycar-
dia, changes in breathing patterns, and increased body temperature. When the nurses
detect signs of cerebral herniation, they should immediately report it to the physician
and assist the physician in quickly alleviating the increased intracranial pressure.
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Some reports indicate that raising the head position to 15-30 degrees is effective when
intracranial pressure is elevated [5]. The nurses should ensure that the patient is in the
most appropriate position, without increasing intracranial pressure, with minimal
pain, and with an integrated assessment of the risk of pressure ulcers and prevention
of respiratory complications. During this period, it is important to keep the patient
comfortable, with appropriate blood pressure control, and to avoid stimulation and
minimize physical and emotional stress.

Physiological monitoring has been reported to be effective in patients with acute
stroke [6]. Nurses continuously monitor blood pressure and electrocardiograms
in patients with acute stroke. Unlike patient management in general diseases, the
Japanese Stroke Treatment Guidelines 2021 [7] recommend that hypertension in
patients with acute cerebral infarction should not be lowered as much as possible. It
states that prudent antihypertensive therapy should be used only when systolic blood
pressure > 220 mmHg or diastolic blood pressure > 120 mmHg is sustained. For blood
pressure management of patients with acute cerebral hemorrhage, the authors recom-
mend lowering systolic blood pressure to <140 mmHg. Blood pressure control in
patients with subarachnoid hemorrhage varies before and after surgical treatment of
aruptured aneurysm and requires strict individualized blood pressure control. After
surgery, blood pressure is often maintained and elevated to prevent or treat cerebral
vasospasm. The nurses ensure that the appropriate blood pressure for each type of
stroke is maintained. The nurses promptly report any deviation from the appropriate
blood pressure to the physician or adjusts medications, as previously ordered by the
physician, to control the blood pressure. The nurses must also provide assistance with
daily activities and aid in encouraging the patient to sit or stand at bedside, while
preventing sudden blood pressure changes.

Many patients with acute stroke develop respiratory infections, such as pneumonia
resulting in serious illness [8]. Nurses must perform continuous monitoring of respi-
ratory status in patients with acute stroke. It is critical that nurses provide position-
ing, swallowing training, oral care, and early initiation of physical activity to prevent
aspiration and avoid complications such as respiratory infections [9].

3.3 Reduction of patients’ physical distress

“Reduction of patients’ physical distress” refers to nursing care aimed at
identifying and reducing physical distress associated with physical changes and
treatment due to stroke.

Stroke patients experience physical pain, such as the inability to move themselves
as they did before the onset of the stroke, as well as numbness and pain in the extrem-
ities due to sensory disturbance. Other symptoms may include headache, nausea, and
vertigo. Headache occurs in 28% of patients with acute stroke [10]. Dizziness is more
common in stroke patients with foci in the cerebellum or brainstem. Patients with
acute stroke experience these distresses suddenly. These physical distresses further
interfere with sleep and rest and increase mental anxiety. Nurses need to alleviate
physical pain as much as possible with pharmacologic and nonpharmacologic nursing
care. In addition, stroke patients often suffer from aphasia and impaired conscious-
ness [11] and may not be able to communicate their distress to others. Nurses must
anticipate what kind of physical pain the patient may experience depending on the
location of the brain injury and the pathological condition.

Some treatments, tests, and nursing care provided for patients with acute stroke
cause physical distress. For example, frequent and unnecessary monitoring also
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interfere with sleep. Restricting patient activities for the sake of patient safety can
also cause distress. Nurses should provide nursing care with the utmost prudence
to ensure patient safety and avoid causing patient distress. Nurses must be keen in
addressing physical distress such as sensory disturbance and impaired communica-
tion while ensuring comfort and safety.

3.4 Appropriate management of patients’ physical conditions

“Appropriate management of patients’ physical conditions” refers to nursing
care that aims to avoid complications secondary to immobility and to ensure
adequate nutrition and fluid intake.

Patients in the acute phase of stroke are often immobile due to impaired conscious-
ness or impaired motor function. Some of their activities are restricted as part of the
treatment to prevent sudden intracranial pressure changes. They are prone to disuse
syndrome, which is a functional decline in the musculoskeletal, respiratory/circula-
tory, and psychoneurotic systems. Starting rehabilitation early after the onset of
patients with acute stroke can prevent disuse syndrome, but the acute phase of stroke
is unstable and requires adequate risk management. Nurses need to observe patients
for progression or recurrence of the primary disease condition, detect changes in
respiratory and circulatory dynamics, and collaborate with therapists and physicians
to safely provide rehabilitation. Therapies may include early initiation of physical
activity and self-care training.

Nurses should also implement safety without overloading the patient, such as
in the prevention of deep vein thrombosis, aspiration pneumonia, bedsores, and
joint contractures, especially when the patient’s condition is unstable and aggressive
rehabilitation cannot be initiated.

Patients with acute stroke with impaired consciousness, dysphagia, or unstable
vital signs are more likely to have poor nutritional status because they are unable to
take food and fluids orally [12]. Patients with acute stroke with poor nutritional status
are likely to have a poor outcome [13]. Therefore, swallowing evaluation and train-
ing should be performed early in the course of illness to initiate oral intake. In Japan,
swallowing evaluation and training are often performed by speech-language patholo-
gists. However, to intervene earlier and more frequently, training is also provided by
nurses so that it can be performed in accordance with the patient’s condition. If oral
intake is difficult, enteral nutrition is initiated, such as by inserting nasogastric tubes.
Thus, nursing care is focused on enteral feeding management while preventing diar-
rhea and aspiration in order to maintain good nutritional status and fluid balance.

3.5 Reacquisition of activities of daily living

“Reacquisition of activities of daily living” refers to nursing care aimed at
helping patients regain activities of daily living that have declined due to the
onset of stroke.

Patients with stroke have diverse sequelae. Three months after stroke, 21.7% of
patients had no symptoms at all on the mRS (Modified Rankin Scale) survey, and
48.6% needed some forms of assistance [14]. Rehabilitation and self-care training
for patients with acute stroke is effective and recommended to be implemented from
early onset [7]. The Agency for Health Care Policy and Research (AHCPR) guidelines
also recommend initiating automatic exercises such as turning, sitting posture, and
self-care within 24-48 hours of attack, if medically possible [15].
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Nurses are responsible for assisting patients with activities of daily living. The
nurses should not do all the activities of daily living that the patient cannot perform,
but rather assist them to achieve independence. The nurses should also understand
the extent to which the patient is unable to perform each activity of daily living, based
on an accurate assessment of self-care ability. In Japan, the Barthel Index (BI) or func-
tional independence measure (FIM) are used to assess the activities of daily living of
stroke patients. The FIM is applied by nurses in order to evaluate the patient’s actual
activities of daily living. In some cases, even if there are no motor dysfunctions, the
patient may be unable to perform activities of daily living due to fatigue. The patient’s
maximum capacity for activities of daily living is demonstrated during rehabilita-
tion by the therapist. The nurses compare the patient’s maximum ability to perform
activities of daily living from actual daily activities, and analyze them to establish the
difference. Early initiation of assisting patients in their activities of daily living will
have a positive outcome on the subsequent degree of independence.

3.6 Collaboration with rehabilitation therapists

“Collaboration with rehabilitation therapists” refers to nursing care aimed at
ensuring that patients with acute stroke effectively receive training from physical
therapists, occupational therapists, and speech-language pathologists, as well
as nursing care for training by nurses to restore function outside of therapists’
training hours.

The nurses’ role is to inform the therapist of any changes in the patient that affect
training. The nurses inform the rehabilitation therapist of any signs of lesion expan-
sion or recurrence, changes in blood pressure, respiratory status, body temperature,
or other general conditions, and distress symptoms such as headache, dizziness, or
nausea, and any delirium, anxiety, or decreased motivation. The rehabilitation thera-
pist also collects information in advance and conducts rehabilitation with sufficient
risk management.

However, the condition of patients with acute stroke can easily change, and
therapy without sufficient understanding of the patient’s condition can lead to wors-
ening of the condition or have a negative impact on the patient’s physical and mental
health. In Japan, the amount of time that therapists spend performing rehabilitation
is fixed by health insurance. It is important for patients to decide how to spend their
time outside of therapist-led training in order for them to recover their functions
and regain their ability to perform activities of daily living. While some training can
be performed by the patient themselves, assistance by the nurses is often necessary
when it is dangerous or difficult for the patient to perform the tasks independently.
The nurses should also consult with the rehabilitation therapist to discuss what kind
of training is being performed during rehabilitation and how much and what kind of
training should be performed during non-rehabilitation time.

To ensure that the patients receive safe and effective therapy, it is important that
nurses and rehabilitation therapists collaborate and communicate regarding any
aspect that concerns the patient’s present condition and management.

3.7 Reduction of mental and social distress in patients and their families

“Reduction of mental and social distress in patients and their families” refers
to nursing care that identifies and supports the mental and social distress of
patients and their families.
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Stroke is sudden in onset and completely changes a person’s life. Patients with
acute stroke have difficulty in immediately accepting the sudden changes caused by
their condition. The environmental changes of hospitalization and the fear of pain
and illness can easily trigger a state of crisis. Furthermore, patients with acute stroke
often suffer impaired consciousness and cognitive dysfunction. It takes time for them
to understand their own current condition. Post-stroke depression (PSD) constitutes
a complication in 33% of patients [16], and many patients have complicated psychiat-
ric symptoms such as post-stroke apathy (PSA) and delirium.

Patients with acute stroke have varying tendencies when it comes to their ability to
understand their situation as well as issues with stressors, and communication skills,
due to severity of stroke. If the nurses determine that a patient’s mental condition
requires professional intervention, they should report it to another medical profes-
sional. Moreover, PSD, PSA and psychiatric symptoms have been reported to impair
activities of daily living and quality of life [17]. Nurses can alleviate the emotional
distress of patients with acute stroke, thereby helping them to continue treatment and
maintain their motivation to recover.

The sudden onset of stroke can also lead to a state of crisis for the patient’s family.
Family members of patients in the acute phase of stroke are the voice for the patient
who is unable to communicate their wishes, make decisions on behalf of the patient,
and support the patient in social roles that the patient is no longer able to fulfill. The
nurses’ role is to maintain a good mental and social state not only for the patient but
this expands also to the family members.

3.8 Reduction of the risk of recurrence and requirement of discharge support

“Reduction of the risk of recurrence and requirement of discharge support”
refers to nursing care to coordinate smooth discharge or transfer from the hospi-
tal and life guidance after discharge to avoid recurrent strokes.

In Japan, an increasing number of facilities have introduced the Stroke Regional
Coordination Pass, which is shared among all healthcare institutions. In these facili-
ties, stroke patients receive treatment, nursing care, and rehabilitation, from the
acute phase through the recovery phase to the maintenance phase. The Regional
Stroke Coordination Pass allows information to be shared and smoothly coordinated
among all medical institutions. This provides stroke patients and their families with
sufficient understanding so that the medical team may provide appropriate sup-
port. Although the effectiveness of this approach has not been verified in Japan [18],
reports show that providing support for early discharge from the acute phase results
in reduced long-term dependency and length of hospital stay [19]. Nurses are respon-
sible for planning the transition of stroke patients from the acute phase to a special-
ized rehabilitation facility or discharge to home.

In a study of stroke recurrence rates in Japan, the 10-year recurrence rates of sub-
arachnoid hemorrhage (SAH), brain hemorrhage, and brain infarction were 70.0%,
55.6%, and 49.7%, respectively [20]. Repeated recurrent strokes are likely to cause
new sequelae or to aggravate symptoms, sometimes leading directly to death.

Thus, nurses should understand the differences in risk factors for recurrence
according to stroke type. In order to reduce the risk of recurrent stroke after discharge
from the hospital, it is important to continue regular checkups and medication [21],
blood pressure control [22], smoking cessation [23], dietary management considering
hypertension, dyslipidemia, and obesity, as well as engaging in moderate exercise,
and observing early detection of signs of recurrent stroke. From the onset of stroke
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until after discharge, nurses have the critical role of ensuring patients and their
families have the capability to manage the burden of stroke in collaboration with the
medical team.

4, Conclusion

Nursing care for patients with acute stroke is presented and classified into eight
categories. For each category, the author explained the key points of nursing care
based on the differences in disease type (cerebral hemorrhage, subarachnoid hemor-
rhage, cerebral infarction, etc.), severity of stroke, site of injury, and course of stroke.
Nursing care for patients with acute stroke is important not only from the physical
aspect but also from the mental and social aspects. In addition, nursing care that
anticipates not only the current condition but also the future life of the patient is
necessary. To this end, we hope that nurses involved with patients with acute stroke
will practice the eight categories of nursing care presented in this section. It is impor-
tant to further accumulate nursing evidence based on practice, improve the quality
of nursing care for patients with acute stroke, and provide team care with the aim of
minimizing sequelae and promoting patient recovery.
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Chapter 8
Quantifying Spasticity: A Review

Kristjiana Osk Kristinsddttir, Samuel Ruipérez-Campillo
and Pévdur Helgason

Abstract

A precise method to measure spasticity is fundamental in improving the quality of
life of spastic patients. The measurement methods that exist for spasticity have long
been considered scarce and inadequate, which can partly be explained by a lack of
consensus in the definition of spasticity. Spasticity quantification methods can be
roughly classified according to whether they are based on neurophysiological or bio-
mechanical mechanisms, clinical scales, or imaging techniques. This article reviews
methods from all classes and further discusses instrumentation, dimensionality, and
EMG onset detection methods. The objective of this article is to provide a review on
spasticity measurement methods used to this day in an effort to contribute to the
advancement of both the quantification and treatment of spasticity.

Keywords: spasticity, Ashworth scale, Tardieu scale, Wartenberg pendulum test,
stretch reflex, electromyography

1. Introduction

Spasticity is a motor impairment present in patients with various neurological disor-
ders, including stroke [1], spinal cord injury (SCI) [2], cerebral palsy (CP) [3], and
multiple sclerosis (MS) [4]. It is characterized by the hypersensitivity of the stretch
reflex, but its complete mechanisms are poorly understood [5]. Spasticity affects the
mobility, and therefore quality of life of those living with it. A precise method to
quantify spasticity is, thus, fundamental for early intervention and correct treatment to
optimize recovery outcomes and to evaluate other conditions and diseases.

In 1980, Lance proposed a definition of spasticity that, to this day, has been the
most prominent one. Lance’s definition states that spasticity is “a motor disorder
characterized by a velocity-dependent increase in tonic stretch reflexes with exagger-
ated tendon jerks, resulting from hyperexcitability of the stretch reflex, as one com-
ponent of the upper motor neuron syndrome” [6]. However, Lance’s definition only
describes spasticity during passive movement and does not take its effects during
voluntary activity into account. As a result, Young proposed a refined definition of
spasticity that is independent of the type of movement. Young’s definition states that
spasticity is “a motor disorder characterized by velocity-dependent increase in tonic
stretch reflexes that result from abnormal intraspinal processing of primary afferent
input” [7]. More definitions of spasticity have been proposed [8, 9], but there is a lack
of consensus regarding which one to use [10-12], which highlights the complexity of
the pathology.
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Mechanisms that contribute to the development of spasticity include changes in reflex
arcs that affect motor neurons’ excitability and the changes of motor neurons’ internal
features [13]. These changes cause a loss of control between the brain and spinal cord,
which results in a lack of inhibition of the stretch reflex. In a healthy individual, a stretch of
the muscle will activate muscle spindles, which send sensory inputs to the spinal cord
through Ia afferent fibers. There, a-motoneurons are activated and send signals to the
muscle from which the sensory input arose, causing it to contract. In spasticity, a reduc-
tion or a complete loss of the inhibitory effects of the dorsal reticulospinal tract on the a-
motoneurons in the spinal cord leads to excessive muscle activation [1, 14], but spasticity
can also be caused by increased excitation in motor tracts originating in the brain stem and
increased action potentials in sensory neurons [15]. As previously mentioned, the velocity
dependence of spasticity has been contributed to changes in the Ia afferent pathway or a
change in the gain or threshold of the stretch reflex. Additionally, some studies have
suggested a position dependence of spasticity, which might be a result of changes in the
gain or threshold of the Ia and group II muscle spindle afferent fibers [10], as well as the
viscoelastic properties of the passive tissue of a joint [16].

Since the onset of the neural lesion in spastic CP occurs in an underdeveloped
nervous system, there is a differentiation between stroke and SCI patients in the
mechanism of spasticity. Carr et al. [17] presented evidence that the descending
pathways in patients with perinatal brain injury are subject to reorganization, which
leads to a persistence of abnormal reflexes and automatic responses that are not visible
in stroke and SCI patients [18]. Further, Willerslev-Olsen et al. [19] reported that
passive muscle properties are changed in children as young as three years of age.

Spasticity does not only consist of neurogenic resistance but can also involve
complex changes in muscular systems, leading to non-neurogenic resistance [1, 12,
20, 21]. These changes, which may include alterations in muscle fiber size and length
along with modifications in fiber type distributions, are not accounted for in Lance’s
definition [6, 22]. The concentrations of fatigue-resistant muscle fibers in spastic
muscle have been reported to exceed that of healthy muscle and changes in mechan-
ical and morphological properties of intra- and extracellular materials may also con-
tribute to spasticity [23-27]. Consequently, it is logical that spasticity assessment
consists of both neurophysiological and biomechanical measurements [28]. Moreover,
it is important to be able to clinically distinguish neurogenic and non-neurogenic
resistance [19] and individually identify which one has a greater contribution to
spasticity. Thereby, treatment plans can be constructed based on the profile of com-
ponents, those with greater neurogenic components may be better suited for a therapy
reducing the spinal stretch reflex, while those with a greater non-neurogenic compo-
nent might benefit from stretch and exercise [20].

As suggested by the preceding discussion, the measurement of spasticity can be
extremely complicated. Spasticity has intrinsic fluctuations, whereas it is both time
[29, 30] and context-dependent [22]. Therefore, a measurement of the severity of spas-
ticity of an individual can yield completely different results based on, for example, the
time of day and physical and emotional state of the subject. The ideal spasticity measure-
ment method should be sensitive to spasticity, clinically feasible, and have high reliability
and reproducibility. Further, the elicitation of spasticity has to be standardized. The
clinical feasibility of a measurement tool depends on the time required to administer the
test, interpret the results, and analyze them. Other factors that come into play include its
portability, cost and the need for specialized equipment and training [31]. The objective of
this article is to review articles on spasticity measurement methods, and thus provide a
platform to advance both the quantification and treatment of spasticity.
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2. Clinical scales

As of today, various proposals have been made on how to quantify spasticity. Rating
scales, such as the Ashworth and Tardieu scales, are the most prevalent methods for
clinical assessment of spasticity, but they are not impeccable. In this section, measure-
ment of spasticity using clinical scales will be discussed. For a clear understanding of this
section, a summary of the clinical scales is depicted in Table 1. The testing procedure is
based on initiating a brisk dorsiflexion movement of the relaxed ankle, activating the
monosynaptic stretch reflex pathway [32]. The original Ashworth scale (AS) has been
refined [33] to the modified Ashworth Scale (MAS) [34] and the modified modified
Ashworth scale (MMAS) [35] to ensure better sensitivity. In fact, those methods have
faced controversy, whereas they are dependent upon the subjective interpretation of the
examiner and thus suffer from poor inter-rater reliability [39]. The Ashworth scales
measure the resistance of a spastic limb during passive soft-tissue stretching and do not
take in to account different stretch velocities. Therefore, the AS and MAS cannot
indicate whether the resistance is due to a hyperactive stretch reflex or an increase in the
viscoelastic properties of other tissues surrounding the joint [12, 36, 40], although MAS
has been shown to correlate with surface electromyography (sEMG) stretch response
activity [41]. Moreover, a clustering of the values in the mid-range of the MAS has been
reported, that is the extreme values are scarce [42] and the MAS has been demonstrated
to be more closely related to the passive stiffness of the joint than to joint spasticity
[40, 43]. The stiffness of a joint is defined as its resistance to passive movement and
indicates the increment in force of the muscles in response to a change in length [44]. In
fact, spasticity is only one of many factors that can alter the resistance to passive
movement of a joint [45].

Clinical Procedure Year Reference
Scale
AS Patient in supine position. Test a muscle that flexes/extends a joint: place 1964 [32]
MAS the joint in a maxima'lly flexed/e)'(tended' position and move to a position of 1999 [33, 34]
maximal extension/flexion over 1 second.
MMAS 2006  [35]
TS Muscle’s response to different stretch velocities and by determining the ~ 1954 [36]
MTS spasticity angle. Procedure: The patient will be in testing position according 1969 37]
to the muscle to be tested. The stretching velocities of V1 and V3 will be
applied to measure R2 and R1, respectively. The quality of muscle reaction
will be graded at the stretching velocity of V3 as well. The difference
between R2 and R1 will be the measure of the dynamic component of
spasticity.
V1: As slow as possible.
V2: Speed of the limb segment falling — gravitational pull.
V3. Fast rate - > gravitational pull.
R1: Angle of catch seen at Velocity V2 or V3
R2: Full range of motion achieved when muscle is at rest and tested at V1
velocity

ASAS The slow passive movement is assessed prior to the fast passive movement, 2016 [38]

which aids in excluding the nonneural components. Scoring criteria of the

ASAS are mutually exclusive, ensuring that each muscle group only fits
into one category.
Table 1.

Summary of the clinical scales and their date and main description for the procedure.
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On the other hand, the TS and MTS compare the response of the muscle to passive
movement at both slow and fast speeds allowing them to address the velocity-
dependent aspect of spasticity and differentiate between neural and soft tissue com-
ponents of muscle resistance [36, 37]. MTS has been demonstrated to have higher
reliability than MAS [32, 39] and is recommended by two international consensus
statements as it coordinates with Lance’s definition of spasticity [46, 47]. Several
parameters obtained from the TS and MTS are used to grade the severity of spasticity.
These parameters include the angle of catch (AOC), the type of muscle reaction (X
value), and the spasticity angle, which is the difference in the range of motion (ROM)
of the joint at different speeds [32].

Although the MTS has been widely used and accepted, there is still a demand for a
simple and portable clinical tool that has high levels of validity and reliability. Also,
the application of the most frequently used clinical scales can be lengthy, making their
usefulness in clinical, and especially pediatric settings insufficient. In this respect,
Love et al. [38] extracted the best features from the TS and MTS to create a new
clinical scale, the Australian Spasticity Assessment Scale (ASAS). The ASAS has a
simple test procedure. Where the slow passive movement is assessed prior to the fast
passive movement, which aids in excluding the nonneural components. The scoring
criteria of the ASAS are mutually exclusive, ensuring that each muscle group only fits
into one category. The inter-rater reliability of the ASAS proved to be greater than
that of the most prevalent clinical scales, but it faces a limitation in the distribution of
scores, whereas there are many scores of the lowest level but few scores of the highest
level [38]. An illustrative summary of the clinical scales is depicted in Table 1 for
clarity. Scholtes et al. [48] created the spasticity test (SPAT) for the same purpose.
However, the SPAT is merely a simplification of the TS and does not adopt features
from the MTS. The SPAT is clinically feasible considering that its implementation
takes a maximum of 15 minutes, and it has excellent intra-rater reliability [48].

3. Instrumental assessment methods

Obtaining a reliable outcome from the MTS is dependent upon the accuracy of
the evaluation of the joint angle and angular velocity (see Table 2). Therefore, the
addition of an instrumented or sensor-based assessment to the clinical scales should
significantly improve their accuracy. Banky et al. utilized a Microsoft Kinect 3D
camera and a smartphone in order to determine the joint start angle, end angle, total
range of motion (ROM), and peak angle velocity while carrying out the MTS. Their
results demonstrated a good accuracy compared to a criterion-standard 3D motion
analysis system, which establishes that low-cost, accessible technology can be suc-
cessfully used in instrumented spasticity tests [49]. In a study that investigated the
accuracy of AOC measurements using goniometry, van den Noort et al. concluded
that the inevitable repositioning of joints after the event of a catch decreases the
precision and accuracy of the measurement. Instead of using goniometers, they
suggested the use of inertial sensors [16]. Subsequently, Paulis et al. compared the
reliability of TS measurements when using goniometers and inertial sensors. They
confirmed the findings of van den Noort et al., recommending inertial sensors instead
of goniometers to obtain more accurate results [37].

Instrumented tests can be classified according to whether the limb is moved
around the joint by an operator [50, 51] or a mechatronic device [52] and the type of
biological signals being measured. The added value of instrumented measurements is
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Grade MTT

MT

AS

MAS

MMAS

0

No resistance
throughout the
course of the

No increase in
muscle tone.

No increase in
muscle tone.

No increase in
muscle tone.

No increase in
muscle tone.

passive
movement.

1 Slight resistance  Slight increase in Slight increase in ~ Slight increase in  Slight increase in
throughout the muscle tone, muscle tone, muscle tone, muscle tone,
course of the manifested by a manifested bya  manifested bya manifested by a
passive catch and release or catch when the  catch and catch and
movement, with by minimal limb is moved in  release. release.
no clear catch at  resistance at the flexion or
precise angle. end of the range of extension.

motion when the
affected part(s) is
moved in flexion or
extension.

1+ — — — Slight increase in —

muscle tone,
manifested by a
catch, followed
by minimal
resistance.

2 Clear catch at Marked increase in  More marked More marked Slight increase in
precise angle, muscle tone, increased in increased in muscle tone,
interrupting the  manifested by a muscle tone, but  muscle tone manifested by a
passive catch in the middle limb easily through most of  catch, followed
movement, range and flexed. the ROM, but by minimal
followed by resistance affects part(s) resistance.
release. throughout the easily moved.

remainder of the
range of motion,
but affected part
(s) easily moved.

3 Fatigable clonus ~ Considerable Considerable Considerable More marked
(10 s when increase in muscle  increase in increase in increased in
maintaining tone, passive muscle tone, muscle tone, muscle tone
pressure) movement passive passive through most of
occurring at difficult. movement movement the ROM, but
precise angle. difficult. difficult. affects part(s)

easily moved.

4 Infatigable Affected part(s) Affected part(s)  Affected part(st) Considerable
clonus (10 s rigid in flexion or rigid in flexion or regid in flexion  increase in
when extension. extension. or extension. muscle tone,
maintaining passive
pressure) movement
occurring difficult.
at precise
angle.

5 — — — — Affected part(s)
rigid in flexion
or extension.

Table 2.

Overview of evaluation criteria for clinical scales in spasticity quantification.

135



Stroke — Management Pearls

A. Innertial Sensors in Neoprene Staps

B. Wearable Sensor System

Figure 1.

Hllustration of setups and mechanisms in the context of instrumental assessment methods for spasticity. A: Spasticity
assessment test designed for a child with cevebral palsy to assess spasticity using inertial sensovs. The knee joint is in
ref. position, with the inertial sensors in the proximal and distant segment. The goniometer does not appear in the
figure (extracted over modified figures in [16]) B: Assessment of elbow spasticity during passive stretch reflect
through the use of a wearable sensor system. (B.a) illustration of the placement of the electrodes on the triceps and
bices with two-channel EGM system. (B.b) fiber-optic goniometer. (B.c) wearable sensory system in the arm. (B.d)
stretch-reflex test perform by a therapist with limb in extension and (B.e) limb in flexion (extracted over modified
figures in [50]). C: Six degrees-of-freedom force-sensor load-cell to measure spasticity. (C.a) the white arrows
indicate the direction of the stretch for the medial hamstrings, ensuring that the upper leg is maintained at 90° hip
flexion. (C.b) white arrows measure the stretch of the gastrocnemius with a predefined knee angle measured with a
calibration trial. Note that for both (C.a) and (C.b), the muscle activity was measured with surface EGM, joint-
range characteristics with inertial measurement units, and torque with a force-sensor attached to either a shank
orthosis on the posterior aspect of the lower leg or a foot (extracted over modified figures in [51]). D: Study for the
evaluation of motorizged and manual assessments of spasticity. Participants were seated with 70° hip flexion to
limit posture-dependent reflex activity, and 20° knee flexion to allow for small knee contractures and to measure
spasticity simultaneously in both the gastrocnemius medialis and soleus muscles. Participants were seated in an
adjustable chair for the assessment with motorized (D.a) and on an examination table with a semi-inclined back
and the lower leg on a stand for manual assessment (D.b) (extracted over modified figures in [53]).
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their facilitation in quantifying the muscle response, but they also aid in
standardizing the imposed movement of a limb by providing feedback [53].
Isokinetic dynamometers have frequently been used in laboratory conditions, but
their high cost and limited clinical feasibility decrease their value as spasticity
measurement devices [31, 54]. Sloot et al. compared the use of manual and motorized
instrumented measurements when assessing the joint resistance in children with CP.
The additional value of motorized instrumented tests is that they permit more control
in the imposed movement. Their results demonstrated different muscle responses for
manual and motorized tests, although the maximum velocity was equal. It was
hypothesized that the different muscle responses were due to different movement
profiles and that the profile of the manual instrumented test was more similar to that
of walking. Furthermore, Sloot et al. suggested that movement profiles of
instrumented measurements should match functional tasks, such as walking

(Figure 1) [53].

4, Biomechanical methods

Biomechanical methods to measure spasticity are concentrated on the resistance to
passive movement (RTPM) of a joint. Generally, an effort is made to quantify the
forces and torque generated during passive movement using dynamometers [16]. The
system designed by Pandyan et al. [55] is a good illustration of the class of biome-
chanical spasticity measurement methods. The system consists of a force transducer
and a flexible electrogoniometer and is designed in order to take simultaneous mea-
surements of applied force and passive range of movement. The RTPM is then calcu-
lated as the slope of the graph of these two parameters, yielding a measure with units
of Newtons per degrees (N/deg). Kumar et al. used the system developed by Pandyan
et al. to assess the validity of MAS by comparing it to the RTPM, applied force, angular
displacement, mean velocity, passive range of motion (PROM), and time required for
the passive movement. Their results suggested that the MAS is not a valid measure of
RTPM or spasticity [56]. A great advantage of the system developed by Pandyan et al. is
that it can both be used in bed-bound and fully mobile patients. On the other hand, the
system may be susceptible to artifacts as a result of motion at the interface of the
apparatus and participant’s forearm, which is due to the fact that the clinician is moving
the apparatus and not the forearm directly [55]. Lindberg et al. produced a mechanical
measurement device and a model that can differentiate the neural component of spas-
ticity from the mechanical components by only monitoring the force during slow and
fast passive movements [20]. They found that the neural component was dominating in
the majority of the subjects included, who were all chronic stroke patients. They also
divided the nonneural components into three categories based on whether they were
viscous, elastic, or inertial. The device designed by Lindberg et al., which is devoted to
measuring finger and wrist spasticity, has been shown to have higher reliability than the
MAS [22]. Active or voluntary movement can also be used to biomechanically quantify
spasticity. Wang et al. [57] used a few biomechanical parameters derived from the
maximal isometric voluntary contraction of the elbow flexors to quantify spasticity.
These parameters included the peak reflex torque (Tp [Nm]), which represented the
muscle strength and the keep time of the peak torque (Tk [s]) which indicated the
muscle endurance and was defined as the duration for which the muscle strength was
maintained above 80% of the maximum torque. Furthermore, the rise time of the peak
torque (Tr [s]) which signified the muscle power was defined as the time span between
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10% and 80% of the maximum torque. Their results demonstrated that Tk had the best
correlation to the severity of spasticity [57].

The Wartenberg pendulum test is based on oscillatory resistance characteristics of
the lower limbs and can, therefore, be classified as a biomechanical measurement
method. The pendulum test was introduced in the 1950s as a method of assessing
spasticity in the clinical setting [58] and has proven to be sensitive to the presence and
severity of spasticity [59, 60]. The test itself is based on letting the lower leg swing
freely under the influence of gravity while recording joint kinematics. The pendulum
test is most commonly used to quantify extensor spasticity, but the presence of flexor
spasticity does not affect the results [61]. Initially, six or seven swings around the knee
joint were considered normal. A decrease in the time of the leg swing or the number of
oscillations was considered to be an indication of upper motor neuron involvement,
whereas a prolonged swinging of the knee was contributed to lower motor neuron
involvement [58]. However, in 1984, Bajd and Vodovnik [30] instrumented the pen-
dulum test and derived the relaxation indices (R1 and R2) from it. The relaxation
indices, which are defined as ratios of the amplitudes of different parts of the leg
swing, have been shown to have high variability and low repeatability [60]. There-
fore, various new parameters, such as the maximum velocity and acceleration
[59, 60, 62], area under the pendulum curve [63], and frequency [62], have been
extracted from the pendulum test and used to quantify spasticity. White et al.
performed three-dimensional pendulum test analysis on children with CP, as well as
able-bodied children. Overall, they extracted 13 parameters from the pendulum test
and concluded that the integral of the sagittal plane motion curve [°s] is a better
measure of spasticity than the relaxation indices. The integral of the sagittal plane is
defined as area under the kinematic curve as a sum of degrees of knee motion by time
component and a smaller number indicates more severe spasticity. In fact, White et al.
also reported that three-dimensional analysis may be unnecessary since the motion in
the frontal and transverse planes is relatively small during the test. They concluded
that the pendulum test measures the combined effect of the reflex component of
spasticity, chronic changes in musculotendinous tissues, and the muscle tone [62].
Cutting-edge technology has also proved to be useful in the implementation of the
pendulum test. Bohannon et al. [63] used a magnetic position tracking system to
better characterize the joint kinematics during the testing procedure, and Yeh et al.
[64] used empirical mode decomposition along with phase-amplitude coupling anal-
ysis between sEMG and joint movement to quantify spasticity. A prominent challenge
in the application of the pendulum test is insufficient data on the interaction between
muscle activity and joint kinematics due to limited swinging of severely spastic
patients. However, the nonlinear parameters described by Yeh et al. [64] overcome
that challenge.

Myotonometry is a new technique that measures the stiffness of muscle tissue, and
therefore provides an objective assessment of spasticity [65]. The stiffness is measured
by pushing a probe onto a muscle and the underlying tissue and quantifying tissue
displacement with respect to perpendicular compression force [66, 67]. Measure-
ments can both be performed at rest and during muscle contraction and have been
shown to correlate with the RMS of surface electromyography (sEMG) data [67].
Myotonometry benefits from fast data acquisition, easy analysis procedures, and high
intra- and inter-rater reliabilities [68].

The concept of spastic catch or the angle of catch (AOC), which was initially
described by Tardieu, Shentoub and Delaru [69], has been further researched and
refined over the years. The AOC is nowadays most commonly assessed using the MTS
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and is defined as the angle at which a sudden increase of resistance is felt as a reaction
to fast passive stretch. Wu et al. [70] developed an evaluation device consisting of a
torque sensor to measure the joint torque and a potentiometer to measure the joint
angle. Consequently, they were able to analyze four parameters, namely the position,
torque, velocity and torque rate, and investigate their relationship to the AOC. They
determined that the AOC is related to the velocity of the joint and further hypothe-
sized that this velocity dependence might be due to a position dependence. Moreover,
they discovered that the peak of torque change rate should be used as an indicator of
the catch angle [42, 70]. Bar-On et al. [71] investigated the role of joint velocity and
torque signals in the measurement of the catch angle. The torque was measured using
force sensors at the medial hamstrings and gastrocnemius. They constructed three
different definitions of the AOC, the first one based on the position of the maximum
deceleration, the second one based on the position of the maximum rate of change of
the torque, and the third one based on the angular position corresponding to the first
local minimum of power after a local maximum of power. The power was defined as
the product of the angular velocity and torque, and consequently, the third definition
combines both signals. They found that all the AOC definitions were reliable, although
the third definition was the best one. This is due to the fact that the individual signals
of velocity and torque were lacking correlation so their integration proved to be the
most advantageous. A summary of the most relevant biomechanical methods
described in this section is displayed in Table 3, organized by relevant author/s, brief
description, and main advantages and limitations in a nutshell.

Author Method/Device Description/ Advantages Limitations
Conclusions
Pandyan Force transducer Take simultaneous Can be used in bed- Susceptible to
etal. and flexible measurements of applied bound and fully artifacts due to
electrogoniometer ~ force and passive range  mobile patients. motion at the
of movement and interface of the
calculate RTPM as the apparatus and
slope of the graph of participant’s
these two parameters. forearm.
Lindberg Mechanical Differentiate neural High reliability. Limited to finger
etal measurement component of spasticity and wrist spasticity.

device and model from mechanical
components by
monitoring force during
slow and fast passive
movements.

Wang etal. Maximal isometric ~ Quantify spasticity using Good correlation to Limited to elbow

voluntary peak reflex torque, keep  severity of spasticity.
contraction of time of peak torque, and  spasticity.
elbow flexors rise time of peak torque.
Wartenberg Wartenberg Assess spasticity based on  Sensitive to Relatively low
Pendulum test oscillatory resistance presence and repeatability and
characteristics of lower  severity of high variability of
limbs. spasticity relaxation indices.
Bajd and Relaxation indices  Define relaxation indices Objective and High variability and
Vodovnik (R1and R2) (on as the ratios of quantitative low repeatability.
etal Wartenberg amplitudes of different ~ measure.

Pendulum Test)
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Author Method/Device Description/ Advantages Limitations
Conclusions
parts of the leg swing, in
the pendulum test.
Fowler Various parameters Extraction of 13 Evaluation of the Relatively low
etal, extracted from the parameters from the pendulum test. repeatability and
Syczewska pendulum test (e.g. pendulum test and used high variability of
etal., maximum velocity  the integral of the sagittal relaxation indices.
Bohannon  and acceleration, plane motion curve [°s]
etal., area under the as a better measure of
White et al. pendulum curve, spasticity than the
frequency). relaxation indices.
Leonard Myotonometry Measures stiffness of Fast data May be limited by
etal. muscle tissue using a acquisition, easy variations in muscle
probe and quantifying analysis temperature, probe
tissue displacement with  procedures. position, and tissue
respect to perpendicular  Provides objective  thickness.
compression force. Can  assessment of
be performed at rest and ~ spasticity.
during muscle
contraction. Correlates
with RMS of sEMG data.
High intra- and inter-
rater reliabilities.
Tardieu, Angle of catch Assessed using the MTS ~ Can be used to May be affected by
Shentoub, (AOC) as the angle at which a determine optimal  variations in joint
and Delaru sudden increase of treatment velocity and torque
resistance is felt as a strategies. Provides signals. May be
reaction to fast passive information on limited by lack of
stretch. Can be measured position, torque, correlation between
using torque and velocity, and torque velocity and torque
potentiometer sensors to  rate. signals.
analyze position, torque,
velocity, and torque rate.
Peak of torque change
rate can be used as an
indicator of the catch
angle.
Table 3.
Summary of the biomechanical methods to assess spasticity and their description, advantages, and limitations in a
nutshell.

5. Neurophysiological methods

The AOC can be regarded as a biomechanical method, whereas it is focused on the
resistance felt in a joint. However, with the addition of sEMG, the similar mechanisms
of the stretch reflex can be analyzed [16]. The stretch reflex (SR) is defined as a
sudden increase in muscle activity during a fast passive stretch of a joint and is of a
neurophysiological origin. Based on the fact that the muscle activity onset of the
stretch reflex precedes the resistance felt in the AOC measurements, van den Noort
et al. [16] contemplated that the muscle activity due to a hyperactive stretch reflex is
the cause of the catch felt in fast passive stretching. The stretch reflex can be
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characterized by the threshold at which it is elicited or the reflex gain [72], which is
defined as the change in number of motoneurons recruited per change in muscle
length. The stretch reflex threshold has been demonstrated to provide a better mea-
sure of spasticity than the gain [18, 73-75], and Lance’s definition [6] indeed suggests
that the stretch reflex threshold should be the core of spasticity measurements. The
concept of the SR threshold is based on the lambda model of motor control, which was
formulated by Feldman et al. [76]. The lambda model, also called the equilibrium
point hypothesis states that within a certain threshold (defined as I- to 1+) the stretch
reflex can be regulated, whereas in that range the central nervous system can control
the joint angle and muscle torque appropriately. In non-spastic subjects, these thresh-
olds lie outside the biomechanical range of joints but with the onset of neurological
damage to the descending pathways, one limit of the threshold range might be shifted
so that it is located within the biomechanical range and the patient has no ability to
shift it. This leads to the hypersensitivity of the stretch reflex and the premature
muscle contractions that are characteristic for spasticity [18, 73, 74].

Various different mechanisms, definitions, and methods to measure this threshold
have surfaced. The quantification of the stretch reflex threshold is often carried out
using either force coordinates or the latency at which muscle activity is elicited
following a stretch [77]. However, following the development of the lambda model of
motor control, the thresholds are generally expressed in velocity and angular coordi-
nates [52, 78]. As a consequence of the velocity-dependent aspect of spasticity, dis-
similar SR thresholds are encountered at different velocities. These are the dynamic
SR thresholds (DSRT), and the slope of their regression line is defined as the sensitiv-
ity of the stretch reflex (). A positive value is indicative of a damping response to
passive stretch dependent on velocity, while a negative value indicates an anti-
damping response. Increased sensitivity to the stretch reflex can be explained by
reduced presynaptic inhibition of Ia primary fiber afferent inputs but might also be
the result of deficits in dynamic fusimotor control of muscle spindle afferent dis-
charges [79]. The tonic SR threshold (TSRT), which is generally defined as the muscle
length at which motoneuronal recruitment begins, can be determined by the extrapo-
lation of the regression line of the dynamic SR thresholds to a zero velocity but can
also be estimated using quasi-static stretches of the muscle. The two methods have
been shown to yield similar results [80]. The TSRT can be viewed as the angle below
which the joint can be statically positioned without interference from unwanted
muscle contraction [18, 52] or the excitability of motoneurons at zero velocity. When
the TSRT lies within the biomechanical range of motion of a joint, spasticity is con-
sidered to be present. Additionally, the TSRT is inversely proportional to the severity
of spasticity, namely the lower the TSRT, the more severe the spasticity is considered
[52]. The sensitivity of the stretch reflex () has been shown to positively correlate with
the TSRT in spastic muscles [18, 52].

Musampa et al. [81] used the concept of the SR threshold to establish the approach
of spatial spasticity zones, which are the configurations of a joint in which spasticity is
present. They then characterized each threshold borderline by its position in joint
space and its shape and confirmed a reduction in the range of regulation of the stretch
reflex in spastic patients. At last, they found abnormal muscle activation patterns of
agonist and antagonist muscles of the whole shoulder joint space during stretch. This
finding was also described by Jobin and Levin [18] who studied the SR threshold in
children with CP. Germanotta et al. [52] further investigated the stretch reflex in
children with CP using a robotic device to impose muscle responses at controlled
velocities and compared it to that of typically developing children. Their results
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demonstrate that using the TSRT approach to measure spasticity of the plantarflexors
of the ankle joint in children with CP is indeed feasible and that the addition of a
mechatronic instrument is advantageous. Moreover, they confirmed the findings of
Pisano et al. who hypothesized that involuntary muscle responses could also be
elicited in healthy individuals [44, 82].

Calota et al. [52] developed the montreal spasticity measure (MSM), a portable
device that exploits the concept of the stretch reflex. The MSM, which consists of a
single-channel EMG, an electrogoniometer, and a laptop computer, measures the
DSRT, while a clinician induces a passive stretch at different velocities. This enables a
greater variability of input stretch velocities, thereby achieving a more reliable esti-
mate of the TSRT. A moderate reliability for the MSM was reported, but there was no
correlation between the TSRT values reported and the MAS scores. This finding,
which is relatively prevalent for neurophysiological parameters [75], is in line with the
observation of Pandyan et al. that the MAS is inadequate in characterizing the stretch
reflex [40, 45]. Furthermore, Calota et al. highlighted the limitation of repetitive
stretching in measurements of the DSRT and TSRT. Several studies have demon-
strated an attenuation of the muscular resistance with repetitive stretching in both
stroke and spinal cord injury patients [83, 84]. Further, repetitive stretching has been
proven to result in elongation of muscle fascicles and an increase in sarcomere num-
bers [85]. Whereas time-dependent changes in motoneuronal excitability in healthy
nervous systems have been reported to occur when the interval between muscle
contractions is smaller than 6 seconds [86], the MSM protocol was designed with an
inter-stretch interval of 10 seconds. In fact, repetitive stretching is also a problem
when measuring the resistance to passive movement, whereas evidence suggests that
the torque response to passive stretch decreases up to 50% after 20 to 30 cycles. This
decrease has been attributed to changes in the viscoelastic properties of muscles [75].
The TSRT is believed to be influenced by both central and peripheral inputs, but the
mechanical changes in motoneurons are considered to have less effect on it [78].

Although the stretch reflex seems to be the most used neurophysiological mea-
surement method, the tendon reflex and H-reflex, which are also EMG-based, have
gained momentum and established their advantage in spasticity measurement. These
methods are concentrated around the same neuronal pathway but differ in the way
that the reflex is elicited. As discussed, the stretch reflex is stimulated with a passive
movement. However, the tendon reflex is based on a mechanical stimulus, while the
H-reflex is the response to electrical stimulation.

The Hoffmann reflex or H-reflex was first described by Paul Hoffmann in 1910
and is presently used to characterize the excitability of the alpha-motoneurons. The
H-reflex differs from the mechanically induced stretch reflex, whereas it bypasses the
muscle spindles. It can, therefore, give valuable information on the modulation of the
monosynaptic reflex activity in the spinal cord in spastic patients. The H-reflex, which
is either a compound action potential or a group of essentially concurrent action
potentials from neighboring muscle fibers, is elicited using a short duration and low-
intensity electrical stimulus to excite sensory Ia afferent fibers. When the intensity of
the stimulus is increased, motor axons are activated and send action potentials directly
to the neuromuscular junction. This evokes another EMG response, which is termed
the M-wave [87]. Either the H-reflex latency or the Hmax/Mmax ratio, which is the
ratio of the maximum amplitudes (in V) of the waves and is generally considered an
index of peripheral reflex excitability [88], are used to quantify the H-reflex [44].
Additionally, the Hslp/Mslp ratio was developed to evaluate the motoneuron excit-
ability while eliminating the effect of changes in the peripheral region of the
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monosynaptic reflex arc [89]. The H-reflex parameters have been confirmed to be
sensitive to the presence of spasticity and an increase in the Hmax/Mmax ratio and a
decrease in the H-reflex latency have been shown to be correlated with increases in
spasticity [11, 88, 90]. However, a lot of factors, including muscle activity, sensory
input, state of consciousness, and age, produce a large variability in the measurement
of the H-reflex [91], and the Hmax/Mmax ratio has been shown to have a large
intersubject variability [92]. Furthermore, several studies on the H-reflex have
demonstrated no or poor correlation to clinical scales [44, 90, 93, 94].

The F-wave is also frequently analyzed in neurophysiological examination of
spasticity. The Fwave is evoked due to backfiring of the alpha motor neurons in the
anterior horn of the spinal cord. When a distal nerve is simulated an antidromic
impulse travels to the spinal cord, where a few of the motor neurons backfire. This
backfiring generates an orthodromic impulse that elicits a small muscle contraction
[95]. In order to prevent a contamination of the F-wave with the overlapping of the
H-reflex, a supramaximal stimulation of the nerve is performed whereas the H-reflex
is only evoked with low-intensity stimulations [96]. Abnormalities in the latency and
amplitude of the Fwave have been suggested to be more sensitive to spasticity than
the H-reflex [97].

Pauri et al. [98] performed transcranial magnetic stimulation, generating muscle
evoked potentials (MEP) to evaluate the effect of botulinum toxin-A injection in
spastic muscles. Additionally, they analyzed the effect of the treatment on the
H-reflex and the F-wave. They reported significant changes in the MEP latency and
the central conduction time but a lack of modulation of the H-reflex and F-wave
characteristics. They postulated that their results could be explained by perceiving
spasticity as a tonic noise maintaining the potential of descending pathway neurons
and their transmission at the spinal a-motoneuron levels at a condition closer to their
excitability threshold.

Jang et al. investigated the relationship between neurophysiological measures and
clinical scales in children with CP after a botulinum toxin-A treatment and found that
the amplitude of the tendon reflex had the strongest correlation with the MTS [93].
The tendon reflex is not only dependent on the excitability of alpha motoneurons but
also involves the fusimotor system. It can, therefore, be argued that it is more sensitive
to spasticity than the H-reflex [91]. The tendon reflex is initiated by tapping a tendon,
generally the patellar tendon [99] or the Achilles tendon [93]. The reflex is then
characterized by an output measure such as the time interval to an EMG response,
bounce-back forces, or joint torque response [100]. Consequently, measurements of
the tendon reflex are not always EMG-based. In particular, Zhang et al. [101] found
that parameters based on the torque response correlated better with clinical scales
than an EMG-based parameter. Using a tendon hammer with a force sensor mounted
at its head along with a torque sensor, they measured the tendon tapping force,
quadriceps EMG signals, and knee joint extension torque when initiating a tendon
reflex in spastic MS patients. The impulse response of the tendon reflex was then
calculated with the tendon tapping force as the system input and the reflex torque as
the system output. They then derived three parameters to characterize the shape and
amplitude of the tendon reflex impulse response, namely the tendon reflex gain (Gtr
[cm]), the contraction rate (Rc [m/s]), and the reflex loop delay (td [ms]). Gtr was
defined as the system gain, Rc as Gtr divided by the contraction time, and td as the
interval from the onset of the tapping force to the onset of a torque response. In fact,
those parameters were found to correlate better with clinical scales, such as the
Ashworth scale, than the peak EMG reflex signal.
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Electromechanical delay (EMD) is defined as the time between the onset of EMG
activity to the onset of biomechanical force or movement, and therefore describes the
time needed for electrochemical muscle activation, crossbridge formation, and elastic
stretch [102]. Granata et al. [99] used the concept of the EMD to quantify the tendon
reflex using the tendon tap as a stimulus to elicit muscle activation. They reported a
decreased EMD in spastic muscle and attributed it to increased musculotendinous
stiffness. In fact, EMD has been shown to be inversely proportional to stiffness [103].
Further, a reduced EMD in spastic patients suggests that the frequency of the peak
response of muscles introduced to sinusoidal perturbations must be higher in spastic
patients than normal subjects. This is in line with the results of Gottlieb et al. [104]
who applied sinusoidal torques at different frequencies to the ankle joint and recorded
the joint angle, torque, and EMG. Their results demonstrated a tendency toward
higher resonance frequencies in spastic muscles than in normal muscles.

6. Onset detection

Most of the neurophysiological methods are dependent upon the onset of muscle
activity, which is determined from the EMG data. The onset detection can be a
challenging task, especially when the EMG response or the signal-to-noise ratio (SNR)
is low. Most studies have exploited the amplitude of the EMG signal to detect the
onset [105], either by visual inspection or by setting a threshold [106]. A common
threshold used is two standard deviations above the mean baseline value of the EMG
signal, which has been reported to be inadequate in low spasticity subjects [52]. In
fact, onset detection methods based on the amplitude of the signal are sensitive to
noise and their performance reduces as the SNR of the surface EMG signal is
decreased [105]. Several methods have been developed to compensate for this, such as
the double threshold detector, which was especially designed for gait analysis [107]
and wavelet template matching [108] along with methods utilizing statistical criterion
determination [109, 110]. However, these methods are computationally intense,
which can be problematic in the clinical setting. The Teager-Kaiser energy operator
(TKE), which computes the instantaneous energy changes of signals made up of a
single frequency varying in time, was formulated to address these problems [111]. The
TKE operator is nonlinear and is sensitive to the instantaneous amplitude and fre-
quency of the signal. Since increases in both frequency and amplitude accompany the
firing of a motor unit, the difference between the EMG signal and background noise
becomes clearer in the Teager-Kaiser domain [112]. Consequently, onset detection
methods, such as visual detection, threshold algorithms, and statistical approaches,
will perform better when the TKE operator is included in the signal conditioning
[111]. However, the TKE operator is primarily effective against noise with Gaussian
distribution [105]. Another type of noise that can affect the signal quality is spurious
background spikes. These spikes can develop due to motion artifacts at the skin-
electrode surface or because of interference from a radio transmission and electrical
wires. Zhang et al. [105] developed an onset detection method based on sample
entropy that can highlight bursts of EMG activity but has low sensitivity to spurious
spikes. Sample entropy is a measure of the complexity and randomness of a system.
When muscle activity is elicited an increase in the complexity of the EMG signal
follows, which is not true for spurious background spikes. Conditioning the signal
with the sample entropy algorithm, therefore, facilitates muscle onset detection. At
last, the use of the Hilbert-Huang transform (HHT) in onset detection will be briefly
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discussed. The HHT, which is applicable to nonstationary and nonlinear signals, is
based on the concept of empirical mode decomposition that can break down complex
signals into finite intrinsic mode functions [113]. The transform combines both
nonlinear dynamics and time-frequency analysis and is therefore strongly suitable for
EMG signal processing [114]. Furthermore, the HHT and entropy analysis have been
combined into a method termed the Hilbert-Huang transform marginal spectrum
entropy (HMSEN), which has shown effectiveness in seizure detection of electroen-
cephalography (EEG) signals [115]. Hu et al. [114] utilized the HMSEN and the root-
mean-square (RMS) of sEMG signals to develop a novel clinical assessment method
for spasticity. The method identifies the stretch reflex onset from the sEMG signal
using the HMSEN and then compares the RMS of the baseline of the signal to the RMS
of a fixed length of signal obtained directly after the detected onset. The difference is
then used to quantify spasticity.

7. Imaging techniques

Several medical imaging modalities have been used to aid in spasticity measure-
ment. Positron emission tomography (PET) and magnetic resonance imaging (MRI)
have been used to assess spasticity in stroke patients but are relatively unused in
clinical practice [11]. Conventional B-mode ultrasonography has also been used to
quantify spasticity by determining muscle architectural parameters, including muscle
thickness, fascicle length, and pennation angle [116]. Evidence suggests that these
architectural parameters have significantly lower values in spastic muscles [117, 118],
although the decrease of fascicle length in children with CP has been disputed [119].
The parameters have been shown to have good reliability [120], but they do not
supply information on the muscle stiffness. The muscle stiffness can, however, be
quantified using elastography, which is a newly developed imaging technique.
Elastography is based on applying stress to tissues and measuring the displacement
[118] and has been used to measure the flexibility of muscles, tendons, and nerves,
and thereby quantifying spasticity [121]. Several different elastography techniques
have been introduced and are classified based on the method used to develop stress
and measure the displacement. These methods include sonoelastography, shear wave
elastography, transient elastography, and acoustic radiation force elastography, which
are all based on ultrasound [119] along with magnetic resonance elastography [122].
Of those techniques, sonoelastography, which is based on applying compression to the
target tissue by hand, is the most used [118, 123]. Sonoelastographic measurements
have been proven to be able to differentiate between spastic and unaffected muscles
but do not correlate with the MAS [113] or muscle architecture parameters obtained
with B-mode ultrasonography [118]. Shear wave elastography is also frequently used
in spasticity quantification and has been shown to be promising in monitoring the
structural and viscoelastic properties of spastic muscles [124]. Shear wave
elastography is based on using the ultrasound probe to generate transient shear waves
in the muscle. The shear waves are then detected again with the probe as they travel
along the muscle fibers, and their speed is used to quantify muscle stiffness [125].
Shear wave elastography has been shown to be feasible in measuring spasticity [126],
but high sensitivity to the measurement conditions has also been reported, resulting in
a low reliability [124]. Generally, the quantification of elastographic data is done
visually by using color grading [118] or by calculating elastic moduli [124, 125]. Addi-
tionally, a new five-point scale called the muscle elastography multiple sclerosis score
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(MEMS) has been developed to quantify the elastography results based on the
elasticity and distribution of muscle fibers [121].

8. Multidimensionality

The majority of the spasticity measurement methods developed during the last
decade take advantage of instrumented approaches, which has increased their reli-
ability remarkably. However, the complexity of the spasticity phenomenon further
requires that these methods incorporate multidimensional parameters. Evidence sug-
gests that clinical scales, biomechanical, and neurophysiological parameters of spas-
ticity measurement have poor correlation [10, 12, 19, 127], so combining these
methods is beneficial to be able to distinguish every aspect of the spasticity. In a recent
study, McGibbon et al. [50] integrated biomechanical and neurophysiological param-
eters relevant for spasticity quantification using a wearable sensor system. They
proposed a kinematic model of spasticity, which the parameters were extracted from.
The model is based on constructing a motion curve of elbow stretch and comparing it
to a reference curve. In healthy subjects, a consistency can be found between the
reference curve and the actual motion curve, which cannot be identified in spastic
subjects. Using the kinematic model, they further managed to obtain the spastic
muscle interference force without an external force transducer device. Kristinsd6ttir
et al. used results from the pendulum test and sEMG recordings to construct a spas-
ticity quantification parameter called the reflex period [128]. Bar-On et al. [51] also
combined biomechanical and neurophysiological methods, integrating several sSEMG
and torque-related parameters explored around the maximum velocity, and
comparing them between velocity conditions in order to assess the spasticity in
children with CP. They reported that their parameters were sensitive to spasticity [51]
and provided a more comprehensive assessment than clinical scales [129]. Interest-
ingly, Falisse et al. [130] utilized this assessment method along with 3D gait analysis to
develop spasticity models and recognized that a model relying on feedback from
muscle force, and its time derivative (dF/dt) was best suited in explaining muscle
activity during passive stretches and gait. This is consistent with a recent theory
suggesting that muscle spindle receptors encode information about muscle force
instead of length [131].

Mirbagheri et al. [21] managed to separate the corresponding contributions
of neural and muscular components to the overall joint stiffness by using the
integration of multidimensional signals. They applied pseudorandom binary
sequence perturbations to joints of spastic patients and used a parallel cascade
system identification technique to process the signals and quantify the different
components. Their results revealed no correlation between either component and the
MAS score [12]. Wu et al. [43] developed a four-dimensional characterization of
spasticity, which includes the joint angle, velocity, torque, and torque change rate, in
order to systematically quantify catch angle and spasticity. Centen et al. [132] devel-
oped a robotic exoskeleton to identify kinematic characteristics of resistance to pas-
sive movement in spastic subjects. They extracted seven parameters that described the
resistance to passive movement from their measurements and found that two of them
were suited to differentiate patients from healthy subjects. These parameters were
peak velocity, which was the most effective in identifying spasticity, and the between
arm-peak velocity difference, which used the less affected side of the subject as a
reference.
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Advances in statistical methodologies, such as the development of machine learn-
ing algorithms, have been beneficial in managing the large datasets that accompany
the analysis of multiple parameters. Zhang et al. used a supervised regression learning
algorithm to process biomarkers and yield evaluation scores from a simple examina-
tion procedure using wearable surface EMG and inertial sensors [133]. The bio-
markers were extracted from the previously mentioned kinematic [50] and lambda
[76] models, which were constructed from the recorded data.

9. Discussion and conclusions

In this review, multiple aspects of spasticity measurement have been discussed.
The review was focused on four essential classes of quantification methods, namely
clinical scales, imaging techniques, biomechanical, and neurophysiological methods.
Clinical scales, which are based on initiating a brisk dorsiflexion movement of the
relaxed ankle and grading the resistance, are the most prevalent methods for clinical
assessment of spasticity. The Ashworth and Tardieu scales have been most widely
used but recently there has been development in the field, with new scales such as the
ASAS [38] and SPAT [48] being created. Clinical scales that allow for two or more
different velocities in the dorsiflexion movement have been shown to have higher
reliability than those based on a single velocity [32, 39]. Clinical scales are advanta-
geous in the sense that they are clinically feasible and do not require heavy equipment
and instrumentation, but their main limitation is that they are based on a subjective
assessment. Therefore, quantified comparison of the severity of spasticity of a muscle
from time to time or between persons is limited.

Biomechanical methods are based on quantifying the resistance of a joint, most
often by measuring force and torque using dynamometers [16]. Most often passive
movement is used to elicit spasticity, but voluntary movement has also been shown to
be correlated with the severity of spasticity [57]. The Wartenberg pendulum test,
which was introduced in the 1950s, can be classified as a biomechanical measurement
method, whereas it is based on the oscillatory resistance characteristics of the lower
limbs [58]. The instrumentation of the pendulum test, for example, with sEMG,
goniometers [64], and magnetic tracking systems [63], has made its results more
reliable and turned it into a promising method to use in clinical settings. The quanti-
fication of the angle of catch, which is included in the MTS protocol [69], can also be
perceived as a biomechanical measurement method.

Neurophysiological methods are based on quantifying muscle activity, and thereby
predicting neural mechanisms. A big share of neurophysiological methods is based on
quantifying the stretch reflex and its threshold of elicitation, which is usually defined
using velocity or angular coordinates [52, 78]. Quantification of the H-reflex and
tendon reflex are two other prevalent methods that belong to the neurophysiological
class. In fact, these methods are all quantifying the same physical phenomenon, the
stretch reflex, but differ in the way that the reflex is evoked. The stretch reflex, which
is a monosynaptic spinal pathway, can be activated using passive movement, a
mechanical stimulus, or electrical stimulation and measurement methods that make
use of the stretch reflex can be classified accordingly. The H reflex and the F-wave are
based on electrical stimulation, the tendon reflex is based on a mechanical stimulus (a
tendon tap), and the stretch reflex is based on passive movement. Neurophysiological
methods can be further classified into methods that are based on EMG recordings and
those who are not. When EMG signals are brought into play the question of how to
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detect the muscle onset arises. Visual detection is frequently used but methods based
on the amplitude of the signal are sensitive to noise. Consequently, methods based on
energy and sample entropy have demonstrated better results [105, 114].

Imaging techniques have also been used quantify spasticity. Conventional B-mode
ultrasonography can determine architectural parameters of muscles, such as muscle
thickness, fascicle length, and pennation angle, which have been shown to have lower
values in spastic patients [116]. Elastography, which is based on applying stress to
tissues and measuring the displacement, has also been used for spasticity quantifica-
tion. Elastography is advantageous, whereas it can measure muscle stiffness, which
has been shown to be a good indicator of spasticity [126].

Spasticity quantification methods can further be classified according to whether
they are instrumented or not. A subclassification of instrumented approaches is based
on whether the limb is moved by another individual or a mechatronic device during
the measurement. The instrumentation of quantification methods generally improves
their accuracy [53]. At last, measurement methods can be categorized based on the
dimensionality of the signals obtained. Unidimensional methods are limited when it
comes to measuring spasticity, whereas its complexity requires a combination of
physiological parameters for accurate classification. It has been shown that methods
from the four different classes mentioned have poor correlation internally, which
emphasizes the use of multidimensional parameters [2, 10, 19, 127].

To conclude, this review has provided a general overview of the methods used to
quantify spasticity hitherto. No conclusion was made on the most desirable method to
measure spasticity, although the benefits of instrumentation and multidimensionality
are emphasized. However, the review can hopefully aid in distinguishing which
methods are the most promising and eventually pave the ground for establishing a
gold standard for spasticity measurement.

In order to be able to accurately quantify spasticity, there has to be a consensus on
its definition and fundamental mechanisms. According to Lance’s definition [6],
spasticity is a hyperexcitability of the stretch reflex. However, few of the methods are
directly measuring this core of the pathology but rather its consequences. In particu-
lar, if the gamma motor neuron system can be directly stimulated, a better under-
standing of the sensitivity of the reflex mechanisms can be obtained. Also, a deeper
understanding of the interplay between the muscle spindles and the spinal neural
network could pave the way for a better quantification method. Ultimately, as spas-
ticity research progresses, its quantification methods will improve. In the meantime,
this review of current methodologies and knowledge will hopefully be of value for
future research.

Abbreviations

SCI spinal cord injury

CP cerebral palsy

MS multiple sclerosis

AS Ashworth scale

MAS modified Ashworth scale

TS Tardieu scale

MTS modified Tardieu scale

ASAS the Australian Spasticity assessment scale
SPAT the Spasticity test
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RTPM resistance to passive movement
PROM passive range of motion

SPAT spasticity test

RMS root-mean-square

EMG electromyography

sEMG surface electromyography

AOC angle of catch

SR stretch reflex

DSRT dynamic stretch reflex threshold
TSRT tonic stretch reflex threshold
MEP muscle evoked potentials

EMD electromechanical delay

SNR signal-to-noise ratio

TKE Teager-Kaiser energy operator
HHT Hilbert-Huang transform
HMSEN Hilbert-Huang transform marginal spectrum entropy
EEG electroencephalography

PET Positron emission tomography
MRI magnetic resonance imaging
EGM electrogram
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